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Introduction

This review will concentrate on the embryonic development of sympathetic
para- and prevertebral ganglia, the adrenal medullae and extra-adrenal
chromaffin cells. All of these tissues are derived from neural crest cells (Le
Douarin and Kalcheim, 1999). Neural crest cells (NCC) originate from the
neuroectoderm and migrate throughout the developing embryo to generate a
wide range of cell types (Dupin and Le Douarin, 2014). Subsequent articles in
this issue discuss in detail a range of disorders that can result from errors in the

development of this subset of NCC.

Sympathetic ganglia

Sympathetic ganglia exist as two chains of paravertebral ganglia running
from the cervical into the pelvic region and as prevertebral ganglia associated
with the junction of the celiac and superior and inferior mesenteric arteries with
the aorta in the abdomen. Sympathetic neurons are predominantly
noradrenergic in phenotype, that is, they release noradrenaline as a
neurotransmitter. A small number of sympathetic neurons are cholinergic in

phenotype, releasing acetylcholine as a neurotransmitter.

Paraganglia

Paraganglia consist of catecholamine-containing neuroendocrine cells of
neural crest origin (Le Douarin and Teillet, 1971, Le Douarin and Teillet, 1973).
Some paraganglia are chemoreceptors associated with branches of the vagus and
glossopharyngeal nerves in the head and neck and will not be considered in
detail in this review. The remaining paraganglia are endocrine in function and
work closely with the autonomic nervous system by secreting catecholamines to
support homeostasis in response to environmental stresses (Janig, 1989,
Kannan, 1986). They form the adrenal medullae and extra-adrenal chromaffin
cells. Extra-adrenal chromaffin cells appear in clusters from the level of the
superior cervical ganglion down to the pelvis, often in association with
sympathetic ganglia, the abdominal aorta and the urogenital organs (McNicol,
2004).

There are two types of chromaffin cell, in the adrenal medullae; one (the

majority) that synthesizes predominantly adrenaline (adrenergic chromaffin



cells) and the other type that synthesizes only noradrenaline (noradrenergic
chromaffin cells). In rats, 65-85% of medullary chromaffin cells are adrenergic
while the remaining 15-35% are noradrenergic (Allmendinger, et al.,, 2003,
Coupland and Weakley, 1970a, ElI-Maghraby and Lever, 1980, Erdankd, 1955).
Adrenergic chromaffin cells are characterized by expression of
phenylethanolamine N-methyltransferase (PNMT), which catalyses methylation
of noradrenaline to form adrenaline (Coupland and Weakley, 1970a, El-
Maghraby and Lever, 1980, Erankd, 1955). Both cell types release their
catecholamine into the bloodstream under the control of sympathetic
preganglionic neurons.

Extra-adrenal chromaffin cells are mainly noradrenergic (Ahonen, et al.,
1987, McNicol, 2004). They are believed to be an important source of circulating
catecholamines during fetal development (Thomas, et al., 1995, Zhou, et al,,
1995). The organ of Zuckerkandl is the largest cluster of extra-adrenal
chromaffin cells and is located close to the adrenal glands, around the origin of
the inferior mesenteric artery (McNicol, 2004, Schober, et al., 2013). It
disappears postnatally.

The role of nerves in the function of endocrine extra-adrenal chromaffin
cells is uncertain. Abdominal extradrenal ganglia lack innervation in some
species (Coupland and Weakley, 1970b, Mascorro, et al., 1994, Mascorro and
Yates, 1977), including the mouse, (Mascorro and Yates, 1971), but nerve fibres
of unknown origin are present in others (Coupland, et al., 1982, Mascorro and
Yates, 1974, Partanen, et al.,, 1984a, Partanen, et al.,, 1984b) where they appear
much less dense than those associated with adrenal chromaffin cells. In all these
cases it remains to be established that any innervation is motor rather than
sensory. However, it has been suggested that the release of catecholamines from
the extra-adrenal tissues of the guinea pig parallels that from the adrenal
medullae, and that this is due to nerve activity (Coupland, et al., 1982).
Otherwise, it is possible that extra-adrenal chromaffin cells release
catecholamines in response to humoral factors, or hypoxia (Hervonen and

Korkala, 1972, Hervonen and Korkala, 1973).



Early development of NCC

The neural crest appears to have arisen in the chordate lineage leading to
the vertebrates (Mufioz and Trainor, 2015) and arises from the lateral margins of
the neuroepithelium forming the neural plate as it invaginates to form the neural
tube. The cells from the dorsal part of the neural tube undergo an epithelial to
mesenchymal transition (EMT,) delaminate and migrate throughout the
developing embryo. The EMT and migratory properties of NCC have been likened
to that of metastasizing tumor cells (Kerosuo and Bronner-Fraser, 2012, Lim and
Thiery, 2012). The early stages in the development of NCC, including induction
and delamination from the neural tube, have been extensively reviewed (Krispin,
etal, 2010a, Le Douarin, et al., 2008, Le Douarin and Kalcheim, 1999, Mayanil,
2013, McKinney, et al., 2013, Newbern, 2015, Noisa and Raivio, 2014, Sauka-
Spengler and Bronner-Fraser, 2006, Vega-Lopez, et al., 2017).

When are NCC specified? Multipotent versus lineage-restricted

NCC give rise to a wide range of cell types, including bone, cartilage and
connective tissues of the face and jaws, the peripheral nervous system and skin
pigment cells (Dupin and Le Douarin, 2014). Trunk NCC that give rise to
chromaffin cells and sympathetic nervous system are at least, in vivo, more
restricted than cranial NCC as they give rise to only one mesenchymal cell type,
the epineurial fibroblasts of the peripheral nerves (Joseph, et al., 2004).
However, trunk NCC give rise to sensory and sympathetic neurons, satellite cells
and myelinating and non-myelinating Schwann cells, paraganglion cells and to
melanocytes (Le Douarin and Kalcheim, 1999).

A key question about NCC is whether the different lineages to which they
give rise are specified early, for instance prior to delamination from the neural
tube, or whether NCC in the neural tube and during migration represent
multipotent cells whose final fate is determined by the environment of their final
destination. Many studies have attempted to answer this question, using a
number of approaches, in zebrafish (Raible and Eisen, 1994, Schilling and
Kimmel, 1994) avians (Baroffio, et al., 1988, Bronner-Fraser and Fraser, 1989,
Bronner-Fraser and Fraser, 1988, Dupin, et al., 2010, Frank and Sanes, 1991,
Henion and Weston, 1997, Krispin, et al., 2010b, McKinney, et al., 2013,



Shtukmaster, et al,, 2013) and mice (Baggiolini, et al., 2015, Serbedzija, et al.,
1990, Stemple and Anderson, 1992). These studies have demonstrated that
many individual NCC within the neural tube or as they delaminate can give rise
to clones of cells that include multiple cell types, the exact combinations being
strongly influenced by the stage of development examined. However, nearly all
studies also record instances of individual NCC giving rise to only one cell type,
thus appearing to be fate restricted. The ratio of multipotent to unipotent NCC
may depend on the species. Certainly zebrafish appear to have very few
multipotent NCC prior to delamination (Raible and Eisen, 1994, Schilling and
Kimmel, 1994) but avians and mammals both seem to show a mixture of
unipotent and multipotent NCC in the neural tube. Whatever the frequency of
multipotency in NCC prior to delamination, there is compelling evidence (see
below) that once delaminated, subpopulations of migrating NCC rapidly start to
express different combinations of molecules that correlate with their fate and

which likely represents significant fate restriction as they migrate.

Migration of NCC

NCC cells are generated along the full length of the embryo, with the
exception of the most anterior part of the embryo. Cells that give rise to the most
cranial sympathetic ganglia in the chick, the superior cervical ganglion (SCG),
arise from the trunk neural crest that forms between somites 5 and 10 (Le
Douarin and Kalcheim, 1999), while in the mouse, the SCG forms from cells from
somites 1-5 (Durbec, et al.,, 1996), with other sympathetic ganglia formed by NCC
from more caudal levels. In chickens, chromaffin cells of the adrenal medullae
arise from NCC between somites 18 and 24 (Le Douarin and Kalcheim, 1999).

The first requirement for migration of NCC is that they undergo an EMT in
order to leave the epithelium of the neural tube. The EMT appears to be under
the control of Wnt/[3 catenin and bone morphogenetic protein (BMP) signaling
(Lim and Thiery, 2012). For trunk NCC, the EMT requires the concordant
activation of SRY-related HMG-Hox 9 (S0x9), snail family transcriptional
repressor 2 (Snai2) and forkhead box D3 (FoxD3) genes to regulate the

competence to respond to the EMT initiation signals, start the EMT program and



co-ordinate the necessary cell adhesion molecules for migration respectively
(Cheung, et al., 2005).

In mice, the initial wave of delaminating NCC moves ventrally along blood
vessels between the somites (Schwarz, et al., 2009b). These cells are relatively
few in number. Shortly after, delaminating NCC of the intermediate wave move
ventrally through the anterior part of the somite in the sclerotome, while the
first NCC of the final wave move dorsolaterally between the epidermis and the
dermomyotome (Schwarz, et al., 2009b). In mice, the timing of the three waves
overlap significantly (Schwarz, et al., 20093, Serbedzija, et al.,, 1990). In avians,
the ventral pathway is active first (Bronner-Fraser, 1986, Rickmann, et al., 1985)
and cells are only present in the dorsolateral pathway later (Erickson and Goins,
1995, Krispin, et al., 2010b, Serbedzija, et al., 1989).

