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Although primarily recognized for its role in mediating 
the ‘fight or flight’ response, the sympathetic division 
of the autonomic nervous system is indispensable for 
body homeostasis. Sympathetic axons innervate periph-
eral organs and tissues throughout the body (Fig. 1a) to 
control diverse physiological processes, including car-
diac output, body temperature, blood glucose levels 
and immune function under basal conditions and in 
response to external stressors such as cold or danger1. 
The sympathetic regulation of organ function relies on 
intimate contacts between neurons and targets estab-
lished during embryonic and postnatal development2. 
Sympathetic dysfunction has been implicated in several 
human disorders, including peripheral neuropathies, 
heart failure, hypertension and diabetes, some of which 
may have a developmental origin3,4. There is also emerg-
ing evidence that sympathetic innervation regulates 
stem cell niches to promote tissue regeneration through 
deployment of developmental signalling pathways5. 
Thus, there is intense interest in understanding the 
mechanisms driving sympathetic neuron develop-
ment and establishment of connections with peripheral 
tissues, with the potential for developing nerve- based 
therapies for disease.

The sympathetic nervous system consists of two 
populations of neurons, namely preganglionic and post-
ganglionic sympathetic neurons that are anatomically 

organized in series and connected synaptically (Fig. 1b). 
Preganglionic neurons reside in the intermediolateral 
column at thoracic and lumbar levels in the spinal cord 
and extend their axons to connect with postganglionic 
neurons that lie in paravertebral ganglia found in bilat-
eral chains along the rostro- caudal axis or in prevertebral 
ganglia located between the chain and peripheral tissues. 
Paravertebral ganglia neurons send axonal projections 
to innervate the pupil, heart, respiratory system, blood 
vessels and exocrine glands of the face, trunk and limbs, 
whereas prevertebral neurons innervate abdominal, 
pelvic and perineal organs6.

The assembly of functional sympathetic neuron cir-
cuits, which encompasses axon innervation, neuron 
survival, dendrite elaboration and synaptogenesis 
during embryonic to postnatal stages, has been well 
characterized in mice (Fig.  1c) and relies on both 
cell- intrinsic as well as cell- extrinsic mechanisms, spe-
cifically, target- derived signals (summarized in Table 1 
with details in sections below). Emerging evidence sug-
gests that sympathetic nerves reciprocally influence the 
development and maturation of innervated targets7–9. 
Advances in single- cell transcriptomic analyses reveal 
that sympathetic neurons are remarkably heteroge-
nous and that acquisition of the molecular and cellular 
diversity needed to meet functional demands of dif-
ferent peripheral organs occurs during development10. 
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Sympathetic ganglia also contain satellite glia, a poorly 
understood glial population, which form a tight sheath 
around soma, dendrites, and synapses (Fig. 1b) and 
have proposed functions in neuronal morphogenesis 
and activity11. Thus, the establishment of functional 
sympathetic neuron circuits involves coordinated inter-
actions between neurons, glial cells and peripheral 
tissues.

In this Review, we highlight recent advances in 
understanding the cellular and molecular mechanisms 
that govern the survival, axon and dendrite growth, 
synaptogenesis, and cellular/molecular diversity of 
postganglionic sympathetic neurons with a focus on 
neuronal interactions with target tissues as well as 
neighbouring satellite glia. Early aspects of neuron 
migration and specification are briefly discussed for the 
context of embryonic origin (box 1). Finally, we discuss 
emerging studies implicating the developing sympa-
thetic nervous system in the pathogenesis of peripheral 
neuropathies and cardiovascular and metabolic  
diseases.

Axon growth and target innervation
In the growing embryo, axons of postganglionic sym-
pathetic neurons navigate over long distances to make 
connections with diverse peripheral targets distributed 
throughout the body. Target innervation is a carefully 
orchestrated process that encompasses axon elongation 
and pathfinding, terminal branching to completely cover 
target fields upon reaching end- organs and refinement of 
connections (Fig. 2). The precision by which sympathetic 
axons select their navigation routes and connect with 
the correct peripheral targets is remarkable and arises 
from the combined actions of several secreted neuro-
trophic and guidance cues, transmembrane receptors, 
and adhesion proteins.

Axon initiation and elongation. Axon specification is 
the earliest morphological representation of neuronal 
polarity. Although extensive in vitro studies using cul-
tured hippocampal neurons have identified key roles 
for intrinsic cytoskeletal dynamics and polarized trans-
port in axon specification12, the molecular mechanisms 
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Fig. 1 | organization of the mouse sympathetic nervous system and 
timeline of developmental events. a | Sympathetic neuron cell bodies 
located in either paravertebral (for example, superior cervical ganglia (SCG)) 
or prevertebral sympathetic ganglia (for example, celiac ganglia (CG),  
superior mesenteric ganglia (SMG), inferior mesenteric ganglia (IMG), or 
pelvic ganglia (PG)) send axonal projections during development to 
innervate diverse organs and/or tissues in the periphery. b | Postganglionic 
sympathetic neurons serve as a bridge between the central nervous system 
(CNS) and diverse peripheral organs through inter- neuronal synapses with 

preganglionic sympathetic neurons whose cell bodies lie in the spinal cord. 
Sympathetic ganglia also contain satellite glia cells that enwrap cell bodies, 
dendrites and synapses of postganglionic neurons. c | Key events in the 
development of postganglionic sympathetic neurons are correlated with 
axon innervation of peripheral organs, preganglionic input and gliogenesis. 
The embryonic (E) and postnatal (P) time- points are based on studies done 
in mice and rats. NGF, nerve growth factor; PNS, peripheral nervous system. 
Part a adapted with permission from reF.6, AAAS. Part c adapted with 
permission from reF.2, Annual Reviews.
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Table 1 | summary of signals (ligands, receptors, cytoplasmic effectors and transcription factors) involved in sympathetic nervous 
system development

Process signal Type Description refs

Axon 
initiation/
elongation

HGF/c- Met Ligand/receptor Neurite outgrowth in vitro 14,16

Artemin/Ret/GFRα3 Ligand/receptor Axon growth in vitro; aberrant axon projections in 
knockout mice in vivo

17,18

NT3/TrkA Ligand/receptor Axon growth in vitro; impaired projections along 
intermediate targets in knockout mice in vivo

19,20

Netrin/DCC Ligand/receptor Arterial innervation 21

Endothelin 1/EdnrA Ligand/receptor Axon guidance 23

Endothelin 3/EdnrA Ligand/receptor Axon pathway selection 25

Sema3F Ligand Promotes growth cone collapse by antagonizing TrkA 
signalling in vitro

52

Target 
innervation

NGF/TrkA Ligand/receptor Axon growth, branching and growth cone responses 
in vitro; impaired target innervation in knockout mice 
in vivo

28,152,189,190

Calcineurin Phosphatase Promotes axon growth by regulating dynamin 1 
phosphorylation and TrkA endocytosis

34

Rac1 Small GTPase Axonal synthesis and prenylation promotes axon 
growth

38

Tp53inp2 Axonal untranslated mRNA Essential for NGF- mediated growth and target 
innervation

37

CREB Transcription factor Axon growth defects in knockout mice 39

Egr3 Transcription factor Defects in target innervation in knockout mice 40

Wnt5a/Ror1–2 Ligand/receptor Autocrine signalling promotes axon branching in vitro; 
innervation defects in knockout mice in vivo

42,44,45

CD40/CD40L Ligand/receptor Autocrine signalling regulates innervation of 
low- NGF- expressing targets

43

GDF5 Ligand Target- derived factor promotes innervation of select 
targets, independent of NGF

46

TNFα/TNFR1 Ligand/receptor Reverse signalling promotes axon growth and 
branching

47

Clstn3β/S100b ER- resident protein/soluble factor Tissue- specific innervation of brown adipose tissue 48

Sema3a/Nrp1/Plexin A4 Ligand/receptor/co- receptor Defects in axon projections and cardiac innervation in 
knockout mice

23,50,191,192

Axon 
pruning

BDNF/p75 Ligand/receptor Activity- dependent axon pruning via suppression of 
TrkA signalling

54,55

DR6 Receptor Axon pruning 55,57,58

Dendrite 
growth

NGF/TrkA Ligand/receptor Dendrite elaboration and maintenance 91,92

Egr3 Transcription factor Impaired dendrite elongation and branching in 
knockout mice in vivo

