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The cardiac sympathetic nerve plays an important role in regulating cardiac function, and nerve growth factor (NGF)
contributes to its development and maintenance. However, little is known about the molecular mechanisms that regulate
NGF expression and sympathetic innervation of the heart. In an effort to identify regulators of NGF in cardiomyocytes, we
found that endothelin-1 specifically upregulated NGF expression in primary cultured cardiomyocytes. Endothelin-1–
induced NGF augmentation was mediated by the endothelin-A receptor, Giβγ, PKC, the Src family, EGFR, extracellular
signal–regulated kinase, p38MAPK, activator protein-1, and the CCAAT/enhancer-binding protein δ element. Either
conditioned medium or coculture with endothelin-1–stimulated cardiomyocytes caused NGF-mediated PC12 cell
differentiation. NGF expression, cardiac sympathetic innervation, and norepinephrine concentration were specifically
reduced in endothelin-1–deficient mouse hearts, but not in angiotensinogen-deficient mice. In endothelin-1–deficient mice
the sympathetic stellate ganglia exhibited excess apoptosis and displayed loss of neurons at the late embryonic stage.
Furthermore, cardiac-specific overexpression of NGF in endothelin-1–deficient mice overcame the reduced sympathetic
innervation and loss of stellate ganglia neurons. These findings indicate that endothelin-1 regulates NGF expression in
cardiomyocytes and plays a critical role in sympathetic innervation of the heart.
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Introduction
Cardiac tissues are extensively innervated by autonomic nerves. The
cardiac sympathetic nerve plays an important role in modulating
heart rate, conduction velocity, myocardial contraction, and relax-
ation. Although several molecules that regulate the development of
the heart have been well characterized, little is known about the
mechanism that regulates sympathetic innervation of the heart. The
cardiac sympathetic nerve extends from the sympathetic neuron in
stellate ganglia (SG), which is derived from the neural crest (1). Nerve
growth factor (NGF) is a prototypic member of the neurotrophin
family, members of which are critical for the differentiation, survival,
and synaptic activity of the peripheral sympathetic and sensory ner-
vous systems (2, 3). Levels of NGF expression within innervated tis-
sues roughly correspond to innervation density (4). The volume of

sympathetic ganglion is reduced by at least 80% at postnatal day 3 in
mice with a disruption of the NGF gene. In mice that lack the NGF
receptor TrkA, no neurons remain at postnatal day 9 (2). Deletion of
a single copy of the NGF gene results in a 50% reduction in sympa-
thetic neurons (5), while overexpression of NGF in the heart results
in cardiac hyperinnervation and hyperplasia in SG neurons (6).
These results demonstrate the importance of NGF in the regulation
of sympathetic neuron development and innervation.

In pathological states, NGF production in the heart is variable. In
ischemic hearts, an increase in cardiac NGF leads to regeneration of
sympathetic nerves (7, 8). In a previous experiment, we found that
NGF was upregulated in streptozotocin-induced diabetic murine
hearts (9). In contrast, it was reported that NGF and sympathetic
innervation were reduced in congestive heart failure (10). Despite their
importance, the molecular mechanisms that regulate NGF expression
and sympathetic innervation in the heart remain poorly understood.

Endothelin-1 (ET-1) is believed to play a critical role in the patho-
genesis of cardiac hypertrophy, hypertension, and atherosclerosis.
Gene targeting of ET-1 and its receptor endothelin-A (ETA) result-
ed in unexpected craniofacial and cardiovascular abnormalities.
These phenotypes are consistent with interference of neural crest
differentiation. The influence of ET-1 on neural crest development
remains undetermined (11–13).