The initial and intermediate waves give rise to dorsal root ganglion
neurons and, more ventrally, to sympathetic neurons and to adrenal chromaffin
cells as well as all of the support cells for each of these cell types. Cells of the final

wave give rise to melanocytes of the dorsolateral skin.

Molecular heterogeneity of migrating NCC

Following delamination, FoxD3 expression is maintained in the early
migrating trunk NCC that take the ventral pathway (“neural” NCC), but later
emigrating NCC that take the lateral pathway (“melanocytic” NCC) lose FoxD3
expression (Kos, et al., 2001). FoxD3 seems critical to the difference between the
two lineages as overexpression of FoxD3 increases the number of neural NCC at
the expense of melanocytic NCC (Nitzan, et al,, 2013, Thomas and Erickson,
2009). The SoxE transcription factors, Sox8, Sox9 and Sox10 are expressed by
premigratory NCC (Hong and Saint-Jeannet, 2005). Sox10 expression is
maintained in migrating NCC and is critical for NCC survival, multiipotency and
differentiation into specific lineages (Kelsh, 2006, Wegner and Stolt, 2005).

The first NCC to populate the sympathetic ganglia express the chemokine
receptor, Cxcr4 (Kasemeier-Kulesa, et al.,, 2010). The ligand, SDF-1 is present
around the dorsal aorta and in the ventral migratory pathway. NCC of the ventral
pathway migrate towards beads soaked in SDF-1 and inhibition of Cxcr4

expression lead many early migrating NCC to end up in the DRG (Kasemeier-



Kulesa, et al,, 2010). Cxcr4-positive NCC form the core of the developing
sympathetic ganglia and represent the first wave of NCC to leave the neural
tube(Kasemeier-Kulesa, et al.,, 2010). The periphery of the ganglia forms from
Cxcr4-negative NCC that emigrate from the neural tube with the later emigrating
NCC, suggesting that another system is responsible for their homing to the
ganglia.

The EGF-like factor, neuregulin 1 (Nrg1), and its tyrosine-kinase receptors,
ErbB2 and ErbB3, play a role in migration to the developing sympathetic ganglia
and knock-out of any of the components of this pathway perturbs sympathetic
ganglion formation, but leaves DRG unaffected (Britsch, et al.,, 1998). Nrg1 is
present in the mesenchyme around the dorsal aorta and migrating NCC express
ErbB2 and ErbB3. In mice in which Nrg1 or its receptors are deleted, NCC are
reduced in number ventral to the DRG and appear arrested in more dorsal parts
of the embryo (Britsch, et al., 1998). In the ErbB3 knockout, which survives past
mid-gestation, the adrenal gland is missing and the sympathetic chain much
reduced in size (Britsch, et al., 1998).

Saito et al (2012) have investigated the regulation of both Nrg1 and SDF-1
in chicken embryos. They showed that migration towards the aorta depends on
the induction of both Nrg1 and Cxcl12, the gene encoding SDF-1, by BMPs from
the aorta. In addition, they showed that combined knockdown of both Nrg1 and
Cxcl12 to be more disruptive compared to single gene knockdown, and that both
SDF-1 and neuregulin are chemoattractants to NCC (Saito, et al., 2012)

Neuropilin 1 and 2 (Nrp1 and Nrp2), receptors for class 3 semaphorins, are
also present on NCC of the ventral pathway (Schwarz, et al., 20093, Schwarz, et
al., 2009b). High levels of Nrp1, and low levels of NrpZ2, are present on the
intermediate wave of NCC that give rise to sympathetic ganglia, while high levels
of both Nrp1 and Nrp2 are expressed on NCC that give rise to cells of the DRG
(Lumb, et al., 2014, Schwarz, et al., 20093, Schwarz, et al., 2009b, Schwarz and
Ruhrberg, 2010). Knockout of Nrp1 leads to ectopic localization of sympathetic
neurons (Kawasaki, et al., 2002, Schwarz, et al., 2009b). Sema3a knockout leads
to similar disruptions in the location of sympathetic neurons and it appears that
Sema3a plays a crucial role as a repulsive cue guiding migration of the

intermediate wave of Nrp1-expressing NCC into the anterior somite, as it is



expressed in both the intersomitic furrow and posterior somite (Schwarz, et al.,
2009b, Schwarz and Ruhrberg, 2010). Of note is that, although small in number,
the initial wave of NCC that migrates through the intersomitic furrow and which
lacks Nrp1 goes onto to seed formation of the sympathetic ganglia (Schwarz, et
al., 2009b). This means that sympathetic ganglia are composed of both Nrp1-
positive and negative NCC.

Trunk NCC that populate the sympathetic ganglia can also be defined by
the absence of certain markers. The neurogenin family of basic helix-loop-helix
transcription factors are expressed by migrating trunk NCC that are destined to
populate the dorsal root ganglia, but not by those that populate the sympathetic
ganglia (Ma, et al,, 1996, Perez, et al,, 1999, Sommer, et al., 1996). Thus the
absence of neurogenin in NCC in the ventral pathway defines a population of
cells likely to give rise to sympathetic ganglia and perhaps cells of the adrenal
medulla. However, the division is not absolute, as a few NCC with neurogenin do
end up as sympathetic neurons (Zirlinger, et al., 2002).

Premigratory trunk NCC that are destined to give rise to sympathetic
neurons, glia and chromaffin cells also lack expression of the receptor tyrosine
kinase, Kit, which encodes for the receptor for stem cell factor (Wilson, et al.,
2004). Kit-positive NCC give rise to melanocytes, but not to sympathetic ganglia
(Luo, et al,, 2003, Reid, et al., 1995, Wilson, et al., 2004).

Differentiation of sympathetic neuroblasts from NCC

Once migrating NCC arrive in the vicinity of the aorta, they start to
differentiate under the influence of the local environment. When they arrive, all
NCC express Sox10. As they differentiate into sympathoblasts, they suppress
Sox10 expression (Kim, et al., 2006) and start to express a characteristic suite of
transcription factors which induce expression of general neuronal markers,
including neurofilament proteins, and the catecholamine synthetic enzymes,
tyrosine hydroxylase (TH) and dopamine B-hydroxylase (DBH) (Stubbusch, et al.,
2013).

The key cells directing NCC differentiation at the aorta are likely the
vascular smooth muscle cells. In zebrafish, loss of vascular smooth muscle cells

leads to a failure in differentiation of NCC to sympathetic neuroblasts (Fortuna,



et al., 2015). The critical signal(s) released by vascular smooth muscle are likely
to be bone morphogenetic proteins (BMPs). BMPs 4 and 7, members of the TGF-f3
super family are expressed by smooth muscle cells of chicken (McPherson, et al.,
2000, Reissmann, et al.,, 1996) and mouse (Saito, et al., 2012, Shah, et al., 1996)
and BMP2, BMP4 and BMP7 can induce sympathetic neuronal differentiation in
NCC in vitro (Reissmann, et al., 1996, Shah, et al., 1996, Varley and Maxwell,
1996, Varley, et al., 1995). The effect of BMPs can be blocked in vivo in the
chicken using noggin, a BMP antagonist (Saito, et al., 2012, Schneider, et al,,
1999). In mice, the receptor involved is likely the Bmprla-type, as conditional
knockout of this receptor prevents differentiation of NCC that reach the site of
sympathetic ganglia and leads to their subsequent death (Morikawa, et al., 2009).
Similarly, over-expression of Bmprla in avians leads to differentiation of NCC
into sympathetic neuroblasts in vitro (Varley, et al., 1998). Knockout of Smad4,
part of the canonical TGFbeta-signalling pathway, is without effect on
sympathetic neuroblast differentiation, revealing that the action of BMPs must
be through a non-canonical pathway (Buchmann-Moller, et al., 2009, Morikawa,
etal., 2009).

Small interfering RNA (siRNA) and microRNA (miRNA) are two forms of
RNA that modify expression of genes by binding to complementary or near
complementary RNA sequences respectively on mRNA and activating the RNA-
induced silencing complex to destroy mRNA via RNases. Hence, they are part of a
post-transcriptional gene regulation system. Dicer1 is an RNase that cleaves
siRNA and miRNA from larger forms of RNA. Knock-out of Dicer1 therefore
disturbs siRNA and miRNA production. In mice in which there is loss of Dicer1
from TH-expressing cells, sympathetic neurons show disturbed induction of
neuronal markers and increased cell death in late embryonic ages (Stubbusch, et
al., 2015), indicating that siRNA and/or miRNA are important. (Stubbusch, et al,,
2013). One such microRNA, miRNA 124, is present in sympathetic mouse
neuroblasts and causes neurite elongation when over-expressed in cultured
chromaffin cells and is up-regulated during the induction of neurites by NGF in
PC12 cells (Shtukmaster, et al., 2016).

The differentiation of NCC down the sympathetic neuron line is regulated

by a network of transcription factors induced as a consequence of BMP signalling



that include achaete-scute family BHLH transcription factor 1 (Ascl1), paired-like
homeobox 2A (Phox2a) and paired-like homeobox 2B (Phox2b), insulinoma-
associated 1 (Insm1), heart and neural crest derivatives expressed 2 (Hand2),
GATA binding protein 3 (Gata3), Sox4 and Sox11, insulin gene enhancer protein
1 (Isl1) and activating enhancer-binding protein 2 (AP-2) family members
(Apostolova and Dechant, 2009, Cane and Anderson, 2009, Chan, et al., 2016b,
Ernsberger and Rohrer, 2009, Howard, 2005, Rohrer, 2011, Young, etal., 2011).
This complex of transcription factors confers a neuronal phenotype and the
expression of catecholamine synthesizing enzymes, proliferation and survival in
differentiating sympathetic neuroblasts. While the transcription factors may
appear sequentially, particularly in chicken where differentiation is more drawn
out than in mice, they do not form a simple hierarchy, as more complicated
interrelationships are apparent (Rohrer, 2011). In particular, late-appearing
transcription factors may well play crucial feedback roles in regulating upstream
transcription factors, as is seen in the case of Gata3 (Moriguchi, et al., 2006) and
Insm1 (Wildner, et al., 2008) effects in Ascl1. Over-expression studies also
suggest that Phox2a, Hand2 or Ascl1 may interact in similar ways (Howard, et al.,
2000, Lo, et al,, 1998, Stanke, et al., 1999, Stanke, et al., 2004), although the
expression levels in these models are above biological levels.