93

α3 nAChR Ion channel subunit Loss of primary dendrites in knockout mice 100

CaMKII/MEK/ILK Kinases Downstream effectors in activity- dependent dendrite 
growth

97,99

BMP5, BMP6 and BMP7/
Bmpr1a

Ligand/receptor Promotes dendrite growth in vitro; perturbed dendrite 
growth in Bmpr1a knockout mice

101,102

p75 Receptor Necessary for BMP- induced dendrite maturation 
in vitro and in vivo

107

Synapse 
formation

BDNF/TrkB Ligand/receptor Increases synapse density by influencing preganglionic 
axon innervation

113

NGF/TrkA Ligand/receptor Promotes synapse assembly in ganglia; increases 
synaptic contacts with peripheral targets and 
potentiates neurotransmitter release

64,65,94,95,112,193

Agrin Proteoglycan Synapse stability 114

α3 nAChR Ion channel subunit Excess synapse numbers, mis- localized synaptic 
contacts and impaired neurotransmission in knockout 
mice

100,119
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underlying this process in sympathetic neurons remain 
largely undefined. Sympathetic neurons extend a single 
axon as early as embryonic day (E) 12.5 in rodents, when 
the ganglia consist mainly of proliferating neuroblasts13. 
Autocrine signalling by hepatocyte growth factor 
(HGF) acting via its receptor, c- Met, may be involved 
in sympathetic axon outgrowth14,15 (Fig. 2a). HGF and 
Met transcripts are expressed in sympathetic ganglia 
throughout embryonic development14,16. HGF appli-
cation induces neurite outgrowth in cultured neurons, 
whereas antibody- mediated neutralization of endoge-
nous HGF prevents growth14,16. However, HGF exerts 
multiple effects on sympathetic neuroblasts, including 
enhancing their survival and differentiation16, and its 
influence on neurite outgrowth may reflect a general 
effect on viability.

Axons projecting from ganglia undergo rapid elon-
gation and extend along an organized route largely fol-
lowing blood vessels13. Proximal axons grow alongside 
arteries, attracted by vascular- derived cues such as arte-
min and neurotrophin 3 (NT3)2 (Fig. 2a). Artemin and 
NT3 promote sympathetic axon growth in vitro and axon  
growth is stunted or misdirected in mice lacking  
artemin, Ret/GFRα3 receptors or NT3 (reFs17–20). However,  
some axons are still able to reach peripheral targets in 
mice deficient for artemin17,18 or NT3 (reFs19,20), sug-
gesting a synergistic effect of these factors and/or the 
existence of additional signals. Arteries serve not only as 
paths for axons to reach end- organs but are themselves 
targets for innervation. Axon growth switches from axon 
extension along the arterial vasculature during embry-
onic development to innervation and formation of en 
passant synapses after birth in mice21. Arterial innerva-
tion is mediated by netrin, which is secreted by vascular 

smooth muscle cells and signals via DCC receptors in 
sympathetic axons21. In addition to the arterial vascu-
lature, sympathetic axons navigate along other scaf-
folds to reach targets. For example, axons from stellate 
ganglia project along veins, instead of arteries, to reach 
the heart22,23. Sensory axons may also serve to guide 
sympathetic nerves from trunk ganglia to the mouse  
limbs24.

Recent findings suggest that axons take pre- selected 
trajectories to reach the correct end- organs. The supe-
rior cervical ganglia (SCG) is the rostral- most ganglia in 
the sympathetic chain and lies at the bifurcation of the 
internal and external carotid arteries. SCG axons project 
either along internal or external carotid arteries to inner-
vate tissues in the head and face or the salivary glands. 
Recent work shows that these axons actively distinguish 
and choose between the two vascular trajectories to 
innervate their matching end- organs25. A subset of SCG 
axons expressing the EdnrA receptor for endothelin 3, 
which is selectively produced by external carotid arter-
ies, preferentially use the external carotid arteries as a 
‘highway’ to reach the salivary glands25 (Fig. 2a). These 
findings imply that molecularly distinct subtypes of 
neurons exist prior to target innervation and that they 
direct axon projections along predetermined routes to 
their matching tissues during development.

Target innervation. Sympathetic innervation of final target 
tissues is initiated at embryonic stages (∼E15.5) in mice, 
and continues for 3–4 weeks after birth13. The key signal 
controlling innervation of final targets is the neurotrophin 
nerve growth factor (NGF) (Fig. 2a). NGF is produced 
by sympathetic targets and innervation density corre-
sponds to the amount of NGF produced by an organ26.  

Process signal Type Description refs

Neuron 
survival

NGF/TrkA Ligand/receptor Loss of sympathetic neurons in knockout mice in vivo; 
NGF on distal axons promotes survival by retrograde 
TrkA signalling in compartmentalized cultures

27,71,72,194

PI-3K/Akt Kinases Effector in retrograde TrkA trafficking and survival 195

CREB Transcription factor Loss of sympathetic neurons in knockout mice in vivo 
and in vitro; promotes expression of pro- survival genes

39,77,196

Egr3 Transcription factor Neuron loss in knockout mice 40

JNK Kinase Retrograde transport of apoptotic signals 83,85

c- Jun Transcription factor Pro- apoptotic nuclear signalling 84

BDNF/p75 Ligand/receptor Pro- apoptotic signalling 41,82,83

Pro- neurotrophins Ligands Pro- apoptotic signalling 86,87

Neuronal 
diversity

Hmx1 Transcription factor Specification of adrenergic fate in precursors 124

TrkC/Ret Receptors Specification of cholinergic fate in precursors 124

LIF/CNTF Ligands Exogenous application or overexpression induces 
neurotransmitter switch in target innervation; no 
phenotypes observed in knockout mice

132,134–137

Artemin/neurturin/Ret/
GFRα1/GFRα3

Ligand/receptor/co- receptor Postnatal specialization of noradrenergic subtypes 
upon target innervation

10

BDNF, brain- derived neurotrophic factor; BMP, bone morphogenetic protein; Clstn3, calsyntenin 3α; CNTF, ciliary neurotrophic factor; Egr3, early growth response 3; 
ER, endoplasmic reticulum; GDF, growth differentiation factor 5; HGF, hepatocyte growth factor; ILK, integrin- linked kinase; JNK, Jun- N- terminal kinase; LIF, leukaemia 
inhibitory factor; nAChR, nicotinic acetylcholine receptor; NGF, nerve growth factor.

Table 1 (cont.) | summary of signals (ligands, receptors, cytoplasmic effectors and transcription factors) involved in sympathetic nervous 
system development
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The innervation of several peripheral tissues is either 
absent or incomplete in mice lacking NGF or its TrkA 
receptor27,28, whereas NGF overexpression in target tis-
sues results in hyper- innervation29,30. The initial phases 
of axonal outgrowth from sympathetic ganglia and 
extension along proximal targets are independent of 
NGF28, suggesting that NGF is critical for axon elabora-
tion and arborization only after axons have reached their 
final destinations. Interestingly, the two neurotrophins, 
NT3 and NGF, mediate sequential steps in sympathetic 
axon growth by acting through a common TrkA recep-
tor. NT3 promotes axon elongation along intermedi-
ate vascular targets, whereas NGF controls final target 
innervation20. This difference in functional outcomes 
is related to the differential trafficking of TrkA by the 
two ligands20,31.

NGF- dependent growth of sympathetic axons has 
served as a prototype for understanding the molecular 
control of axonal development by target- derived cues 
(Fig. 2b). In distal axons, NGF binds TrkA receptors 
to regulate cytoskeletal dynamics through the activa-
tion of MAPK and PI-3K–Akt pathways32,33. Further, 
NGF- triggered endocytosis of TrkA receptors via a 
calcineurin–dynamin 1 signalling pathway promotes 
growth and target innervation34. Emerging evidence 
also supports a critical role for axonal protein synthesis 
in NGF- mediated sympathetic growth35–38 (Fig. 2b). In 
compartmentalized cultures of neurons, hundreds of 
mRNAs are targeted to sympathetic axons in response 
to NGF applied to distal axons in a process that is nec-
essary for axonal viability36. Disrupting NGF- dependent 
transport and local synthesis of Impa1, which is involved 

in lipid metabolism, results in axon degeneration36. NGF 
also controls localized post- translational modifications 
of newly synthesized proteins. A recent study showed that 
NGF- dependent growth and target innervation relied on 
both the local synthesis and lipidation of newly synthe-
sized Rac1 in sympathetic axons38. Intriguingly, axonal 
mRNAs do not always have to be translated to promote 
growth. Tp53inp2 is one of the most abundant tran-
scripts in sympathetic axons yet it is not translated37. The 
deletion of Tp53inp2 impairs the NGF- dependent inner-
vation of end- organs in mice. Strikingly, axonal defects 
are rescued by a translationally silent form of Tp53inp2, 
suggesting a non- coding role37. The precise mechanisms 
by which Tp53inp2 promotes growth remain to be fully 
elucidated, although this may involve the regulation of 
TrkA phosphorylation and endocytosis37.

