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Sculpting organ innervation
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Neurotrophic growth factors, including nerve growth factor (NGF) and glial-
derived neurotrophic factor (GDNF), have well-established roles in promot-
ing the innervation of target tissues, yet little is known about how the tempo-
ral and organ-specific expression of these factors is regulated. A new study (see
the related article beginning on page 876) reveals that NGF is a direct target of
the well-characterized peptide factor endothelin-1 (ET-1), and that ET-1-
induced NGF expression is required for sympathetic innervation of the devel-
oping heart. These results, and recent studies implicating GDNF and ET-3 in
the patterning of the enteric nervous system, suggest that specific pairing of
endothelins and neurotrophic factors may be used in distinct target organs to
coordinate neuronal migration, differentiation, and survival.

The development of the neural crest-
derived sensory, autonomic, and enteric ner-
vous systems is an intricate process that
directs the egress of crest cells from the dor-
sal neural tube, their migration and differ-
entiation in distinct ganglia, and their ulti-
mate projections to maturing peripheral
organs. This feat requires the coordination
of complex sets of target-derived cues that
play instructive roles in neuronal differenti-
ation, survival, and pathfinding in vivo, to
ensure that neuron numbers precisely
match target innervation requirements.
Although neurotrophic factors, including
the neurotrophins nerve growth factor
(NGF), brain-derived neurotrophic factor
(BDNF), and neurotrophin-3 (NT-3), as well
as glial-derived neurotrophic factor
(GDNF), are well-characterized target-
derived factors that promote the survival
and differentiation of peripheral neurons
(1), lictle is known about the upstream
mechanisms that regulate the temporal and
spatial expression of these factors to dictate
organ-specific patterns of axon guidance,
aside from the regulation of NT-3 in mes-
enchyme by Wnt factors (2). In the heart,
myocyte-derived NGF critically regulates
sympathetic innervation (3), an event that
occurs in late gestation. In this issue of the
JCI, Ieda and colleagues (4) uncover a criti-
cal role for endothelin-1 (ET-1), a member
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of the endothelin family of peptides that
have numerous roles in cardiovascular
development, in regulating NGF expression
in the heart. The endothelins are a family of
21-amino acid peptides originally charac-
terized by their potent vasopressive effects.
Enzymatically cleaved from a preproform
by the sequential actions of endothelin-con-
verting enzymes, ET-1 is the best-character-
ized member in the cardiovascular system
and binds to two distinct seven-transmem-
brane G protein-coupled receptors, ET, and
ETs (5). Prominent effects of endothelin sig-
naling in cardiovascular development
include the promotion of Purkinje fiber dif-
ferentiation (6), craniofacial and aortic arch
patterning via actions on cranial and car-
diac neural crest (7), and cardiac outflow
tract remodeling (8). In many regards, symp-
toms observed in mice deficient in ET-1,
endothelin-converting enzyme-1, or ET,
resemble those associated with human con-
genital cardiovascular malformations such
as CATCH 22 syndrome, although only a
few downstream targets of ET-1, including
heart and neural crest derivatives (known as
HANDs) and Goosecoid, have been charac-
terized (8, 9).

In the current study, Ieda and colleagues
document that ET-1, but not several other
growth factors known to act on embryonic
cardiomyocytes, upregulates NGF mRNA
and protein expression in myocyte cultures
(4). This occurs in a Gify-dependent man-
ner, consistent with the known expression of
ET4 by cardiac myocytes, and by established
intracellular signaling pathways down-
stream of the ET, receptor. Using ET-1
gene-targeted mice, the authors demon-
strate that ET-1 markedly induces NGF
expression by cardiac myocytes between
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embryonic days 15.5 and 18.5, when stellate
ganglion sympathetic neurons are extending
their projections to the heart. In the absence
of ET-1, fiber density is markedly dimin-
ished, cardiac norepinephrine levels fail to
increase, and stellate ganglion neurons die.
These results are consistent with recent
studies of Glenbova and Ginty (10) using
mice doubly deficient in both Bax, to impair
neuronal apoptosis, and NGF. Their studies
indicate that although NGF is not required
for the formation of the stellate ganglion, it
is required to promote extensive fiber
growth to innervate coronary arteries and
cardiac myocytes. Ieda and colleagues use
genetic rescue experiments, crossing ET-1-
null mice with transgenic mice overexpress-
ing NGF in cardiac myocytes, to confirm
that myocyte-derived NGF can restore sym-
pathetic innervation despite the loss of ET-1
(4). Although the in vivo source of ET-1 in
the late-gestational heart is not document-
ed, these complementary approaches pro-
vide convincing evidence that endothelin
receptor signaling in myocytes is required
for optimal NGF induction and subsequent
target innervation.