Phox2b, along with Ascl1, is expressed coincident with differentiation of
NCC at sites of sympathetic gangliogenesis. Phox2b expression initially overlaps
with that of Sox10 in both chicken (Tsarovina, et al., 2008) and mouse (Callahan,
et al.,, 2008, Gonsalvez, et al,, 2013) sympathoblasts. Sox10 is then quickly down-
regulated coincident with the appearance of neuronal markers (Kim, et al.,
2003). Sox10 has been shown to maintain the “stemness” of NCC because it
maintains the cell in the cell cycle, but simultaneously is needed to allow the
induction of Phox2b and Ascl1 and subsequent neuronal differentiation, the
different behaviours perhaps being regulated by the levels of Sox10 expression
(Kim, et al., 2003). The mechanism by which Sox10 expression is down-regulated
is unclear. Forced expression of Phox2b and Ascl1 can repress expression of
Sox10 in vitro in mouse NCC (Kim, et al., 2003), but more slowly than seen in vivo.

The individual roles and target genes of the transcription factors induced

by BMPs are not understood in great detail. Phox2b is critical because its loss in
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mice leads to apoptosis of sympathetic progenitors prior to NCC reaching the
aorta (Pattyn, et al.,, 1999) and a failure to express the other transcription factors
in the network (Hendershot, et al.,, 2008, Tsarovina, et al., 2004, Wildner, et al.,
2008). If knockout of Phox2b in the mouse is made conditional on the expression
of Isl1 by NCC, marking the onset of neuronal differentiation , then transcription
factors characteristic of neuronal differentiation do appear, but the sympathetic
chain is atrophic and the incorporation of bromodeoxyuridine (BrDU) is much
reduced with no increase in apoptosis, (Coppola, et al., 2010).

Ascl1 is the only transcription factor that appears independently in the
absence of Phox2b and is insufficient to prevent cell death (Hirsch, et al., 1998,
Pattyn, et al,, 2006). Loss of Ascl1 delays, but does not prevent, noradrenergic
differentiation (Guillemot and Joyner, 1993, Hirsch, et al., 1998, Pattyn, et al,,
2006) and also decreases proliferation (Morikawa, et al., 2009, Pattyn, et al,,
2006), with the consequence that mature sympathetic ganglia are present but
reduced in size.

The roles of the other transcription factors have been summarized in detail
by Rohrer (2011). PhoxZ2a, a paralogue of Phox2b, is induced by Phox2b, but
cannot replace it (Coppola, et al., 2005). The action of Phox2a seems limited to
amplifying the induction of other transcription factors downstream of PhoxZb
(Coppola, et al.,, 2010). Knockout of Insm1, a downstream target of Ascl1, has a
similar effect to loss of Ascl1 (Wildner, et al., 2008) and Rohrer (2011) has
suggested that the effect is on precursor cells rather than on the dividing
sympathoblasts.

Hand?2 expression is crucial for generating a catecholaminergic phenotype
in sympathetic noradrenergic neurons, as its loss leads to an absence of a
noradrenergic phenotype in sympathetic neurons of mice (Hendershot, et al.,
2008, Morikawa, et al., 2007) and zebrafish (Lucas, et al., 2006). Loss of Hand2
also reduces proliferation of sympathoblasts (Reiff, et al., 2010). Of the
remaining transcription factors, the loss of Gata2 in the chicken, or it equivalent
in the mouse, Gata3, leads to reduction in expression of catecholamine markers,
apoptosis and consequent reduction in ganglion size (Lim, et al., 2000, Tsarovina,
et al.,, 2004). Gata3 is also required for the survival of adult sympathetic neurons

(Tsarovina, et al., 2010). Sox11 appears to promote proliferation of sympathetic
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neuroblasts while Sox4 is most important for survival of more mature neurons
(Potzner, et al.,, 2010).

The LIM-homeodomain transcription factor, Isl1, appears in mouse early
(E9-E10), possibly under the control of Phox2b because Isi1 is not induced in
NCC in Phox2b knockout mice (Huber, et al., 2013). Knockout of Isl1 results in
smaller sympathetic ganglia, the presence of more apoptotic cells and a decrease
in the expression of mRNA for Gata2, among other transcription factors (Huber,
etal, 2013).

NCC forming sympathetic ganglia also express AP-2 transcription factors
(Mitchell, et al., 1991, Moser, et al., 1997). There are five AP-2 transcription
factors in mice and three in chickens, with AP-2a and AP-2f3 expressed in
developing mouse sympathetic ganglia (Mitchell, et al., 1991, Moser, et al., 1997,
Schmidt, et al., 2011). In mice deficient for both transcription factors,
sympathetic ganglia are reduced to rudiments (Schmidt, et al.,, 2011). Knockout
of Tfap2b, the gene for AP-2[3, reduces sympathetic ganglion size by 40% but
spares the DRG. The major action of its loss is on survival of the NCC and
sympathetic neurons neuroblasts, rather than on differentiation (Schmidt, et al.,
2011).

In addition to transcription factors, differentiation of sympathetic neurons
is also influenced by a number of cell signalling systems. The Notch/Delta
signaling system is important in regulating the transition from neural progenitor
to sympathetic neuroblast. In developing chicken sympathetic ganglia, the gene
encoding Deltal, DII1, is up-regulated (Tsarovina, et al., 2008) in cells that
already express the neural marker SCG10 (a stathmin-family protein and marker
of the neuronal lineage). SCG10-positive cells have differentiated from their NCC
identity toward a neuronal identity and no longer express Sox10 (Tsarovina, et
al,, 2008). DII1, expressed in immature neuroblasts, activates Notch signalling in
the cells yet to acquire a neuronal phenotype and prevents their differentiation
(Rohrer, 2011, Tsarovina, et al., 2008). In the chick, in vivo inhibition of Notch
signalling depletes the progenitor pool and leads to an increase in the proportion
of neuroblasts (Tsarovina, et al., 2008). Consistent with this is the fact that over-
expression of Notch results in the maintenance of undifferentiated NC

progenitors at the expense of the neuronal SCG10-positive population
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(Tsarovina, et al., 2008). It likely that Notch/Delta signalling controls the balance
between progenitor/glial cell maintenance and differentiation that leads to a
neuronal phenotype (Tsarovina, et al.,, 2008) and allows some NCC to
differentiate as satellite glia in sympathetic ganglia, instead of all NCC in ganglia
becoming neurons.

Glial cell line-derived neurotrophic factor (GDNF) family ligands (GFLs)
also play a role in sympathetic ganglion development. Gdnf-knock-out mice have
fewer SCG neurons and deficient sympathetic innervation of targets in the head
(Granholm, et al., 1997, Moore, et al., 1996), but the mechanism is unclear, as loss
of the relevant receptor, GDNF family receptor a1, has no effect on sympathetic

development (Cacalano, et al., 1998, Enomoto, et al., 1998).

Development of adrenal chromaffin cells

Adrenal chromaffin cells first appear among TH-expressing cells
ventrolateral to the dorsal aorta (Figure 1a-b) when a subset of cells suppress
the expression of neuronal markers but retain expression of catecholaminergic
markers (Anderson and Axel, 1986, Stubbusch, et al., 2013). In mice, the
anatomical segregation of developing chromaffin cells from differentiating
prevertebral sympathetic neuroblasts can be clearly observed at E13.5 (Figure
1c-e) when chromaffin cells have migrated laterally to coalesce at the centre of
the mass of adrenal cortical cells to form the adrenal medulla (Bocian-
Sobkowska, et al., 1996, Huber, et al,, 2009, Kameda, 2014, Waring, 1936). The
chromaffin cells can then be readily identified by their anatomical location,
embedded among the steroidogenic factor 1 (SF1, gene name Nr5al)-expressing
adrenal cortical cells (Gut, et al., 2005, Lohr, et al,, 2006). Only by E14.5 in the
mouse (Figure 1f) do a sub-population of chromaffin cells express PNMT (Chan,
et al., 20164, Lohr, et al., 2006).

It was long believed that adrenal chromaffin cells and sympathetic
neuroblasts shared a common progenitor cell, the sympathoadrenal cell (Landis
and Patterson, 1981). This belief was based on the readiness of chromaffin cells
in vivo and in vitro to adopt a sympathetic neuron-like phenotype when
stimulated by NGF (Anderson and Axel, 1986, Doupe, et al., 1985, Unsicker, et al.,
1978). It was also noted that developing chromaffin cells and sympathetic
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neuroblasts were indistinguishable in the E11.5 mouse with the available
techniques, as both appear to express a similar suite of neuronal markers and
cell surface antigens (Anderson, et al., 1991).