Target- derived NGF also retrogradely activates 
transcriptional signalling to control axon growth and 
branching (Fig. 2b). Knockout mice lacking the tran-
scription factors CREB or early growth response 3 
(Egr3) exhibit abnormalities in NGF- mediated axon 
growth and target innervation39,40. Growth- promoting 
genes retrogradely activated by NGF include the TrkA 
receptor itself, adhesion proteins, cytoskeletal regula-
tors and secreted autocrine factors41–43. In sympathetic 
neurons, retrograde NGF signalling induces the syn-
thesis of Wnt5a, a member of the Wnt family of mor-
phogens, which in turn promotes axon branching by 
signalling via Ror1/2 receptors42,44,45. Autocrine signal-
ling by CD40L, a member of the tumour necrosis fac-
tor superfamily, specifically promotes the innervation 
of peripheral tissues that express low levels of NGF 
(thymus) but not of tissues with higher NGF expression 
(salivary glands)43. NGF negatively regulates CD40L 
activity, ensuring that this pathway is only operative in 
neurons that encounter low levels of NGF43. Together, 
these results support a hierarchical model of growth 
factor signalling where NGF regulates the expression of 
secreted signals that in turn exert an autocrine effect to 
promote and adjust innervation density based on NGF 
expression (Fig. 2c).

Although NGF has dominated as the leading factor 
controlling sympathetic innervation of targets, other fac-
tors are also involved. Analyses of NGF knockout mice 
reveal that several targets, that is, stomach, gastrointesti-
nal tract and gonads, are still innervated, albeit reduced, 
whereas others, for example, the trachea, are completely 
unaffected by NGF loss28. Recent studies have pointed 
to promising candidates that either work synergistically 
with NGF or independently to promote target innerva-
tion, including growth differentiation factor 5 (GDF5), 
a member of the transforming growth factor- β (TGFβ) 
superfamily46, and tumour necrosis factor receptor 1 
(TNFR1)47. Tissue- specific growth factors may also 
promote selective target innervation. For example, the 
enriched innervation of brown adipose tissue (relative 
to white adipose tissue) is due to selective expression 
of a novel endoplasmic reticulum membrane- bound 
protein, calsyntenin 3β (Clstn3β), which controls the 
secretion of a growth factor, S100b, to promote inner-
vation and regulate thermogenesis48. Other cues may 
include mesenchymal- derived secreted factors such 

Box 1 | early development of sympathetic precursors

Neurons and glia in sympathetic ganglia are generated from trunk neural crest cells 
(NCCs) that migrate ventrally to coalesce in the vicinity of the dorsal aorta197. trunk 
NCCs appear to be restricted to specific fates prior to migration. For example, selective 
expression of the transcription factor neurogenin 1 biases trunk NCCs to become cell 
types in sensory ganglia but not in sympathetic ganglia198,199. ventral migration of NCCs 
that give rise to sympathetic progenitors is guided by receptor tyrosine kinase signalling 
and axon guidance receptors197.

in mice, NCCs aggregate to form primordial sympathetic chain ganglia starting at 
approximately embryonic day 10.5 (e10.5)200. early differentiation in the sympathetic 
lineage occurs in the vicinity of the dorsal aorta, guided by diffusible signals, specifically, 
bone morphogenetic proteins (BMPs), which activate a regulatory network of transcription 
factors, including Mash1, Phox2a/2b, Hand2 and Gata3, to drive expression of enzymes 
involved in norepinephrine biosynthesis and regulate the proliferation and survival of 
sympathetic progenitors197,201. early sympathetic progenitors have mixed expression  
of noradrenergic and cholinergic biosynthetic enzymes124. Hybrid precursors segregate 
in a manner dependent on the selective expression of transcription factor 1, Hmx1 and 
the neurotrophic receptors trka, trkC and c- ret124. Onset of Hmx1 expression induces 
trka expression and consolidates the noradrenergic phenotype, whereas specification 
of cholinergic fate occurs through interactions between trkC and c- ret that subsequently 
repress Hmx1 expression and noradrenergic markers124.

The majority of sympathetic neurons are generated by the proliferation of sympathetic 
progenitors over a period lasting several days (e12.5–e16.5) in rodents13,200. 
Sympathetic progenitors are unique compared to their counterparts elsewhere in the 
peripheral and central nervous systems in that they express mature neuron markers, 
including catecholamine synthetic and release machinery and neurofilament proteins, 
and even bear neuritic processes while undergoing proliferation202,203. although 
mechanisms underlying neurogenesis are poorly defined, studies in gene knockout mice 
suggest that ret17, Frizzled 3 (reF.204), artemin205 and insulin- like growth factors206 as well 
as several transcription factors required for neuronal specification197 are essential.
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Fig. 2 | Axon growth and innervation of peripheral targets. a | Target 
innervation is a carefully orchestrated process that encompasses axon 
specification, elongation, pathfinding, and branching in end- organs and 
involves the combined effects of autocrine and paracrine secreted factors. 
Autocrine hepatocyte growth factor (HGF) signalling initiates axon 
extension (1) and axons extend along blood vessels in response to 
vascular- derived guidance signals, artemin, neurotrophin 3 (NT3) and 
endothelin 3 (2, 3). Axons undergo terminal branching and growth to fully 
innervate NGF- expressing final targets (4). b | Target- derived nerve growth 
factor (NGF) promotes target innervation by activating local cytoskeletal 
and endocytic pathways in axons and retrogradely regulating transcriptional 
events in cell bodies and/or nuclei. NGF- mediated axon growth also relies 
on local protein synthesis of effectors, including Impa1 and Rac1, and also 
post- translational lipidation of newly synthesized proteins in distal  
axons. Tp53inp2 is an axonally abundant mRNA that mediates NGF- 
dependent growth in a non- coding manner. Retrograde NGF signalling  
via axonal transport of TrkA- signalling endosomes activates transcription  
factors and the expression of downstream target genes essential  
for long-term axon growth and target innervation. c | NGF signalling  

regulates autocrine signalling loops to promote innervation of peripheral 
organs. NGF induces Wnt5a synthesis in sympathetic neurons and autocrine 
Wnt signalling through Ror1/2 receptors promotes axon branching.  
In tissues with low NGF expression, such as the thymus, autocrine CD40L 
signalling via the CD40 receptor promotes axon branching and innervation. 
This pathway is downregulated when axons encounter high NGF levels in 
tissues such as the salivary glands. d | Axon pruning occurs by competitive 
collateral elimination mediated by the actions of the p75 and DR6 
receptors. Activity- dependent brain- derived neurotrophic factor (BDNF) 
release by ‘winning’ axons activates p75 to antagonize TrkA trophic 
signalling in ‘losing’ axons. p75 also promotes actin remodelling and 
intracellular Ca2+ increase to induce degenerative signalling. The actions of 
DR6 and axonal caspase signalling are also required for axon loss.  
e | Postganglionic sympathetic neurons form non- canonical synapses with 
peripheral tissues. Sympathetic synapses resemble bouton like- structures 
loaded with norepinephrine (NE). The formation of synaptic contacts 
between sympathetic neurons and peripheral tissue as well as 
neurotransmitter synthesis and release are regulated by NGF signalling. 
Egr3, early growth response 3; SCG, superior cervical ganglia.
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as angiopoietin 1 and vascular endothelial growth 
factor C49.