Evidence of endothelin—neurotrophic
factor pairing to establish the
innervation of other organs

In contrast to the relatively uncomplicated
neural inputs to the heart, the enteric nervous
system is composed of at least 14 different
types of neurons that reside within the gut
wall to control intestinal motility, regulate
blood flow and intestinal secretions, and
respond to stimuli from the gut lumen
(11). Important genetic clues from patients
with distal aganglionosis, also known as
Hirschsprung disease, have pointed to the crit-
ical role of GDNF and its Ret receptor in
establishing the normal enteric plexus. Gene
targeting of GDNF, Ret, or, interestingly,
ET-3 or its ETp receptor results in a similar
phenotype of colonic aganglionosis; indeed,
patients with Hirschsprung disease have
mutations in Ret or ETy at incidences
approaching 50% or 5%, respectively (11, 12).
These observations suggest that GDNF and
ET-3 may interact to promote the survival of
enteric neurons, as well as the growth of distal
processes into the developing colon wall.
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Distinctive pairing of endothelins and neurotrophic factors promotes target innervation during development. Although the sequential action of ET-1
to induce myocyte production of NGF is suggested to promote sympathetic innervation of the heart, more complex interactions of ET-3 and GDNF
occur in the patterning of the enteric nervous system.

However, in comparison with the proposed
sequential actions of ET-1 on cardiac myo-
cytes to induce NGF for invading sympathet-
ic fibers in the heart, two recent studies (13,
14) suggest that the interactions of ET-3 and
GDNF in the developing enteric nervous sys-
tem are significantly more complex (Figure 1).
Enteric neuron stem cells and differentiated
progeny respond to both classes of ligand to
mediate survival, differentiation, and target
innervation, although sequential actions of
ET-3 on gut mesenchyme to alter GDNF
expression would require further evaluation.
Nonetheless, these studies, together with the
report by Ieda et al. (4), suggest that distinct
endothelin-neurotrophic factor pairing may
be coordinately utilized in different target
organs during embryogenesis to regulate the
complex process of target innervation.

Potential roles of ET-1-NGF signaling
in the adult heart

Target-derived neurotrophins are critical
for survival and fiber outgrowth during
development, when they serve to match

812 The Journal of Clinical Investigation

neuron numbers with target requirements.
Why, then, are high levels of NGF (15)
maintained in the adult heart? NGF can
promote phenotypic changes in adult neu-
rons, altering neuropeptide expression (16)
and inducing enzymes that critically regu-
late neurotransmitter biosynthesis. A
recent study by Birren and colleagues (17)
provocatively suggests that, in addition to
these long-term actions, neurotrophins
may induce rapid switching from excitato-
ry to inhibitory signals in sympathetic neu-
rons that innervate the heart, effects that
occur within minutes. Sympathetic neu-
rons, grown in coculture with cardiac
myocytes, synthesize both acetylcholine
and norepinephrine in two distinct neuro-
transmitter pools. These neurotransmitters
have opposing actions: acetylcholine is
inhibitory, slowing the beat of myocytes,
whereas norepinephrine is excitatory, depo-
larizing the cells and speeding their beat
rate. Sympathetic neurons express the NGF
receptor, TrkA, and the p75 receptor, which
binds all neurotrophins, including BDNF.
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Treatment of cocultures of sympathetic
neurons and cardiac myocytes with NGF,
to preferentially activate neuronal TrkA,
promotes the release of norepinephrine
and increases the myocyte beat rate four-
fold. In contrast, treatment with BDNF
activates neuronal p75, which induces the
release of acetylcholine and significantly
slows the rate of myocyte contraction.
These observations suggest that the local
secretion of neurotrophins — NGF from
cardiac myocytes, and BDNF perhaps from
the heart vasculature (18) — can rapidly
exert opposing presynaptic actions to regu-
late heart rate and contractility.

How might these observations, and those
of the current study (4), be used to modulate
pathophysiologic responses of the heart? Fol-
lowing cardiac ischemic injury and reperfu-
sion in rodents, both BDNF expression and
NGF expression are dynamically regulated by
myocytes and smooth muscle cells (19).
Thus, strategies to impair NGF-mediated
TrkA activation and promote BDNF-medi-
ated p7S activation may prove beneficial in
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reducing sympathetic neuron sprouting and
norepinephrine release, which in turn may
prevent deleterious arrhythmic effects (20).
In addition, the studies by Ieda may help to
mechanistically dissect the complex actions
of ET-1 in congestive heart failure (4). In the
adult, ET, receptors are expressed by VSMCs
and cardiac myocytes, where vasoconstric-
tion and proliferative actions predominate.
ETg receptors on endothelial cells may in
part counteract these effects by stimulating
the release of nitric oxide and prostacyclin
(5). In congestive heart failure, NGF levels in
the heart decrease (21) as plasma nore-
pinephrine levels rise; concomitantly, ET-1
plasma levels rise as well (22), although it is
not clear how these changes are interrelated.
Additionally, a recent report suggests that
ET-1 overexpression in the adult mouse heart
leads to a dilated cardiomyopathy and death
(23). Given the developmental role of ET-1 in
regulating NGF production by cardiac
myocytes, evaluation of similar actions in the
adult heart, and secondary effects on sympa-
thetic function, may be warranted. Perhaps
these lines of investigation will elucidate the
complex interactions between myocyte and
nerve in pathologic states, provide insight
into the disappointing results of ET-1 block-
ade in congestive heart failure, and yield new
pharmacologic targets for the future.
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