In this model, the exact timing of the separation of adrenal chromaffin cells
from sympathetic neuroblasts was uncertain. A recent lineage tracing
experiment (Shtukmaster, et al.,, 2013) confirmed that a common progenitor for
adrenal chromaffin cells and sympathetic neuroblasts is present among
premigratory NCC of chickens. The lineage separation could occur as late as the
time the sympathoadrenal precursor arrived ventrolateral to the aorta (E12.5 in
the mouse and E5.5/Stage 27 in the chick) (Chan, et al,, 20164, Ernsberger, et al.,
2005, Gut, et al., 2005, Huber, 2006). However, based on differences in
expression of markers including neurofilament M (Ernsberger, et al., 2005) and
cocaine and amphetamine regulated transcript (CART) peptide (Chan, et al,,
2016a), and on differences in their proliferation rates (Chan, et al., 2016a)
between chromaffin cell precursors and sympathetic neuroblasts, it was thought
possible that lineage separation may occur earlier, while NCC were still
migrating along the ventral pathway. However, a recent study (Furlan, et al.,
2017) has demonstrated that the majority of chromaffin cells have a different
origin to sympathetic neuroblasts, as they arise from Schwann cell precursors.

Schwann cell precursors are NCC that give rise to myelinating and non-
myelinating Schwann cells of peripheral nerves. Schwann cell precursors are
present within nerves in the embryo and express markers such as proteolipid
protein (Plp) under the control of Nrgl released from axons acting on ErbB3
receptors (Jessen, et al.,, 2015). Recent studies have shown that Schwann cell
precursors also give rise to a wide range of other cell types, including
endoneurial fibroblasts in peripheral nerves (Joseph, et al., 2004), melanocytes
of the limbs and ventrolateral skin. (Adameyko, et al., 2009), parasympathetic
neurons of the cranial, pelvic and cardiac ganglia (Dyachuk, et al., 2014,
Espinosa-Medina, et al., 2014), tooth pulp cells and odontoblasts (Kaukua, et al.,
2014) and enteric neurons (Uesaka, et al., 2015).

Furlan et al. (2017) used lineage tracing in the mouse to show that
activation of YFP from the Plp1 promoter (a marker of Schwann cell precursors)

at E11.5 resulted in many YFP-positive chromaffin cells at E17.5, but negligible
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labelling of sympathetic neuroblasts in the coeliac/superior
mesenteric/suprarenal ganglion complex. They also identified that sympathetic
preganglionic axons had penetrated into the vicinity of the forming adrenal
medullae and were the likely source of Schwann cell precursors, as using
diphtheria toxin driven from the Isl1 locus to destroy spinal motor neurons,
including sympathetic preganglionic neurons, resulted in the loss of 78% of
chromaffin cells by E14.5.

Furlan et al. (2017) were also able to independently confirm the origin of
chromaffin cells from Schwann cell precursors using single cell RNAseq. They
identified cells of neural crest origin using WntIcre to drive Tomato expression
and then isolated individual NCC cells. Analysis of the transcriptomes of each cell
allowed them to be classified into Schwann cell precursors, sympathetic
neuroblasts and adrenal chromaffin cells (Figure 2a-b) based on pathway and
gene set over-dispersion analysis (PAGODA). Significantly, cells intermediate in
transcriptomes between Schwann cell precursors and chromaffin cells (“bridge
cells”) were also identified. Bridge cells fell into two classes, one characterized by
many genes indicative of active cycling and the other lacking such genes (Figure
2a). Further pseudotime analysis positioned cells along a “differentiation
trajectory” and identified genes that varied systematically along this trajectory
between Schwann cell precursors and adrenal chromaffin cells (Figure 2d).
Bridge cells expressing many cell-cycle genes were located at the start of this
trajectory, while bridge cells lacking cell-cycle genes were positioned close to the
chromaffin cells (Figure 2b, c).

A key question left unanswered by Furlan et al. (2017) is whether all
chromaffin cells arise from Schwann cell precursors. Both reporter genes and
diptheria toxin ablation studies only affected a maximum of around 80% of the
chromaffin cells in in any experiment. While this could well represent a
limitation on the penetrance of the genetic techniques used it may alternatively
mean, as acknowledged by Furlan et al. (2017), that some chromaffin cells come
directly from early NCC, as do the sympathetic neuroblasts. Arguing against this
is the absence of cells that “bridge” between sympathetic neuroblasts and
adrenal chromaffin cells, although such “bridge”cells would be expected to be

present prior to E12.5 (see below) and involve NCC rather than sympathetic
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neuroblasts. If some chromaffin cells do arise from sources other than Schwann
cell precursors then the next question is whether these have a specific fate
amongst the chromaffin cells, for instance as the minority of cells that are
noradrenergic rather than adrenergic in phenotype.

Furlan et al. (2017) also showed differences in timing between the
differentiation of chromaffin cells and sympathetic neuroblasts. Sox10 is
expressed by all NCC and is down-regulated as the NCC differentiate. When YFP
expression driven from the Sox10 promoter was activated on E11.5, only
chromaffin cells were labelled, indicating that substantial numbers of Sox10-
expressing Schwann cell precursors were actively differentiating into chromaffin
cells at this age. In contrast, few neuroblasts were labelled, indicating their Sox10
expressing progenitors had already completed Sox10 down-regulation on E10.5.
Figure 3 summarises current knowledge of the development of sympathetic

neuroblasts and adrenal chromaffin cells.

Control of adrenal chromaffin cells development

The RNAseq analysis by Furlan et al. (2017) provides an insight into what
genes and signalling pathways are active during the differentiation of Schwann
cell precursors into chromaffin cells. Across the differentiation trajectory from
Schwann cell precursor to chromaffin cell, 139 transcription factors and 60 other
molecules varied systematically. Gene ontology analysis suggested that signalling
by Notch TGFbeta, canonical Wnt and Sonic-signalling pathways were active
during this time.

Each stage of differentiation was characterized by different patterns of
gene expression (Figure 2e). Schwann cell precursors were characterized by
Foxd3, Erbb3, and Sox10, the initial stage of differentiation along the chromaffin
cell trajectory by Tcf3, Smo, Id3, Ybx1, Sox4, Notch1, Fzd2 and Ptk7, while later in
the trajectory Hand1 and HandZ2, Phox2a, Eyal, Thra, Gata3, Insm1, Thx20, TIx2,
PIxnA3, DIl4, Amer2 and Cxxc4 were prominent. Final differentiation into
chromaffin cells saw the expression of Chga, Th, Foxq1, Egr1, Elf4 and NrpZ.

Many of these genes have not previously been associated with chromaffin
cell differentiation and it remains for their expression to be confirmed and a role

established. However, many of the same BMP-induced transcription factors that
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characterize sympathetic neuroblast differentiation are present and their roles
in chromaffin cell differentiation have been investigated.

Ascll is expressed for much longer in adrenal precursors than in
sympathetic neuroblasts, and in Ascl1 knockouts, most TH-expressing chromaffin
cell progenitors have differentiation arrested at an early stage (Huber, et al.,
2002a). Furlan et al. (2017) showed that, in the absence of Ascl1, the arrested
cells show either the Schwann cell precursor markers Sox10 and S100f or else
Phox2b, although no catecholamine phenotype is seen.

Phox2b knockout mice show a similar phenotype to Ascl1 knockouts, as
differentiation of TH-expressing progenitors is arrested even earlier and,
consequently, there is an absence of adrenal chromaffin cells in the adrenal
medulla (Huber, et al., 2005). In mice, Insm1 knockout results in the down-
regulation of Pnmt and Chra, the gene for chromagranin A and up-regulation of
neurofilament genes (Wildner, et al., 2008). Conditional knockout of HandZ2
results in a reduction of Th and Pnmt gene expression in postnatal adrenal
glands (VanDusen, et al., 2014). .

AP-2f is also strongly expressed in embryonic adrenal chromaffin cells
(Hong, et al., 2011). Knockout of Tfap2b significantly reduced the expression of
Dbh and Pnmt as well as Phox2b, suggesting a role in the acquisition of an
adrenergic phenotypic (Hong, et al, 2011). Moreover, Isl1 is also critical in the
acquisition of an adrenergic phenotype. In addition to a reduction of TH-
immunoreactive adrenal chromaffin cells by 40% at E16.5, the expression of TH
and DBH, PNMT and chromagranin A protein expression are also much reduced,
as is expression of Gata2, Hand1 and Tfap2b (Huber, et al., 2013).

In chicks, NCC cells that aggregate at the aorta respond to BMP-signalling
by phosphorylating Smad to regulate the gene response to BMPs (Saito, et al.,
2012), however, phosphorylated Smad disappears by stage 21, but reappears in
developing chromaffin cells, but not sympathetic neuroblasts. When BMP-
signalling is inhibited by expression of a dominant-negative Bmpr1la receptor at
the time of chromaffin cell/sympathetic neuroblast segregation, cells with
impaired Bmpr1la signaling fail to give rise to chromaffin cells. The BMP

inhibitor, noggin, applied at the time of segregation, also inhibits generation of
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chromaffin cells (Saito, et al., 2012). Aorta-derived BMPs may therefore
contribute to the induction of chromaffin cell differentiation.

Dicer1l, via the siRNA and miRNA it generates (see above) may also play a
role in the segregation of neuronal and chromaffin cell lineages. Conditional
knockout of Dicer1 leads to a maintenance of the neuronal markers that are
normally rapidly down-regulated in developing chromaffin cells (Stubbusch, et
al., 2013) and leads to increased postnatal death of the cells (Stubbusch, et al.,
2015).