A fine balance between the activities of trophic fac-
tors and repulsive cues helps to coordinate the final 
axon innervation patterns in target fields. Sema3a is 
expressed in the developing heart and cardiac inner-
vation patterning is disrupted in knockout mice50. 
Conversely, cardiac- specific Sema3a overexpression 
reduces sympathetic innervation50. Semaphorins func-
tion, in part, by antagonizing trophic signalling in axons 
as Sema3A inhibits NGF- induced nerve sprouting 
in vivo51 and Sema3F suppresses TrkA- induced MAPK 
and PI-3K signalling to trigger growth cone collapse in 
sympathetic axons52.

Axon pruning. Final patterns of axon innervation are 
shaped by both pro- growth and regressive events. 
During late embryonic and neonatal stages, there is 
excessive axonal branching in final target fields and 
competition for target- derived NGF eliminates neurons 
that do not receive trophic support. At later postnatal 
stages, pruning of excessive axon collaterals in end- 
organs occurs independently of neuron loss to refine 
connectivity with targets. Similar to classical findings of 
terminal arbor pruning at the neuromuscular junction53, 
sympathetic axon pruning is a competitive process where 
winning axon terminals actively eliminate neighbouring 
axons54 (Fig. 2d). Studies of SCG projections to the eye in 
postnatal 20–50- day- old rats reveal that neurons initially 
extend collaterals to both eye chambers followed by prun-
ing of projections to one compartment54. This refinement 
is an activity- dependent mechanism, where winning 
axons secrete brain- derived neurotrophic factor (BDNF) 
in response to neuronal activity, which binds the p75 
receptor on proximal losing axons to cause retraction54 
(Fig. 2d). p75 is a member of the TNF superfamily, which  
interacts with all neurotrophins and can either enhance 
or diminish Trk signalling depending on the cellular 
context. In sympathetic axons, p75- mediated pruning 
occurs, at least in part, by suppressing TrkA- dependent 
trophic signalling54. In addition, a p75- mediated increase 
in intracellular calcium and actin remodelling may 
underlie rupture of axonal membranes55. A powerful 
in vitro model to study molecular mechanisms under-
lying axon pruning has been the use of compartmen-
talized sympathetic neuron cultures where distal axons 
are selectively deprived of NGF while keeping NGF on 
soma and proximal axons56. In this system where neu-
rons survive but distal axons undergo fragmentation, 
several groups have provided evidence for the role of 
death receptor 6 (DR6)57,58, a member of the TNF super-
family, as well as of axonal caspase signalling59 in prun-
ing following NGF deprivation (Fig. 2d). The extent to 
which axon elimination in this in vitro paradigm resem-
bles pruning during development, how p75 and DR6 
receptors coordinate axon loss, and the involvement of 
caspases in vivo remain to be defined.

Synaptic connectivity with targets. Compared to the 
abundant knowledge about synapse formation in 
the central nervous system (CNS) and neuromus-
cular junctions, relatively little is known about how 

sympathetic axons make contacts with peripheral tar-
gets. Limited insight has come from classical ultras-
tructural studies where nerve terminals are observed as 
far away as micrometre distances from target cells60,61, 
in contrast to the 20 nm- wide synaptic cleft in CNS 
synapses62. Neurotransmitter release is thought to occur 
from varicosities or large bouton- like structures that 
contain clusters of small clear and large dense- core 
vesicles distributed along the axonal shafts60,61 (Fig. 2e). 
Axonal varicosities are devoid of endoneurium or glial 
sheaths at the sites facing the target cells to facilitate 
effective neurotransmission5,63. There are no detectable 
postsynaptic specializations on peripheral cells63.

Classical studies using co- cultures of neonatal sym-
pathetic neurons with cardiac myocytes also provide 
some insight into neurotransmitter release and regu-
lation of synaptic strength during target innervation. 
Sympathetic neurons establish functional synaptic 
contacts with myocytes and influence their spontane-
ous beat rate in vitro64. NGF increases synaptic con-
tacts with myocytes, enhances norepinephrine (NE) 
synthesis and potentiates NE release (Fig. 2e), leading 
to myocyte depolarization and increased beat rate64,65. 
Interestingly, individual neurons simultaneously release 
both NE and acetylcholine (ACh) in these co- cultures, 
which have opposing effects; in contrast to NE, ACh 
is inhibitory and results in myocyte hyperpolarization 
and slowing of contractility66. The neurotransmitter 
phenotype is plastic as neurons undergo a rapid switch 
from excitatory to inhibitory neurotransmission in 
response to BDNF signalling through p75 (reF.66). Thus, 
neurotrophin- mediated regulation of neurotransmitter 
release may underlie synaptic plasticity and could con-
tribute to differential control of target functions under 
normal and maladaptive conditions.

Neuron survival
The best- characterized event in the development of the 
sympathetic nervous system is the apoptotic elimination 
of ∼50% of postmitotic sympathetic neurons around 
the time when their axons innervate target tissues2,67. 
This mass- scale reduction of neuronal numbers shapes 
functional circuits by matching neuronal numbers to the 
size and demands of innervated end- organs. Pioneering 
work from Levi- Montalcini, Hamburger and colleagues 
identified a critical role for targets in regulating neuronal 
survival, laying the foundation for the ‘neurotrophic 
factor hypothesis’ that postulates that neurons are over-
produced during development and later culled in a 
manner dictated by competition for limiting amounts 
of target- derived factors68,69. This hypothesis was con-
solidated by the discovery of NGF and other neurotro-
phins as target- derived factors essential for the survival 
of select populations of neurons during development, 
with profound loss of sympathetic neurons in knockout 
mice lacking NGF or its TrkA receptor27,70,71.

Extensive studies indicate that retrograde survival 
signalling is communicated via dynein- mediated 
vesicular transport of internalized NGF–TrkA recep-
tor complexes72,73 (Fig. 3). More than one type of endo-
somal organelle may be responsible for retrograde 
transport, with some studies identifying Rab5- positive 
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early endosomes74 or Rab7- positive late endosomes75 
as being the long- distance carriers, while others have 
suggested a role for multi- vesicular bodies76. In cell 
bodies, axon- derived Trk endosomes promote survival 
by regulating cytoplasmic signalling or the expression 

of anti- apoptotic, endosomal and metabolism- related 
genes via the activation of downstream transcription 
factors, including CREB41,77. Trk endosomes are capable 
of persistent signalling in cell bodies, facilitated by the 
endosomal effector coronin 1 (reF.78).

BDNF–NT4

Losing neuron

Winning neuron

Transcription factors:

CREB, MEF2D

Transcriptional targets:
TrkA receptor, endosomal 
effectors, anti-apoptotic factors, 
BDNF–NT4 and metabolism
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Fig. 3 | Axonal trafficking of survival and apoptotic signals underlie a 
precarious balance between neuronal survival and death. Activated 
TrkA receptors are retrogradely transported by dynein along axon 
microtubules in heterogenous organelles, including Rab5- positive and 
Rab7- positive endosomes and multi- vesicular bodies (MVBs). Axon- derived 
TrkA organelles activate pro- survival transcriptional signalling in cell bodies 
as well as the synthesis of paracrine factors that induce death in 
neighbouring losing neurons. Nerve growth factor (NGF)–TrkA signalling 
persists in cell bodies of winning neurons through the activity of coronin 1, 
which prevents TrkA degradation. Retrograde NGF signalling also regulates 
anterograde transcytosis of TrkA receptors from soma surfaces to axon 

terminals via Rab11- positive recycling endosomes in a positive feedback 
mechanism. Brain- derived neurotrophic factor (BDNF)–neurotrophin 4 
(NT4)- dependent and BDNF–NT4- independent apoptosis is mediated by 
activation of p75 receptors on losing neurons. In the axons of losing 
neurons, pro- neurotrophins and neurotrophins may initiate a retrograde 
death signal by binding to a p75–sortilin receptor complex. Proteolytic 
cleavage of p75 releases the intracellular domain (ICD), which is transported 
in a death organelle along with apoptotic signals dual leucine zipper kinase 
(DLK) and c- Jun- N- terminal kinase (JNK), which are anchored to the vesicles 
by adaptor protein JIP3, to the cell body to activate death signalling.  
AC, acetyl group. Adapted with permission from reF.79, Elsevier.
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A remarkable aspect of retrograde NGF signalling 
is the activation of positive feedback loops such as the 
transcription of its own TrkA receptor and endosomal 
effectors that help to distinguish the neurons that survive 
from those that undergo apoptosis41,78,79. Furthermore, 
NGF signalling augments the expression of pro- death 
signals that act in a paracrine manner to kill neighbour-
ing neurons41. In another example of a positive feed-
back loop, newly synthesized TrkA receptors resident 
on soma surfaces are internalized and recycled to axons 
in a manner regulated by retrograde NGF signalling80,81. 
Ligand- triggered soma- to- axon transcytosis of TrkA is 
necessary for survival and growth responses to NGF80,81. 
Together, these feedback mechanisms enhance the com-
petitive ability of the ‘winning’ neurons and weaken 
neighbouring neurons that do not gain sufficient access 
to NGF.