We hypothesized that ET-1 could affect the induction of neu-
rotrophic factors, and that its disruption might contribute to the
immature development of neural crest–derived cells. In this study,
we found ET-1–specific induction of NGF in cardiomyocytes, iden-
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The cardiac sympathetic nerve plays an important role in regulating cardiac function, and nerve growth fac-
tor (NGF) contributes to its development and maintenance. However, little is known about the molecular
mechanisms that regulate NGF expression and sympathetic innervation of the heart. In an effort to identify
regulators of NGF in cardiomyocytes, we found that endothelin-1 specifically upregulated NGF expression in
primary cultured cardiomyocytes. Endothelin-1–induced NGF augmentation was mediated by the endothe-
lin-A receptor, Giββγγ, PKC, the Src family, EGFR, extracellular signal–regulated kinase, p38MAPK, activator
protein-1, and the CCAAT/enhancer-binding protein δδ element. Either conditioned medium or coculture with
endothelin-1–stimulated cardiomyocytes caused NGF-mediated PC12 cell differentiation. NGF expression,
cardiac sympathetic innervation, and norepinephrine concentration were specifically reduced in endothelin-1–
deficient mouse hearts, but not in angiotensinogen-deficient mice. In endothelin-1–deficient mice the sym-
pathetic stellate ganglia exhibited excess apoptosis and displayed loss of neurons at the late embryonic stage.
Furthermore, cardiac-specific overexpression of NGF in endothelin-1–deficient mice overcame the reduced
sympathetic innervation and loss of stellate ganglia neurons. These findings indicate that endothelin-1 regu-
lates NGF expression in cardiomyocytes and plays a critical role in sympathetic innervation of the heart.
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tified the signaling pathways involved, and studied the ET-1–NGF
pathway–mediated development of the sympathetic nervous system
in the heart. In ET-1–deficient (Edn1–/–) mice, the sympathetic nerve
density and norepinephrine concentration were markedly reduced,
and a loss of SG neurons by excess apoptosis was observed due to
downregulation of cardiac NGF. Moreover, we demonstrated that the
sympathetic nerve retardation was restored in Edn1–/– mice, which
overexpressed the NGF gene under the transcriptional control of the
cardiac-specific α-myosin heavy chain promoter (Edn1–/–/MHC-NGF
mice). These findings show that ET-1 is a key regulator of NGF
expression in cardiomyocytes, and that the ET-1–NGF pathway is
critical for sympathetic innervation in the heart.

Methods
Cell culture. Primary culture for cardiomyocytes and cardiac fibroblasts
and the cultures for PC12 cells were as described previously (14, 15).

RNA extraction, Northern blot, and quantitative RT-PCR. RNA and
quantitative RT-PCR were performed as described previously (14). To
detect the four murine NGF alternatively spliced transcripts, four
primer sets were designed as follows: the exon 2–specific forward
primer (for transcript a) was 5′-CTCCTAGTGAAGATGCTGTGCC-
3′, the forward primer specific to exons 1B–3B (for transcript b) was
5′-AGCGCATCGAGTTTTGGCCTGT-3′, the exon 1A–specific for-
ward primer (for transcript c) was 5′-TGGCTTTTCCTGGCTAT-
GTCC-3′, the exon 3A–specific forward primer (for transcript d) was
5′-AGTGCTTGCCTTATTGGGAC-3′, and the same reverse primer
was used in four primer sets, 5′-CTGTGGCTGTGGTCTTATCTC-3′.
For Northern blot analysis, 2 µg of poly(A)+ RNA was used. Rat NGF,
B-type natriuretic peptide (BNP), and GAPDH cDNA were obtained
by RT-PCR from the heart. Rat NGF primers were 5′-GCAGACCCG-
CAACATCACTG-3′ and 5′-TCTCCAACCCACACACTGACA-3′. The
primers and probes for murine NGF were forward, 5′-GCCAAG-
GACGCAGCTTTCTA-3′; reverse, 5′-GCCTGTACGCCGATCAAAA-
3′; and probe, 5′-FAM-CCGCAGTGAGGTGCATAGCGTA ATGTC-
TAMRA-3′. Primers for NGF expression in Edn1–/–/MHC-NGF mice
were forward, 5′-GATCGGCGTACAGGCAGAA-3′; reverse, 5′-
TGGGCTTCAGGGACAGAGTCT-3′; and probe, 5′-FAM-CGTA-
CACAGATAGCAATG-MGB-3′. Primers for neurotrophin-3 were for-
ward, 5′-AACATAAGAGTCACCGAGGAGAGTACT-3′; reverse,
5′-ATGTC AATGGCTGAGGACTTGTC-3′; and probe, 5′-FAM-CAC-
CCACAGGCTCTCACTGT CACACA-TAMRA-3′. The mRNA levels
were normalized by comparison to GAPDH mRNA.