The role of the adrenal cortex in the development of chromaffin cells
through glucocorticoid signalling has been investigated (Anderson and Axel,
1986, Doupe, et al.,, 1985, Huber, et al., 2009). Glucocorticoids produced from the
adrenal cortex were initially suggested to down-regulate neuronal markers and
up-regulate Pnmt expression (Anderson and Axel, 1985, Unsicker, et al., 1978,
Wurtman and Axelrod, 1966). However, later studies showed that chromaffin
cells are still found in the right location in glucocorticoid receptor gene (Nr3c1)
knockout in mice as well as in Nr5al-deficient mice, which lack SF-1 and the
adrenal cortex (Finotto, et al., 1999, Gut, et al,, 2005, Huber, et al., 2002b, Luo, et
al,, 1994). Although these studies show that the adrenal cortex might not be
crucial for chromaffin cell formation, the adrenal cortex appears important for
maintaining an adequate number of PNMT-expressing chromaffin cells in the

medulla (Finotto, et al., 1999, Gut, et al., 2005).

Development of extra-adrenal chromaffin cells

The development of extra-adrenal chromaffin cells has always been
assumed to be closely related to that of adrenal medullary chromaffin cells, as
they share most phenotypic features during embryonic stages, except the extra-
adrenal chromaffin cells are not embedded within the adrenal cortex (Bocian-
Sobkowska et al. 1996). Although there are no studies of the transcriptional
control of extra-adrenal chromaffin cell development, it is likely that intra- and
extra- adrenal chromaffin are influenced by a common set of factors. Extra-
adrenal chromaffin cells appear by week 25 in the human foetus and around
E13.5 in mouse embryos (McNicol, 2004). During embryonic development, the

largest cluster, the organ of Zuckerkandl is more prominent and mature than the
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chromaffin cells of the adrenal medullae and the organ of Zuckerkandl is
believed play a role in maintaining catecholamines during foetal development
(Subramanian and Maker, 2006). In human, most of the extra-adrenal chromaffin
cell clusters continue to grow in size during postnatal stages up to 3 years of age
and are present in adult, with the exception of the organ of Zuckerkandl, which
degenerates after 3 years of age with its role being replaced by the mature
adrenal medulla (Coupland, 1954). The organ of Zuckerkandl totally disappears
by 14 years of age in human and by P20 in mice (Coupland, 1954, Schober, et al,,
2013). Glucocorticoid has been suggested to have a physiological role in the
maintenance of extra-adrenal chromaffin cells as mice that lack the
glucocorticoid receptor showed accelerated cell loss by autophagy in the organ
of Zuckerkandl (Schober, et al., 2013).

One question that arises in light of the study by Furlan et al. (2017) is the
origin of extra-adrenal chromaffin cells. If extra-adrenal chromaffin cells lack
innervation in some species, as has been reported (Coupland and Weakley,
1970b, Mascorro, et al., 1994, Mascorro and Yates, 1971, Mascorro and Yates,

1977), then can they arise from Schwann cell precursors?

Origin of sympathetic glia

Glial cells support both neurons in peripheral ganglia as satellite glia
(Hanani, 2010) and axons in peripheral nerves as Schwann cells (Jacob, 2015,
Jessen, et al,, 2015) and nearly all are of neural crest origin. The exceptions are a
small number of Schwann cells and satellite glia derived from boundary cap cells
directly derived from the neuroepithelium of the neural tube (Hjerling-Leffler, et
al., 2005, Maro, et al., 2004). Nerve associated Schwann cell precursors are also
the precursor cells for a wide variety of NCC-derived tissues (see above).
However, within peripheral nerves they give rise to myelinating and non-
myelinating Schwann cells as well as endoneurial fibroblasts.

NCC give rise to nerve-associated Schwann cell precursors around E11.0 in
the mouse when myelin protein 0 (PO/Mpz) and brain fatty acid binding protein
(Bfabp/Fabp7) are first expressed (Britsch, et al.,, 2001, Hagedorn, et al., 1999,
Kurtz, et al., 1994). FoxD3 is required for Schwann cell differentiation and

absence of FoxD3 causes NCC to differentiate down a neuronal or melanocyte
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line (Nitzan, et al,, 2013). Sox10 expression is maintained in Schwann cells
(Kuhlbrodt, et al., 1998) and is essential for the development of Schwann cells
from NCC (Britsch, et al,, 2001, Paratore, et al., 2001). Sox10 maintains ErbB3
expression (Britsch, etal., 2001) and the ErbB3 ligand, Nrg1, reinforces
gliogenesis (Birchmeier and Nave, 2008, Shah, et al., 1994). Schwann cell
precursors cannot survive in the absence of Nrgl (Dong, et al., 1995).

Another signaling pathway that regulates glial development consists of the
secreted protein, leucine-rich repeat LGI family member 4 (Lgi4), acting on A
disintergrin and metalloproteinase domain 22 (AdamZ22). Schwann cell
precursors secrete Lgi4 that acts on Adam22 in an autocrine manner (Ozkaynak,
et al.,, 2010). In peripheral ganglia, the same system is important in satellite cell
differentiation, where satellite cells secrete Lgi4 to interact with Adam22
(Nishino, et al., 2010). Deletion of either Lgi4 or AdamZ22 results in greatly
diminished numbers of Schwann cells and satellite glia (Nishino, et al., 2010,
Ozkaynak, et al., 2010). It is not clear whether Lgi4 acts in an autocrine manner
in sympathetic ganglia, but DRG neurons do express Adam22 (Ozkaynak, et al.,
2010).

Notch ligands are also involved in interactions between Schwann cell
precursors and axons. Jagged 1 on NCC interacts with Notch on axons and
promotes the formation of immature Schwann cells from Schwann cell
precursors, (Woodhoo, et al., 2009). Immature Schwann cells are characterized
by up-regulation of markers such as glial fibrillary acid protein and S100f and a
major reorganization of the structure of the nerve (Jacob, 2015, Jessen, et al.,
2015). At the same time, the transcription factor AP-2a is down-regulated, and
ApZ2a expression slows the transition to immature Schwann cells (Stewart, et al.,
2001).

Phox2b may also play a role in the specification of Schwann cells. Both
mature and developing Schwann cells of the enteric nervous system express
Phox2b (Corpening, et al., 2008, Young, et al., 2003). In addition, many NCC in
cranial nerves express both Sox10 and Phox2b prior to the formation of cranial
ganglia (Espinosa-Medina, et al., 2014). A proportion of these cells give rise to
both neurons and glia of cranial ganglia such as the otic ganglion (see below).

However, using lineage tracing, it appears that a proportion of mature Schwann
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cells in cranial nerves arise from cells that have expressed Phox2b, as do a
smaller proportion of mature Schwann cells in limb nerves (Espinosa-Medina, et
al,, 2014). Finally, NCC that initially form sympathetic ganglia all express both
Sox10 and Phox2b, suggesting that satellite glia generated in the ganglia arise
from Phox2b-expressing NCC (Gonsalvez, et al., 2013, Tsarovina, et al., 2008). The
significance of Phox2b expression in NCC-derived glial cells remains to be
determined, as does any difference between Schwann cells that once expressed
Phox2b versus those that have never expressed Phox2b.

Satellite glia support sympathetic neurons in ganglia (Hanani, 2010).
Mature satellite glia show some differences from Schwann cells. For instance,
satellite glia express the Ets domain transcription factor, Erm, (Hagedorn, et al,,
2000). They also lack Schwann cell myelin protein, whichis present even in non-
myelinating Schwann cells (Dulac, et al., 1988). However, satellite glia can readily
adopt Schwann cell-like characteristics in culture. (Cameron-Curry, et al., 1993,
Le Douarin, et al.,, 1991, Murphy, et al., 1996).Within sympathetic ganglia, the
differentiation of satellite glia from NCC tends to lag behind the differentiation of
neurons (Callahan, et al., 2008, Lawson and Biscoe, 1979) so gliogenesis follows
neurogenesis in sympathetic ganglia as it does in the CNS. It seems likely that
satellite glia arise from Schwann cell precursors. In Furlan et al. (2017), lineage
tracing based on expression of the Schwann cell marker gene, Plp1, labels
satellite glia in the suprarenal ganglion (Fig. 1A in Furlan et al, (2017). Satellite
glia in cranial parasympathetic also arise from Plp1-expressing Schwann cell
precursors (Dyachuk, et al., 2014, Espinosa-Medina, et al., 2014).

The adrenal medulla also contains the glial-like sustentacular cells,
expressing the glial markers S100 and BFABP (Kameda, 2007, Pakkarato, et al,,
2015). These cells are generated from the neural crest cell and retain Sox10
expression. Sustentacular cells in adult are mainly located in the noradrenergic
region of adrenal medulla (Suzuki and Kachi, 1994). These cells form sheet-like
structures partially enveloping groups of noradrenergic chromaffin cells
(Ahmed, 2017, Pakkarato, et al., 2015). The function of sustentacular cells in the
adrenal is still unclear, however it is believed that they play a role in supporting
and regulating catecholamine secretion (Ahmed, 2017, Pakkarato, et al,, 2015,
Rodriguez, et al.,, 2007).
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Mature sustentacular cells appear to maintain stem-cell like properties.
They express nestin, a marker of neural stem cells (Rubin de Celis, et al., 2015)
and when isolated form spheres under appropriate culture conditions. Lineage
tracing based on nestin expression shows they can differentiate into a
chromagranin A-expressing cell in vitro, when the animal is under isolation

stress (Rubin de Celis, et al., 2015).