Retrograde transport of apoptotic signals is also part 
of the developmental competition for target- derived 
trophic support (Fig. 3). The activation of p75 in distal 
axons in response to BDNF or NGF withdrawal triggers 
a retrograde degenerative signal that involves proteolytic 
cleavage of p75 and long- distance transport of its intra-
cellular domain to cell bodies82,83. Other studies have 
implicated axonal signalling of stress- induced kinases, 
dual leucine zipper kinase (DLK) and c- Jun- N- terminal 
kinase (JNK) in initiating apoptotic signals that result 
in retrograde phosphorylation of the pro- apoptotic 
transcription factor c- Jun in cell bodies of sympathetic 
neurons and cell death84,85. Retrograde trafficking of 
apoptotic signals during development may also be ini-
tiated by target- derived pro- neurotrophins, which are 
precursors of neurotrophins and act through p75 to 
mediate apoptosis86,87.

Thus, a tightly controlled balance between pro- 
survival and pro- death signalling events orchestrates 
the final complement of sympathetic neurons during 
development.

Dendrite formation and maintenance
The ability of postganglionic sympathetic neurons to 
integrate synaptic inputs from preganglionic neurons is 
influenced by the size and complexity of their dendrite 
arbors. Extension of sympathetic dendrites is initiated 
at E14 and continues through postnatal life13. Dendritic 
arbors dramatically increase in size and complexity dur-
ing late embryonic to neonatal stages coincident with the 
axon innervation of peripheral target tissues and access 
to target- derived NGF88. Sympathetic dendrites grow 
in size through adulthood with the size and complexity 
of the dendrite arbors reliant on the size of the targets 
innervated by sympathetic axons89,90. Thus, the mor-
phological complexity of dendrites likely reflects the  
functional demands of innervated peripheral tissues.

Target- derived NGF has been implicated in medi-
ating dendrite elaboration and maintenance (Fig. 4). 
Exogenous NGF administration enhances dendrite 
complexity in vivo, whereas neutralizing NGF has 
the opposite effect in neonatal and adult mice91,92. The 
loss of Egr3, an NGF- induced transcription factor, 
in sympathetic neurons impairs dendrite elongation 
and branching in vivo93. Transcriptional profiling of 

Egr3- deficient sympathetic neurons revealed changes in 
genes with well- documented roles in dendritogenesis, 
including p75, Notch1, ephrin B1 and Slit2, suggesting 
a role for NGF signalling in regulating transcriptional 
programmes necessary for dendritic development93 
(Fig. 4a). Furthermore, a subset of TrkA receptors, orig-
inating from distal axons, were found in dendrites94,95, 
suggesting a local role in regulating growth, possibly by 
impinging on the actin or microtubule cytoskeleton.

However, NGF alone is not sufficient to induce den-
dritic growth96,97 and in vivo, rudimentary dendritic 
arbors are present before axons reach NGF- expressing 
peripheral targets13. Neuronal activity, driven by 
preganglionic input, could be one factor responsible 
for dendrite initiation. Cholinergic preganglionic axon 
terminals enter sympathetic ganglia prior to dendrite 
formation98 and, in vitro, neuronal activity induces den-
drite formation via the activation of kinase signalling 
pathways, including CaMKII, MEK and integrin- linked 
kinase (ILK) signalling97,99. In vivo, loss of excitatory syn-
aptic transmission in sympathetic neurons through the 
deletion of functional nicotinic ACh receptors (nAChRs) 
results in a loss of primary dendrites in mice100. Together, 
these results suggest a scenario where preganglionic 
activity promotes initial dendrite outgrowth, whereas 
the final size and complexity of dendrite arbors is 
dictated by the size of the target territory and access to 
target- derived NGF.

Further dendritic elaboration is controlled by addi-
tional signals; members of the bone morphogenetic 
protein (BMP) family — BMP5, BMP6 and BMP7 — 
promote robust dendrite growth in sympathetic neurons 
in vitro101 (Fig. 4b) and conditional deletion of the BMP 
receptor BMPR1A perturbs dendrite growth and com-
plexity during postnatal development in vivo102. BMPs 
are expressed in both sympathetic neurons and satellite 
glia, coincident with dendrite formation103,104. In vitro, 
satellite glial cells augment dendrite growth105, which 
is attenuated by the inhibition of BMP signalling104. 
The molecular mechanisms underlying BMP- induced 
dendritic development are unclear. Although in vitro 
evidence supports a role for canonical SMAD signal-
ling via the regulation of microRNAs106 or p75 (reF.107), 
dendrite complexity was unaffected in Smad4- mutant 
mice102.

Synaptic connectivity in ganglia
Postganglionic sympathetic neurons connect the CNS 
to peripheral organs through synapses with pregan-
glionic sympathetic neurons whose cell bodies lie in 
the spinal cord. Preganglionic axons enter embryonic 
sympathetic ganglia before dendrites are formed and 
establish nicotinic cholinergic synapses initially on cell 
bodies of postganglionic neurons108. Immediately after 
birth, there is a rapid increase in synapse number during 
dendritogenesis, with >90% of synapses formed being 
axo- dendritic108. There is a high degree of organization 
in connectivity from the outset because preganglionic 
axons from specific spinal segments enter matching 
sympathetic ganglia and form appropriate connections 
with specific subtypes of postganglionic neurons108. 
The overall process by which preganglionic axons find 
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and form synapses with postganglionic neurons is poorly 
understood, although there is evidence to support the 
involvement of target- derived signalling. The propor-
tion of preganglionic input to postganglionic neurons 
is commensurate with the size of innervated peripheral 
targets89,109,110 and input is lost upon axotomy of postgan-
glionic axons110–112. Retrograde NGF signalling regulates 
preganglionic innervation by promoting the secretion of 
synaptogenic factors, for example, BDNF, from postgan-
glionic neurons113 as well as the clustering of postsyn-
aptic components, including nAChRs, in dendrites94,112 
(Fig. 4c). In particular, a subset of axon- derived TrkA 
endosomes act locally in dendrites to maintain postsyn-
aptic clusters94,95. In vivo studies suggest that the proteo-
glycan agrin, an essential regulator of synaptogenesis at 
neuromuscular junctions, also regulates the stability of 
nascent sympathetic synapses114. Cholinergic synapses 
in sympathetic ganglia are structurally similar to CNS 
glutamatergic synapses and contain similar postsyn-
aptic machinery, including scaffolding proteins PSD93  
and PSD95 as well as MAGUK, GKAP/SAPAP and 
Shank/ProSAP115.

Synaptic connections between preganglionic inputs 
and postsynaptic neurons undergo refinement during 

the first postnatal month116,117. Initially, 8–10 pregangli-
onic axons poly- innervate individual sympathetic neu-
rons at birth but excess synaptic contacts are eliminated 
so that only one to three inputs persist by 1 month100. 
Recent evidence suggests that postsynaptic activity is 
necessary for synapse elimination and for strengthen-
ing remaining inputs100. In α3 nAChR knockout mice 
lacking fast nicotinic transmission, the elimination of 
excess synaptic connections is impaired and synapses are 
mislocalized on cell bodies of postganglionic neurons100. 
Remarkably, in contrast to neuromuscular junctions 
and central synapses62,118, activity is dispensable for 
the long- term structural maintenance of sympathetic 
synapses119. However, postsynaptic activity is necessary 
to sustain synaptic transmission through regulating 
acetylcholine synthesis in preganglionic neurons119. 
Together, these results suggest that synaptic activity is 
essential for the refinement and functional maturation 
but not for the structural integrity of synaptic connec-
tions between preganglionic and postganglionic sym-
pathetic neurons. The identity and cellular origin of 
activity- dependent factors that regulate synaptic con-
nectivity remain to be fully defined. Further, silencing 
of postsynaptic activity could also contribute to synaptic 
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defects through indirect effects on neighbouring satellite 
glia or target innervation.

Diversity of sympathetic neurons
Sympathetic neurons exhibit considerable differences in 
soma and dendrite morphology, expression of neuro-
transmitters and neuropeptides, and electrophysio-
logical properties90,120–122. Single- cell RNA sequencing 
analyses are beginning to shed light on the cellular 
and molecular diversity of postganglionic sympathetic 
neurons10,123. A recent study identified seven neuronal 
populations in stellate and thoracic sympathetic ganglia, 
including five adrenergic and two cholinergic subtypes, 
defined by unique expression patterns of growth factor 
receptors, neurotransmitters and neuropeptides10.

How this specification of sympathetic neurons is 
established is poorly understood, though some insight 
has been gained by studying a subset of choliner-
gic sympathetic neurons. During early embryogenesis, 
sympathetic precursors exhibit both noradrenergic and 
cholinergic properties and then segregate into distinct 
fates prior to target innervation124. The early diversifi-
cation is coordinated through an intrinsic programme 
that involves antagonistic interactions between pro- 
adrenergic and pro- cholinergic transcription factors124,125.  
The temporal order of neuronal birth and/or the role 
of embryonic patterning genes could be involved in 
fate specification. In a recent transcriptome profil-
ing analysis, sympathetic neurons had a preferentially 
high expression of the HoxC cluster of homeodomain 
transcription factors, suggesting a HoxC- mediated 
specification of neurons along a spatial axis123.

In addition to early acquirement of cholinergic fate, 
some noradrenergic sympathetic neurons later switch 
to a cholinergic fate upon the postnatal innervation 
of target tissues such as sweat glands, periosteum and 
skeletal muscle vasculature126–129. The necessity and suffi-
ciency of the target for the noradrenergic- to- cholinergic 
switch was demonstrated by the use of tabby mutant 
mice lacking sweat glands as well as transplantation and 
co- culture experiments with sweat glands129–131. The 
cytokines leukaemia inhibitory factor (LIF) and ciliary 
neurotrophic factor (CNTF) have been proposed to 
be important for cholinergic specification due to their 
ability to induce cholinergic differentiation in vitro and 
in vivo132–134. However, deletion of LIF and/or CNTF in 
mice did not affect the cholinergic switch, suggesting 
that other factors may be involved135–137.

Differences in gene expression during neuronal mat-
uration give rise to discrete circuitry for the regulation 
of autonomic functions. Piloerection (goosebumps) and 
nipple erection are distinct autonomic responses despite 
being activated by common stimuli such as hypothermia, 
emotional arousal or mechanical stimuli10,138,139. Using 
single- cell sequencing, lineage and retrograde tracing, 
and transgenic mouse models, Furlan et al. identified two 
distinct noradrenergic subpopulations innervating the 
nipple erector and piloerector muscles10. Both subtypes 
are embryonically derived from the same noradrenergic 
precursors and marked by the expression of TrkA and 
Ret receptors but undergo specialization during target 
innervation10. In particular, Ret is downregulated during 

the embryonic commitment to noradrenergic fate but is 
re- expressed in the two subtypes postnatally10. The Ret 
ligands artemin and neurturin are uniquely expressed 
by nipple erector or piloerector muscles, respectively, 
with the onset of expression correlated with target 
innervation10. The two neuronal subtypes express either 
GFRα2 or GFRα3, which are Ret co- receptors, to selec-
tively innervate nipple erector or piloerector muscles and 
undergo differentiation in a target- dependent manner10.

These findings, together with the neurotransmit-
ter switch in some sympathetic neuron populations 
upon target innervation129, emphasize the importance 
of target- dependent factors in regulating the postna-
tal specialization and diversification of sympathetic 
neurons necessary for establishing dedicated circuits. 
However, it is unlikely that neuronal diversity is gen-
erated exclusively via target- dependent differentia-
tion given that differences in neuronal morphology, 
electrophysiological properties and neurotransmitter/
neuropeptide expression are already evident prior to 
target innervation122. Some neuron subtypes also use 
pre- specified axonal trajectories to reach their targets25 
and functionally distinct classes of sympathetic neu-
rons are known to innervate common targets such as 
blood vessels122. Thus, target- derived cues likely work 
together with cell- autonomous programmes and/or local 
signals within the ganglia, such as preganglionic input 
or glia- derived factors, to fine- tune the final identity of 
sympathetic neuron populations.

The development, targets and functions of other 
noradrenergic subtypes identified by single- cell sequenc-
ing from stellate and thoracic ganglia10 remain unde-
fined. Notably, it remains unclear whether the seven 
identified neuron subtypes10 exist across the entire sym-
pathetic chain or if each ganglion has its own unique set 
of neuronal populations. Further, given the sex- specific 
differences in autonomic functions140,141, sexual dimor-
phism in sympathetic neuron diversity and circuits 
warrant further exploration.

The expression of different repertoires of neuro-
peptides adds to the diversity of sympathetic neurons. 
Noradrenergic neurons are marked by the co- expression 
of neuropeptide Y and galanin, whereas vasoactive 
intestinal peptide, calcitonin gene- related polypeptide 
and somatostatin largely colocalize with cholinergic 
neurons10,121,122. It has been proposed that combinato-
rial patterns of neurotransmitter/neuropeptide expres-
sion provide the basis for a ‘neurochemical code’ that 
allows the innervation of specific targets and regula-
tion of distinct autonomic functions121. How neuro-
transmitter expression is coordinated with that of 
specific neuropeptides during development, the signals 
involved, the identity of targets innervated by specific 
neuropeptide- expressing sympathetic neurons and the 
modulatory roles of neuropeptides remain to be defined.

Development of satellite glia
A mature sympathetic nervous system requires the 
assembly of neurons and their associated glial cells, 
Schwann cells and satellite glial cells. The development 
of Schwann cells, which wrap around axons, has been 
extensively covered in several excellent reviews142,143. 
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Here, we focus on the current, albeit limited, under-
standing of the development of the enigmatic satellite 
glial cells in sympathetic ganglia. Satellite glia form thin 
cytoplasmic sheaths around the cell bodies, dendrites 
and synapses of peripheral neurons, with only 20 nm 
of space (the same width of a synaptic cleft) between 
neuronal and glial membranes11,144,145. Multiple satel-
lite glia (4–10 in mice) surround a single neuron soma 
and are connected with each other and the neurons via 
gap junctions, with the number of glial cells per neu-
ron being positively correlated to soma size11,145. This 
unique arrangement of satellite glia is found in sympa-
thetic, parasympathetic and sensory ganglia11,145, with 
each neuron and associated satellite glia thought to form 
discrete structural and functional units.

Like sympathetic neurons, satellite glial cells are 
derived from multipotent neural crest precursors142. One 
early determinant of glial cell fate is the transcription 
factor Sox10, which is expressed in all migrating neural 
crest cells but is downregulated in neuronal precursors 
and maintained in glial precursors146. Both Schwann 
cells and satellite glia are lost in Sox10- deficient mice147. 
The mechanisms underlying the decision to maintain 
or lose Sox10 expression are unclear, although it may, 
in part, be intrinsically determined as neural crest pre-
cursors are already committed to a glial or neuronal fate 
as they populate the nascent sympathetic chain around 
E11.5–E12.5 (reF.148). Another early marker of satellite 
glia in sympathetic ganglia is brain lipid binding pro-
tein (BLBP), which is expressed in glial precursors and 
maintained in mature satellite glia149,150.

Despite an early commitment to a glial fate148, precur-
sors remain quiescent until about E16.5 in sympathetic 
ganglia, at which time robust gliogenesis is initiated coin-
cident with the completion of neurogenesis151. The bulk 
of satellite glia are generated at the ganglion periphery 
during a rapid phase of proliferation between E16.5 and 
E18.5 (reF.151). By birth, glia migrate within the ganglia to 
contact and enwrap neuronal soma, where some limited 
proliferation continues for 2–3 postnatal weeks151. Thus, 
satellite glia undergo dramatic morphological changes to 
facilitate their migration and ensheathing of neuronal 
cell bodies during a narrow developmental window.