Measuring proliferation

NCC must undergo massive proliferation to allow the relatively low number
of starting cells within each tissue to provide enough mature cells. A method
widely used to measure proliferation is the visualization of the uptake of 3H
thymidine or analogues like BrDU by dividing cells (eg. (Rohrer and Thoenen,
1987, Rothman, et al,, 1978). A single pulse of 3H thymidine or BrDU is taken up
by cells actively synthesizing new DNA to replicate chromosomes, i.e. cells in S-
phase of the cell cycle. Even if the all of the cells that are in S-phase at the time of
the pulse are correctly identified (the instantaneous labeling index), the
information that such an approach gives is limited. The number of cells labelled
in a BrDU pulse depends on the fraction of cells in the total population that are in
the cell cycle (the growth fraction, GF), the length of time a cell takes to move
through the cell cycle (the cell cycle length, T.) and the time it spends in S-phase,
Ts (Nowakowski, et al., 1989). The proportion of cells that are labeled by BrDU or
3H thymidine can vary due to changes in either the GF, Ts or Tc and it is
impossible to tell which from the labelling index alone. To obtain a full
understanding of proliferation, it is necessary to measure all four of these
parameters. Methods to measure cell cycle dynamics were originally developed
for studies on the developing cortex (Nowakowski, et al., 2002, Takahashi, et al.,
1996, Takahashi, et al., 1997), and have been modified to use 5 ethynyl 2
deoxyuridine instead of 3H thymidine and also multilabel immunohistochemistry
in the peripheral nervous system (Gonsalvez, et al., 2013). The following
discussion is based largely on our own studies (Chan, et al., 2016a, Gonsalvez, et

al., 2013, Gonsalvez, et al.,, 2015).
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Proliferation of migrating neural crest cells

The dorsal part of the neural tube containing the neural crest is highly
proliferative (Kahane and Kalcheim, 1998) and within the neuroepithelium, cells
undergo interkinetic nuclear migration (Burstyn-Cohen and Kalcheim, 2002). It
has been suggested that delamination of NCC occurs during S-phase (Burstyn-
Cohen and Kalcheim, 2002), although this has not been seen in other studies
(Ridenour, et al., 2014, Theveneau, et al., 2007).

In the mouse, nearly all migratory trunk NCC are in the cell cycle and
express Sox10 without any neuronal markers (Gonsalvez, et al., 2013, Gonsalvez,
et al,, 2015). At the level of the somite, the cell cycle length of E9.5 trunk NCC is
8.5 hours with an S-phase of 5 hours (Gonsalvez, et al.,, 2015). This is comparable
to estimates of cell cycle lengths within the avian neuroepithelium of around 8
hours (Langman, et al.,, 1966, Smith and Schoenwolf, 1987, Smith and
Schoenwolf, 1988). The short cell cycle length and relatively long S-phase is
characteristic of embryonic stem (ES) cells or early embryonic cells (Mac Auley,
et al.,, 1993, White and Dalton, 2005). NCC in the mouse that have migrated past
the somite and reached the aorta at E9.5 also maintain a short cell cycle length
(10.6 hours) and long S-phase of 7.2 hours (Gonsalvez, et al., 2013). At the same
time, around 20% of the NCC show Phox2b expression but none express a

neuronal marker.

Proliferation of sympathetic neuroblasts

By E10.5 in the mouse, at the level of the forelimbs, trunk NCC cells
aggregate into paravertebral sympathetic ganglia (Figure 4a-d) and nearly all
NCC now express Phox2b (Gonsalvez, et al., 2013). Half of the Phox2b-
immunoreactive cells express neuronal markers such as TH and Tuj1 and in
these cells Sox10 expression is weak (Figure 4 and disappears by E11.5
(Gonsalvez, et al., 2013). The transition from a Sox10-immunoreactive NCC
lacking Phox2b via a Sox10/Phox2b immunoreactive cell to a sympathetic
neuroblast lacking Sox10 (Figure 4b, d) takes around 24 hours in the mouse. In
avians, this transition takes 2 to 3 days, from E3 to E5 (Tsarovina, et al., 2008).
As NCC differentiate into sympathetic neuroblasts and lose Sox10 expression, the

proliferative behavior of NCC undergoes a major change. All of the Phox2b/Tuj1
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cells in the stellate ganglion of E10.5 mice transiently stop dividing (Figure 4d),
as judged by the absence of KI67, BrDU-uptake and phosphohistone 3 staining,
(Gonsalvez, et al.,, 2013). However, the few Sox10/Phox2b cells lacking Tuj1 in
the ganglia are still in the cell cycle but now have a cell cycle length of 38 hours
with an S-phase nearly 10 hours (Gonsalvez, et al., 2013). In neuroblasts in the
CNS, differentiation also coincides with cell cycle withdrawal (Takahashi, et al.,
1996). However, unlike in the CNS, the cell cycle withdrawal of sympathoblasts is
only temporary. In E11.5 mice, TH+ sympathetic neuroblasts in the stellate
ganglion have all re-entered the cell cycle ( 4e-h), with a cell cycle length of
around 20 hours and an S-phase less than 5 hours. In neural progenitors of the
CNS (Takahashi, et al., 1996), the DRG (Gonsalvez, et al., 2015) and
parasympathetic ganglia (Rohrer, 2011), neuronal differentiation coincides with
permanent cell cycle withdrawal. Sympathetic neurons are therefore unique as
neurons because they divide after neuronal differentiation (Rohrer and Thoenen,
1987, Rothman, et al.,, 1978), although differentiated retinal horizontal cells can
also be induced to re-enter the cell cycle, but only after down-regulation of
retinoblastoma protein (Ajioka, et al., 2007). In the mouse stellate ganglion from
E12.5 on, progressively fewer neuroblasts remain in the cell cycle (Figure 4i)
and those that do maintain a cell cycle length of around 20 h. By E18.5, virtually
all sympathetic neuroblasts in the stellate ganglion have left the cell cycle
(Figure 4j), although a handful of dividing sympathetic neurons are still present
in neonatal mouse sympathetic ganglia (Shi, et al., 2008). The exact timing of cell
cycle withdrawal of a sympathetic neuroblast has been linked to the target tissue
they eventually innervate (Chubb and Anderson, 2010).

A similar pattern of transient cell cycle withdrawal described above for the
mouse stellate ganglion is also seen in the mouse suprarenal ganglion, part of the
prevertebral ganglion complex (Chan, et al., 2016a). However, compared to the
stellate ganglion, timing is delayed by around one day due to the rostro-caudal
lag in development along the length of the embryo (Le Douarin and Kalcheim,
1999).

Avian sympathetic neuroblasts also withdraw from the cell cycle as they
differentiate at E3 (Holzmann, et al., 2015). By E5, all of the sympathetic

neuroblasts are once again cycling, but the proportion of cycling neuroblasts has
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dropped to 10% by E11 (Holzmann, et al,, 2015) and only very low numbers of
dividing sympathetic neuroblasts have been described at hatching in chickens

(Rothman, et al., 1978).

Relationship between proliferation and differentiation

The short cell cycle length seen in E9.5 mouse trunk NCC, in particular a
short Gap 1 phase (G1), is likely to isolate cells from differentiation signals
(Blomen and Boonstra, 2007, Calder, et al., 2013, Pfeuty, et al., 2008, Ruiz, et al.,
2011). The trigger for the differentiation into sympathetic neuroblasts at E10.5
might be the increase of the cell cycle length seen in NCC expressing both Sox10
and Phox2b . It is possible that the increase in G1 allows time for a differentiation
signal to accumulate and trigger the change (Orford and Scadden, 2008,
Salomoni and Calegari, 2010, Takahashi, et al., 1997), but this may also occur
with an increase in S-phase length (Arai, et al., 2011). [t remains to be
established whether exposure to the BMPs in the vicinity of the aorta or another

signal triggers the change in cell cycle length.

Proliferation in postnatal sympathetic ganglia

While nearly all sympathetic neuroblasts are out of the cell cycle by birth
in the mouse, sympathetic ganglia still contain dividing cells of unknown
provenance (Hansford, et al., 2004). Clusters of small, TH and BIII-tubulin-
negative cells (“hyperplastic cells”) are present in 25% of sympathetic ganglia of
wild-type newborn mice. The clusters have all disappeared by apoptosis by
postnatal day 14. The hyperplastic cells are significant because in TH-MYCN
transgenic mice, where Mycn is overexpressed under the TH promoter, the
clusters of hyperplastic cells increase in size in the first week of life, rather than
regressing (Hansford, et al.,, 2004). In heterozygous TH-MYCN mice, the
hyperplastic clusters are present up to six weeks postnatal and neuroblastomas
later appear in 30% of sympathetic ganglia. In homozygous TH-MYCN mice,
nearly 60% of ganglia still have hyperplastic clusters at six weeks and nearly all
sympathetic ganglia already have tumors (Hansford, et al., 2004). Cells in
hyperplastic clusters in TH-MYCN animals are mostly Phox2b-immunoreactive,
lack the glial marker BFABP and most of them are cycling (Alam, et al., 2009). A
few of the hyperplastic cells lack Phox2b but express nestin (Alam, et al., 2009).
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While the TH-MYCN mice never develop neuroblastoma in the adrenal
gland, similar hyperplastic clusters of cell are present in a minority of the adrenal
glands of newborn wild-type mice (Chan and Anderson, pers. obs.). As in the
sympathetic ganglia, they have small dense nuclei and little cytoplasm and
appear not to be TH-immunoreactive. Significantly, most are Ki67
immunoreactive, indicating they are cycling. Cells with many of the histological
characteristics of hyperplastic cells have also been reported in normal human
adrenal medullae of stillborn and neonate infants up to three months of age
(Guin and Gilbert, 1968, Ikeda, et al., 1981, Shanklin and Soteloav, 1969).

The hyperplastic cell in mouse and human sympathetic ganglia and adrenal
medullae is a candidate for the cell of origin of neuroblastoma, particularly as
they appear to generate the neuroblastoma-like tumors that appear in TH-MYCN
mice (Hansford, et al,, 2004). A cell with an unknown relationship to the
hyperplastic cells can be isolated from adult human (Santana, et al., 2012) and
neonatal mouse adrenal (Saxena, et al., 2013). It has the properties of a stem cell
as, in culture, it forms “chromospheres” containing cells expressing Phox2b and
Sox10 among other neural crest markers. It can differentiate down both
sympathetic neuronal and chromaffin cell lineages (Santana, et al., 2012, Saxena,
etal, 2013).