The timing of glial development is coincident 
with preganglionic input and target innervation13,108. 
Thus, an intriguing possibility is that neuronal activity 
and/or retrograde signalling from the periphery may 
be involved in satellite glia development. Indeed, sat-
ellite glia are lost in knockout mouse models of NGF 
and TrkA27,152; however, whether satellite glia are lost 
due to the loss of NGF–TrkA signalling and/or the loss 
of neurons in these mice is unclear. Further studies in 
NGF- knockout or TrkA- knockout mice with concomi-
tant deletion of the pro- apoptotic factor Bax to prevent 
neuronal apoptosis28 are warranted to address if retro-
grade NGF signalling in neurons results in the produc-
tion of signals that then influence glial proliferation, 
migration and morphogenesis.

The intimate physical association between satel-
lite glia and sympathetic neurons place these cells in 
an ideal position to be critical regulators of neuronal 
connectivity, synaptic transmission and homeostasis. 

Morphologically, satellite glia in vertebrates are similar 
to soma- ensheathing glia identified in Caenorhabditis 
elegans and Drosophila that have important roles in 
neuronal survival, regulating soma size and position-
ing, dendrite branching, synaptic activity, and removal 
of dying cells153,154. In a key difference from sensory 
ganglia, satellite glia in sympathetic ganglia ensheathe 
the dendrites and synapses of neurons in addition to 
cell bodies145. In neuron–glia co- cultures, satellite glia 
selectively enhance dendrite but not axonal growth105, 
promote formation of cholinergic synapses and enhance 
spontaneous synaptic activity155. Satellite glia have also 
been proposed to modulate neuronal activity through 
the regulation of ion channel expression and controlling 
extracellular K+ concentrations156. In dorsal root gan-
glia, satellite glia precursors and not the canonical 
macrophages were found to be responsible for clear-
ing neuronal corpses during naturally occurring cell 
death157, raising the possibility of a similar function in 
sympathetic ganglia.

Aberrant development in disease
Considering their physiological importance in body 
homeostasis and stress responses, it is not surprising 
that sympathetic dysfunction is linked to several human 
disorders, including peripheral neuropathies4,158, conges-
tive heart failure3, hypertension159, diabetes160, immune 
dysfunction and epithelial cancers161. Although the 
majority of studies have focused on adults, recent evi-
dence suggests that aberrant development of sympa-
thetic neurons could contribute to the aetiology of 
several disorders, including familial dysautonomia 
(FD)162,163, Down syndrome164, and cardiac and metabolic 
dysfunctions3,7,8,165.

FD is the most prevalent form of a group of periph-
eral neuropathies collectively called hereditary sensory 
and autonomic neuropathies that result in defects in 
the development and survival of sympathetic and sen-
sory neurons162. Patients with FD exhibit autonomic 
abnormalities, including cardiovascular, renal, gas-
trointestinal and pulmonary dysfunction, and have 
a shortened lifespan162. FD is caused by mutations in 
Elp1 (IKBKAP), which is best known as a component 
of the transcriptional elongator complex with functions 
in transcription, histone acetylation, tRNA modifica-
tions and translation4. In mice, loss of Elp1 or expres-
sion of a disease- associated variant largely recapitulates 
FD phenotypes with loss of sympathetic neurons and 
impaired target innervation during the period of NGF 
dependence166,167. In recent findings, Li et al. revealed a 
non- canonical role for Elp1 in sustaining NGF signal-
ling during retrograde transport by associating with 
NGF–TrkA endosomes and suppressing the activity of 
the Shp1 phosphatase163.

Dysregulated TrkA trafficking has also been 
implicated in sympathetic abnormalities in Down 
syndrome164. Down syndrome is caused by trisomy of 
human chromosome 21 and children with Down syn-
drome exhibit autonomic abnormalities in heart rate and 
blood pressure168. Patel et al. observed a developmental 
loss of innervation in human Down syndrome organs 
and in a mouse model164. Using transgenic mice, they 
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found that sympathetic neuron loss was due, in part, 
to an excess of regulator of calcineurin 1 (RCAN1), an 
endogenous inhibitor of calcineurin, which promotes 
TrkA internalization164. In a mouse model of Down syn-
drome, defects in TrkA trafficking and neuron loss were 
ameliorated by genetically reducing RCAN1 dosage164.

Changes in sympathetic innervation and activity have 
been implicated in many cardiac pathologies ranging 
from sudden infant death syndrome to prevalent dis-
orders such as hypertension, myocardial ischaemia and 
cardiac arrhythmias3,165. Sympathetic tone is disturbed in 
preterm infants and is thought to underlie sudden infant 
death syndrome and to result in a greater risk of hyper-
tension in adulthood169,170. In animal models of genetic 
hypertension, neonatal elevation in sympathetic activity 
precedes the development of hypertension in later life171. 
In humans, both sympathetic hyperinnervation and 
denervation can lead to cardiac arrhythmias3,165. In mice, 
disruptions in cardiac sympathetic innervation during 
development due to overexpression or loss of the axon 
guidance cues semaphorin 3A or endothelin 1 results in 
abnormal heart rate, cardiac failure and lethality23,50,172. 
Aberrantly high levels of NGF in the heart have been 
linked to sympathetic hyper- innervation, cardiac hyper-
trophy and sudden cardiac death in animal models30,173. 
In addition to altered innervation, the modulation of 
sympathetic activity by satellite glia could also be a con-
tributing factor to cardiac disease. In transgenic mice, 
chemogenetic activation of satellite glia enhanced sym-
pathetic output to the heart and accelerated heart rate 
and contraction174. Together, these findings suggest that 
pathways that govern cardiac sympathetic innervation 
during development or neuron–glia interactions could 
serve as important targets for prophylactic interventions 
in heart disease.

The adult sympathetic nervous system is well known 
to control hormone secretion, glucose production 
and glucose/lipid metabolism in the pancreas, liver and 
adipose tissue175. The developmental roles of inner-
vation in these metabolic tissues is less well defined. 
However, there is growing evidence that early pertur-
bations in innervation may be an instigating factor in 
the pathogenesis of diabetes. An early and selective 
loss of sympathetic innervation occurs in humans and 
animal models of type 1 diabetes prior to the onset of 
hyperglycaemia176,177. Further, diabetic mice show an 
early impairment in synaptic transmission in sympa-
thetic ganglia due to hyperglycaemia- induced inacti-
vation of acetylcholine receptors178. The developmental 
loss of sympathetic nerves in mice results in reduced 
insulin secretion and impaired glucose tolerance in 
adults7. Insulin secretion is also impaired in children 
with hereditary sensory and autonomic neuropathy 
type IV (HSAN4), a peripheral neuropathy caused by 
mutations in the TrkA gene179 and characterized by loss 
of sympathetic innervation180.

An emerging area of interest is the prominent role 
of sympathetic nerves in modulating immune func-
tions. In the gastrointestinal tract, sympathetic nerves 
densely innervate enteric ganglia, intestinal vascula-
ture and sphincter muscle to control gut motility, fluid 
exchange and blood flow. Sympathetic nerves exert both 

pro- inflammatory and anti- inflammatory effects in  
animal models of inflammatory bowel disease and gas-
tric ulcer and, in turn, exhibit structural remodelling and 
increased activity in these pathological conditions181. 
The precise mechanisms by which sympathetic nerves 
influence intestinal immunity remain undefined but 
may involve direct interactions with gut- resident 
macrophages182. Macrophages in close proximity to 
sympathetic nerve endings activate tissue- protective 
programmes in response to bacterial infections 
dependent on sympathetic activity and β2- adrenergic 
signalling182. Sympathetic nerves are also capable of 
directly responding to the gut microbiome composition 
or perturbations in microbial- derived metabolites as 
part of gut–brain circuits that regulate digestive phys-
iology and host defence183. Although these studies have 
been conducted in adult animals, outstanding questions 
include addressing if these neuro- immune or nerve–
gut microbiota interactions are established during 
development, gaining insight into reciprocal signalling 
mechanisms and their dysregulation in pathological 
conditions.