One question about neuroblastoma that arises from the recent study of
Furlan et al. (2017) is how can the same tumor arise from both lineages, given
that sympathetic neuroblasts and adrenal chromaffin cells develop
independently from the time of delamination from the neural tube. It may prove
that neuroblastoma is a disorder in the genetic programs that remain common to
the two cell types, like the catecholamine handling pathways. Alternatively, if the
neuroblast lineage does give rise to a minority of chromaffin cells, perhaps it is
these chromaffin cells only that can give rise to neuroblastoma. A final
alternative is that neuroblastoma is really multiple diseases with characteristics

that reflect its different origins.

Regulation of proliferation
Roles for a number of transcription factors and signaling pathways in

regulating proliferation of sympathetic neuroblasts and their precursors have
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been proposed. When Frizzled (Fzd) 3, a receptor for Wnt, or {3 catenin, a down-
stream target of Wnt signaling, is knocked out in mice, proliferation of
sympathetic neuroblasts decreases and there is premature cell cycle exit
(Armstrong, et al,, 2011).

In chicks, IGF-I and IGF-II are present in sympathetic ganglia and
exogenous IGF in vitro and in vivo increases sympathetic neuroblast
proliferation, while neutralizing antibodies against IGFs reduced neuronal
proliferation and subsequent neuronal numbers (Zackenfels, et al., 1995).

The anaplastic leukemia kinase receptor (Alk), which is mutated in some
cases of familial neuroblastoma (Janoueix-Lerosey, et al.,, 2008), and its putative
ligand, midkine, stimulates proliferation of sympathetic neuroblasts (Reiff, et al.,
2011). Developing chick sympathetic ganglia express midkine and Alk
overexpression or constitutive activation both increase the rate of proliferation
of sympathetic neuroblasts in culture (Reiff, et al., 2011). Inhibition of Alk or its
knockdown decrease proliferation, as does knock-down of endogenous midkine
(Reiff, etal., 2011).

Artemin is the receptor for neurturin, a member of GDNF family of ligands,
and exogenous artemin increases the proliferation of cultured mouse
sympathetic neuroblasts (Andres, et al., 2001). Knockout of the binding partner
for artemin, GFRa3, leads to reduced size of the SCG and reduction in the number
of neuroblasts in S-phase (Andres, et al., 2001). Artemin signaling through the
receptor, Ret, and loss of Ret also affects sympathetic neuron development
(Enomoto, et al., 2001). Sympathetic ganglion size is reduced on E16.5 and
apoptosis increased at birth in Ret null mutants. However, Ret is only expressed
by sympathetic neuroblasts up until E14.5 (Callahan, et al., 2008, Enomoto, et al.,
2001) and it was suggested that the effects were mediated by the loss of artemin
signalling to sympathetic axons growing along blood vessels (see below) prior to
E14.5 (Enomoto, et al,, 2001). Loss of Ret also increases the cell cycle length of
mouse sympathetic neuroblasts at E16.5, which is after Ret protein disappears
from sympathetic neuroblasts, suggesting a delayed effect of its loss or some
indirect action (Gonsalvez, et al., 2013). For instance, Ret knockout mice lack
kidneys and some kidney-derived circulating factor that drives sympathetic

proliferation may be absent.
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The transcriptional network that underlies sympathetic neuron
differentiation is also likely to regulate proliferation. Deficits in Phox2b (Coppola,
etal, 2010), Ascll (Morikawa, et al., 2009, Pattyn, et al,, 2006), Insm1 (Wildner,
et al., 2008), AP-2f3 (Schmidt, et al,, 2011), Hand2 (Hendershot, et al., 2008,
Schmidt, et al., 2009), GataZ (Rohrer, 2011) and Sox11 (Potzner, et al., 2010)
have all been reported to affect proliferation. Each of these transcription factors
is likely to affect multiple genes and the regulation of proliferation may be via
effects on the cell cycle network, either directly or through intermediate genes.
However, as the network of transcription factors is likely to affect genes in many
pathways, the effect on proliferation could be secondary to some major
disturbance in an unrelated cellular process, such as metabolism or cellular
homeostasis.

To interpret the actions of transcription factors on proliferation in
sympathetic neuroblasts, the target genes of the transcription factors need to be
identified. We are only in the very early stages of being able to do this. For
instance, cell cycle gene network is a major target of Ascl1 in the mouse cortex
(Castro, et al., 2011, Raposo, et al,, 2015). Loss of Ascl1 in NCC leads to a
reduction in the number of sympathetic neurons (Pattyn, et al,, 2006), which
may be caused by decreased proliferation due to effects on cell cycle genes.
However, Ascl1 is only transiently expressed early in sympathetic neuroblast
differentiation (Ernsberger, et al., 1995, Groves, et al., 1995, Tsarovina, et al.,

2010) and so appears not to regulate later changes in proliferation.

Proliferation of adrenal chromaffin cells

The proliferative behavior of chromaffin cells has been examined in the
mouse (Chan, et al., 2016a). The earliest age when sympathetic neuroblasts could
be distinguished from chromaffin cell precursors was E12.5, when sympathetic
neuroblasts expressed CART but adrenal chromaffin cell precursors did not
(Chan, et al,, 2016a). Prior to this age, 90% of NCC in the vicinity of the
abdominal aorta were not in the cell cycle. Whereas the majority of NCC that
differentiate as sympathetic neuroblasts of the prevertebral ganglia reenter the
cell cycle on E12.5, only 20% of adrenal chromaffin cell precursors were in the

cell cycle at E12.5. They maintained this proportion through E16.5. Furlan et al.
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(2017) have shown that the Schwann cell precursors that give rise to adrenal
chromaffin cells are strongly proliferative, and that the decrease in cycling
intensity occurs during in the transitional stages between the two cell types. Cell
cycle lengths and S-phase lengths are similar to those of sympathetic neuroblasts
over the period E12.5-E16.5 (Chan, et al., 2016a). Rodent chromaffin cells are
known to maintain this proportion of cycling cells into postnatal life (Tischler, et
al., 1989). PNMT-immunoreactive (adrenergic) chromaffin cells appeared on
E14.5, and these behaved in a similar way to PNMT negative (noradrenergic)

chromaffin cells.

Sympathetic axon pathfinding

Sympathetic neurons, must extend their axons into the periphery, often
over long distances, and form functional connections with a wide range of
targets. The initial task is therefore extension along an appropriate route, while
the final task is innervation of the appropriate target tissue.

Sympathetic axons leave ganglia via three main routes. One is via the rami
communicantes into spinal nerves, from where they access all tissues served by
the spinal nerves. The second route is via nerves arising directly from
sympathetic ganglia separate from the rami communicantes. Examples include
the splanchnic, cardiac and carotid nerves. Other small nerves may also arise
directly from sympathetic ganglia. The third route is between sympathetic
ganglia along the sympathetic chain in the interganglionic connectives, before
the axons exit by the first and second routes.

Sympathetic axon extension into the spinal nerves is via the rami
communicantes, which carries sympathetic preganglionic and sensory axons.
Once within the spinal nerve, which contains both spinal motor and
somatosensory axons, outgrowing sympathetic neurons appear to be directly
influenced by sensory axons, as removal of the somatosensory neurons leads to a
failure of sympathetic axons to extend along peripheral nerves (Wang, et al.,
2014).

In addition to sensory nerves, blood vessels that accompany most major
nerves also appear to drive growth of sympathetic axons. The glial-derived

neurotrophic factor family ligand, artemin (Baloh, et al., 2000), appears to be one
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factor involved. Loss of the gene for artemin, Artn (Enomoto, et al.,, 2001, Honma,
etal., 2002), or Ret (Enomoto, et al,, 2001) or Gfra3 (Honma, et al., 2002) leads to
defects in sympathetic outgrowth along blood vessels. Artemin is most highly
expressed in proximal mouse blood vessels at E14.5 when sympathetic axons are
growing within the paravascular nerves, and then most heavily in more
peripheral vessels two days later (Enomoto, et al.,, 2001). Another signal that
regulates the growth of axons of mouse SCG neurons into the external carotid
nerve is vascular endothelium-derived endothelin-3 acting on neuronal EdrnA
receptors (Makita, et al., 2008).

It is less clear whether growth of sympathetic axons into the nerves that
arise directly from the sympathetic ganglia also depends on prior formation of
the nerve by other axons. Such nerves when mature will contain only sensory
axons in addition to autonomic motor axons (not spinal motor axons), and so it
may be that growth into these nerves requires that the nerve first form by
growth of sensory axons through the ganglia via the rami communicantes.

[t is also not clear whether growth of sympathetic axons in interganglionic
connectives also requires that the connective be established by sensory axons.
Interganglionic connectives contain sensory axons in mature animals but

whether their presence precedes that of sympathetic axons is unknown.

Innervation of targets

After artemin and interactions with sensory axons have promoted the
growth of sympathetic axons along major peripheral nerves, they must then
enter and ramify within their target tissue. This process is regulated by multiple
factors that may be target specific.