In the bone marrow niche, sympathetic nerves 
are a critical regulator of haematopoietic stem and 
progenitor cells and play key roles in their mobiliza-
tion into the bloodstream and their proliferation and 
self- renewal under basal conditions and in response to 
stress161. Sympathetic nerve loss and neuropathy is a 
feature in mouse models of acute myeloid leukaemia,  
a cancer affecting the bone marrow niche, where loss of 
nerve- derived adrenergic signalling contributes to aber-
rant expansion of haematopoietic stem and progenitor 
cells184. In contrast to their protective effects in leukaemia, 
sympathetic innervation is increased in epithelial cancers, 
such as prostate cancer, and promote tumour growth and 
metastasis, emphasizing the context- dependent roles of 
nerves in cancer. Increased nerve density during cancer 
initiation and progression in certain cancers has been 
attributed to a re- activation of developmental pathways, 
specifically the up- regulation of neurotrophin signalling 
in the tumour microenvironment184.

Together, these studies underscore the need for fur-
ther investigation of the sympathetic nervous system 
during development as a target for early interventions. 
A better understanding of how sympathetic innervation 
governs the development of innervated targets is neces-
sary to fully elucidate how early defects in innervation 
contribute to organ dysfunction (box 2).

Conclusions and future perspectives
The sympathetic nervous system has long served as a 
paradigm for neurobiologists to understand the mole-
cular and cellular mechanisms governing neuron sur-
vival, axon growth and innervation of peripheral targets 
during development. However, the past decade has seen 
an exponentially growing interest in sympathetic nerv-
ous system development from the broader perspective 
of investigating the role of innervation in organogen-
esis, organ function and tissue regeneration. Aided by 
innovative techniques, such as single- cell sequencing, 
new insights have been gained into the unexpected 
diversity of sympathetic neurons and the sophisticated 
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organization of discrete sympathetic circuits, acquired 
during development, that govern different physiological 
tasks. Given the increasing awareness of the contribu-
tion of sympathetic dysfunction to disease, we anticipate 
more in- depth studies of postganglionic neurons at the 
molecular, cellular and circuit levels. Below, we outline 
a few outstanding directions that should be prioritized 
for future investigations.

Emerging studies highlight the considerable hetero-
geneity of sympathetic neurons at cellular and mole-
cular levels and are beginning to identify dedicated 
neuron subtypes and circuitry that underlie functional 
diversity10,123. Sympathetic neurons also show considera-
ble heterogeneity in electrical properties that seem to be 
tightly linked to the ganglion of origin and less on their 
innervated targets120. Advances in single- cell sequencing, 
optogenetics, chemogenetic tools and animal models 
offer new opportunities to fully define the molecular 
logic underlying the establishment of target- specific 
circuits connecting preganglionic and postganglionic 
neurons with matching end- organs.

Although significant advances have been made in 
understanding the pathways underlying neuron survival 
and axon growth, the knowledge of dendrite growth and 
synaptogenesis in the sympathetic nervous system have 
lagged far behind. Much of the current understanding 
of these events has been gleaned from in vitro culture 
studies. Fundamental questions remain about in vivo 
mechanisms of dendrite initiation, growth, maintenance 
and plasticity. A fascinating question is to define how 

dendritic morphologies are coordinated with the spec-
ification of neuronal identity and innervation of select 
peripheral targets. Specific neuronal subtypes innervat-
ing different peripheral targets have different dendrite 
arborization patterns90. How these subtype- specific 
patterns are established, the relative contributions of 
preganglionic input versus target- derived factors to the 
establishment of dendrite geometries and the implica-
tions of subtype- specific dendrite geometries on distinct 
autonomic functions remain to be elucidated. Aberrant 
dendritic morphologies of sympathetic neurons 
have been linked to maladies, including spontaneous 
hypertension185, highlighting the importance of den-
dritic morphology in sympathetic regulation of organ 
function.

Similarly, synaptogenesis within sympathetic gan-
glia remains a poorly understood process. Outstanding 
questions for the future include elucidating mechanisms 
underlying the assembly and stabilization of presynaptic 
and postsynaptic machinery as well as synapse elimina-
tion. Additional studies are also needed to understand 
how preganglionic axons discriminate between different 
postganglionic neuron subtypes and the contributions 
of target- derived and glia- derived factors to synapse 
assembly, refinement and maturation. Compared to 
inter- neuronal synapse formation in the ganglia, even 
less is known about how postganglionic axons form and 
maintain synaptic contacts with peripheral target cell 
types. Advances in serial section electron microscopy 
have the potential to provide high- resolution insight 
into peripheral cell types that are directly connected by 
sympathetic nerves and morphological specializations 
of nerve–target contacts.

A key direction should be to focus on satellite glia 
in the sympathetic nervous system. It remains poorly 
understood how satellite glia are specified during devel-
opment, how they develop intimate spatial relationships 
with their neuronal neighbours with precise neuron–
glial cell matching, and how glia–neuron interactions 
influence the development, functions and maintenance 
of sympathetic circuits. The unique morphologies of 
satellite glia, the close physical association with neurons 
and the rapid changes in gene expression after disso-
ciation have traditionally presented challenges to their 
study. However, recent advances in the isolation of sat-
ellite glia and single- cell RNA sequencing analyses now 
make it possible to elucidate the molecular diversity of 
these fascinating glial cells in peripheral ganglia11,186. 
Advances in techniques for the genetic labelling of sat-
ellite glia and live imaging in sympathetic ganglia will be 
critical to visualize their dynamic behaviour from birth 
to wrapping around neurons during development.

Finally, an area of growing attention is harnessing 
the fundamental knowledge of molecular and cellular 
mechanisms governing sympathetic nervous system 
development to translational applications. The manipu-
lation of sympathetic innervation or activity during early 
life presents exciting new avenues in the prevention and 
treatment of autonomic neuropathies and cardiovascu-
lar and metabolic disorders. Given the emerging role 
of sympathetic nerves in immune functions and can-
cer progression161, there is intense interest in gaining a 

Box 2 | role of sympathetic innervation in target development

During development, sympathetic neurons extend axons in tandem with the development 
and morphogenesis of innervated tissues. though the contribution of innervation to 
organogenesis is not well defined, emerging studies suggest that sympathetic innervation 
plays a broad role in instructing the growth, morphogenesis and maturation of innervated 
peripheral organs beyond regulating their adult functions.

sympathetic innervation plays an important role in postnatal heart development  
via regulating cardiomyocyte cell cycle activity8,9. innervation coincides with 
cardiomyocyte cell cycle arrest and a switch to growth by cellular hypertrophy9,207. 
Neonatal sympathectomy disrupts cardiomyocyte proliferation and results in a smaller 
heart size9. In in vitro co- cultures, sympathetic neurons reduce proliferation208, enhance 
expression of calcium channels209 necessary for functional maturation and improve 
contractility in neonatal cardiomyocytes64. sympathetic effects on cardiomyocyte 
proliferation and maturation are mediated via β- adrenergic signalling210. Notably, 
blocking β- adrenergic signalling in neonatal mice increases cardiomyocyte numbers 
through regulation of cytokinesis and enhances regeneration after myocardial 
infarction in adults8.

a role for sympathetic innervation in pancreatic islet development has also been 
recognized in recent years. Pancreatic islets, which regulate blood glucose levels, are 
richly innervated by sympathetic nerves211. Denervation during embryonic development 
results in perturbed islet morphology with a loss of contacts between β- cells, suggesting 
that sympathetic nerves provide key organizational cues during islet formation7. similar 
to heart development, the early effects of sympathetic innervation on islet architecture 
are mediated, in part, via norepinephrine signalling7. this inductive interaction between 
sympathetic axons and islets is critical for the functional maturation of islets, because 
developmental denervation results in loss of mature β- cell markers, impaired insulin 
secretion and glucose intolerance in adult mice7.

elucidating the role of innervation in the growth, morphogenesis and differentiation  
of peripheral targets is necessary for a complete understanding of organogenesis. this 
knowledge has implications that extend beyond the development to tissue regeneration. 
several sympathetic targets are capable of adult regeneration and recent exciting findings 
indicate that innervation regulates stem cell renewal and proliferation to promote normal 
homeostasis and tissue repair5.
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mechanistic understanding of nerve–target interactions 
for therapeutic interventions. Recent advances in deriv-
ing sympathetic neurons from human pluripotent stem 
cells, co- cultures with target tissues and modelling of 
disease phenotypes in vitro187,188 hold significant promise 

for studying neuron–target interactions in autonomic 
diseases to facilitate drug discovery and personalized 
medicine.
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