Blood vessels and the heart are major targets for sympathetic axons. While
sympathetic axons are present in the peripheral nerves that accompany major
blood vessels from embryonic ages, in mice they do not innervate the vascular
smooth muscle until postnatal ages, when the vascular wall matures (Brunet, et
al., 2014). Up until that age, sympathetic axons are found in the paravascular
bundles running with blood vessels. The ingrowth of sympathetic axons into the
wall of the blood vessel at P2 is triggered by netrin-1 in vascular smooth muscle

acting on Deleted in colorectal cancer (Dcc) receptors on sympathetic terminals
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(Brunet, et al,, 2014). Loss of netrin-1 in vascular smooth muscle or Dcc
receptors in sympathetic axons leads to a significant loss of sympathetic
terminals in resistance vessels, without affecting sympathetic axons in
paravascular axon bundles accompanying large blood vessels (Brunet, et al.,
2014). As netrin-1 signalling was not completely blocked in any of the studies,
the authors could not rule out additional signals that might also regulate vascular
innervation.

Nerve growth factor (NGF) promotes sympathetic axon extension and
branching in some tissues, in addition to its role as a sympathetic neuron
survival factor (Levi-Montalcini, 1976). If cell death of sympathetic neurons is
prevented by deleting Bax, a pro-apoptotic Bcl-2 family member, then the role of
NGF in the innervation of target tissues can be examined (Glebova and Ginty,
2004). In Bax-null animals, loss of NGF does not affect the projection of
sympathetic axons into and along major peripheral nerves, but does prevent the
projection of sympathetic fibres into peripheral target tissues (Glebova and
Ginty, 2004). However, not all targets are equal, with the heart and salivary
glands most severely affected. The effect of NGF on sympathetic axon branching
may be mediated through effects on Wnt signaling. Wntb5a is expressed by
sympathetic neurons around the time they contact target tissues and NGF up-
regulates the expression of Wnt5a in cultured sympathetic neurons (Bodmer, et
al., 2009). Wnt5a null mutant mice have deficits in sympathetic target
innervation in vivo and in axonal branching and elongation in vitro (Bodmer, et
al., 2009). The effects of NGF-induced Wnt5a secretion are presumably autocrine.
Wnt ligands act through Fzd receptors but the Fzd receptor involved in
sympathetic axon pathfinding has not yet been definitively identified. However,
Fzd3 may have a role. Fzd3 knockout mice exhibit greatly diminished numbers of
sympathetic neurons in the sympathetic chain (Armstrong, et al., 2011) due to an
effect on proliferation. However, surviving sympathetic neurons that project to
the gastrointestinal tract fail to branch into the organ (Armstrong, et al., 2011), a
phenotype akin to Wnt5a null mutant mice (Bodmer, et al., 2009).

Innervation of the heart is also affected by factors other than NGF.
Endothelin-1 has been reported to act on EdnrA receptors on mouse stellate

ganglion neurons to guide their axons towards the heart over the surface of large
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veins (Manousiouthakis, et al., 2014). It is not clear how NGF and endothelin-1
interact in the heart.

Sympathetic innervation of the heart is also regulated by neuropilins and
their ligands. Sympathetic axons expressing Nrp1 and Nrp2 receptors are guided
to the heart by the patterning of the repellant molecules, Sema3A and Sema3F.
Knockout of either receptor/ligand pair in mice results in disordered
organization of paravertebral ganglia and Nrp1/Sema3A knockout results in
disrupted sympathetic innervation of the heart and aorta (Maden, et al., 2012).
Presumably other, unidentified factors regulate the projection into organs not

affected by loss of NGF, endothelin-1 or Sema3a.

Conclusion

Most embryonic cells face challenges as they balance proliferation and
differentiation and competing extrinsic and intrinsic signals. Neural crest cells
are no exception and their challenges may be amongst the most extreme of all
embryonic cells as they include a fundamental cellular reorganization by EMT,
extensive migration, differentiation into a wide range of cell types and rapid
proliferation from a small founding population. In addition, sympathetic neurons
are unique amongst neurons in continuing to divide after differentiation into
neurons. Disorders in NCC development result in a number of
neurocristopathies, including neuroblastoma. While we have made progress in
understanding the basic biology of NCC development and the processes that give
rise to the sympathetic ganglia and chromaffin cells, many questions remain.
Recently developed genetic approaches, like the ability to analyse
transcriptomes of single cells, are likely to revolutionise our understanding of

these processes.

Conflict of Interest: The authors declare that they have no conflict of interest.

32



Figure legends

Figure 1
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Figure 1a-e. All images are transverse
sections through embryonic mice. 1a.
On E9.5, early migrating Sox10-
immunoreactive cells (magenta) are
leaving the dorsal neural tube (NT)
and migrating ventrolaterally
through the developing somites and
lateral to the foregut (FG). Other cells
are labelled with a DNA stain,
bisbenzimide (cyan). 1b. On E11.5,
Sox10-immunoreactive cells
(magenta) are present in the spinal
nerves (SN) and white ramus (WR) as
well as lateral to the aorta (A). TH-
immunreactive cells (green) are
present in the sympathetic chains
(SC) and ventrolateral to the aorta in
developing prevertebral ganglia (PG).
Many other neural crest cells lacking
TH-immunoreactivity lateral to the
aorta have started to express Phox2b
immunoreactivity (yellow). 1c. On
E12.5, sympathetic chains (SC)
contain prominent TH and Phox2b-
immunoreactive cells, which are also
present extensively lateral to the
aorta where they represent the

developing adrenal medullae and

prevertebral ganglia. 1d. On E13.5, TH-immunoreactive cells (green) are

identifiable as either sympathetic neuroblasts of the Sympathetic chain (SC) and

prevertebral ganglia (PG) or chromaffin cells of the adrenals (Ad). The



developing adrenal medullae (lateral) and developing prevertebral ganglia
(medially) are outlined. Sox10-immunoreactive cells (magenta) are present
around and throughout all ganglia and adrenal medullae. 1e. On E15.5, the
adrenal medullae (Ad) lie within well-formed adrenal glands with the suprarenal
ganglia (SRG) present medially. The adrenal glands contain many PNMT-
immunoreactive cells (cyan). Phox2b-immunoreactivity (yellow) is present in all

TH-immunoreactive cells (green), including in the sympathetic chains (SC).
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Figure 2a. Clustering analysis using t-SNE of single cell RNAseq of E12.5 mouse
abdominal NCC assigns individual cells to one of five classes (purple -
sympathetic neuroblasts, blue - Schwann cell precursors, yellow - cycling bridge
cells, red - non-cycling bridge cells, green- chromaffin cells). 2b. t-SNE plot as in
in 2a, normalised for cell cycle genes. It shows cycling and non-cycling bridge
cells are otherwise similar and that cycling characterises bridge cells early in the
sequence. 2c. Change in proportion of mitotic cells across pseudotime for bridge
cells from Schwann cell precursors (blue) to chromaffin cells (green). 2d. Nearly
1500 genes that are significantly associated with NCC cells as they differentiate

from Schwann cell precursors to chromaffin cells (right Y axis), each gene

34



represented as a horizontal line colour-coded from high-expression (red) to low
expression (blue). The x-axis is the change with time (“pseudotime”) colour-
coded for cell type as in 2a. There is a clear transition of the genes expressed as
cells move from Schwann cell precursor through bridge cell to chromaffin cell. Ze.
Representative patterns of gene expression across pseudotime from Schwann
cell precursors to chromaffin cells, (left to right, X-axis). Sox10 and Erbb3 are
expressed by Schwann cell precursors and then down regulated, Ascl1 and Htr3a
are expressed most strongly by bridge cells and Th and Chga by chromaffin cells.
(From Furlan et al. Multipotent peripheral glial cells generate neuroendocrine
cells of the adrenal medulla. DOI 10.1126/scienceaal3753, 2017, reprinted with

permission from AAAS and the authors)
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Figure 3.
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Figure 3. Summary of the development of sympathetic neuroblasts and adrenal
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chromaffin cells. On delamination from the neural tube, NCC either move directly
to a position around the dorsal aorta (sympathetic neuroblast lineage) or
associate with nerve trunks, where, under the influence of axonal Nrgl, they
become Schwann cell precursors. In the neuroblast lineage, differentiation is
initiated by BMPs which induce multiple transcription factors, starting with
Ascl1 and Phox2b. Schwann cell precursors from the adrenal preganglionic nerve
populate the area lateral to the aorta with chromaffin cells which differentiate to
express many of the same transcription factors as the neuroblast lineage. Some

of the other known influences influencing the two lineages are also shown.
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Figure 4
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Figure 4a-j. All images are transverse sections through mouse embryos stained
with immunofluorescence to reveal characteristics of developing sympathetic
neuroblasts in sympathetic chain ganglia. 4a-d. E10.5 sympathetic ganglion
stained with bisbenzimide to label all nuclei (a) showing most developing
neuroblasts are immunoreactive for both Phox2b (b) and Sox10 (c), but few of
them are Ki67-immunoreactive, indicating they have temporarily withdrawn
from the cell cycle at this age. 4e-h. On E11.5, most of the cells in the ganglion are
TH-immunoreactive (4Ee,f) but few are Sox10 immunoreactive (g). All of the
neuroblasts have now re-entered the cell cycle, as judged by Ki67-
immunoreactivity (h). 41. By E14.5, a substantial proportion of sympathetic
neuroblasts have left the cell cycle for the last time so that few are Ki67
immunoreactive (red, examples arrowed). Among the closely packed
sympathetic neuroblasts immunoreactive for TH (green) are scattered Sox10-
immunoreactive immature satellite glia (magenta). 4j. By E18.5, hardly any
sympathetic neuroblasts are Ki67, indicating they are not cycling. Sox10-

immunoreactive satellite glia (magenta) are present between neuroblasts. A
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minority of the satellite cells are Ki67 immunoreactive (red), indicating they are

still cycling. Other cycling cells are non-neural cells in the still growing ganglion.
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