Reagents. Reagents were supplied by the following sources: Sigma-
Aldrich (St. Louis, Missouri, USA) supplied ET-1 (10–7 M),
angiotensin II (10–7 M), phenylephrine (10–5 M), BQ123 (10–5 M),
H89 (2 × 10–6 M), PD98059 (5 × 10–5 M), SB203580 (10–5 M), PMA (10–6

M), chelerythrine (10–5 M), IGF-1 (10 ng/ml), pertussis toxin (PTX; 100
ng/ml), wortmannin (10–8 M), KN62 (10–5 M), EGTA (4 × 10–3 M), 1,2-
bis(2-aminophenoxy) ethane-N,N,N′,N′-tetraacetic acid tetrakis
(acetoxymethyl ester) (BAPTA-AM) (10–4 M), and anti-NGF block-
ing antibody (1:10,000). Calbiochem-Novabiochem Corp. (San
Diego, California, USA) supplied PP2 (10–5 M) and AG1478 (5 × 10–7

M). Santa Cruz Biotechnology Inc. (Santa Cruz, California, USA)
supplied leukemia inhibitory factor (LIF; 1,000 U/ml). Takeda
Chemical Industries Ltd. (Osaka, Japan) supplied TAK044 (10–6 M).

Adenoviruses. β-Gal (LacZ) and the recombinant adenovirus for the
carboxyl terminus of β-adrenergic receptor kinase (βARK-ct) were
provided by H. Kurose (University of Tokyo, Tokyo, Japan). Domi-
nant-negative mutant adenoviruses of extracellular signal–regulat-
ed kinase (DN-ERK) and p38MAPK (DN-p38) were provided by S.

Mitsuyama (Kumamoto University, Kumamoto, Japan). Infection
was performed as described previously (16, 17).

Preparation of conditioned medium. Cardiomyocytes were incubated
in medium containing serum for 24 hours. The medium was
replaced with fresh serum-free medium, and then the cells were stim-
ulated with several factors. After 6 hours, the conditioned medium
was collected and assayed.

ELISA for NGF. An ELISA kit was purchased from Promega Corp.
(Madison, Wisconsin, USA).

Plasmids and luciferase assay. Luciferase plasmids containing various
lengths of NGF promoter were provided by P.F. Johnson (National
Cancer Institute–Frederick Cancer Research and Development Cen-
ter, Frederick, Maryland, USA) (18). C-terminal Src kinase (Csk) and
the deletion mutant of EGFR (533delEGFR) were provided by H. Sabe
(Kyoto University, Kyoto, Japan) and H. Matsubara (Kyoto Prefectural
University of Medicine, Kyoto, Japan) (19).

Differentiation of PC12 cells. Cells were examined under a phase-con-
trast microscope. The number of differentiated cells was counted in
six randomly selected fields. The criterion for distinguishing differ-
entiated from undifferentiated cells was neurite outgrowth greater
in length than two cell-body diameters.

Coculture of PC12 cells with cardiomyocytes. PC12 cells (4 × 103/cm2)
transfected with adenoviral LacZ were overlaid onto the cardiomy-
ocytes (4 × 104/cm2). Cells were fixed and stained with X-gal reagent.

Animals. Edn1–/–, angiotensinogen-deficient (Atg–/–), and MHC-NGF
mice were generated as described previously (6, 11, 20). Osmotic
minipumps containing BQ123 or candesartan were implanted in the
pregnant Edn1+/– or Atg+/– mice as described previously (12, 21). Edn1+/–

mice were crossed with MHC-NGF mice to generate Edn1+/–/MHC-
NGF mice, which were in turn crossed with Edn1+/– to generate
Edn1–/–/MHC-NGF mice. The Keio University Ethics Committee for
Animal Experiments approved all experiments in this study.

Norepinephrine measurement. Norepinephrine concentration was
determined by HPLC as described previously (22).

Immunohistochemistry in hearts. To detect nerve fibers in hearts,
paraffin-embedded sections were incubated with antibody against
tyrosine hydroxylase (TH; Chemicon International Inc., Temecula,
California, USA), growth-associated protein 43 (GAP43; Chemicon
International Inc.), and protein gene product 9.5 (PGP9.5; Cam-
bridge Bioscience, Cambridge, United Kingdom). Following
hybridization with the secondary antibody, sections were incubat-
ed with diaminobenzidine. Nerve density was determined using
NIH Image, as described previously (7, 8).

Histology in sympathetic ganglia. For whole-mount immunostaining,
embryos were fixed with paraformaldehyde and stained with anti-TH
antibody as described previously (23). Paraffin-embedded sections
were stained with cresyl violet, antibody against TH and Ki-67 (DAKO
Corp., Carpinteria, California, USA); neuronal cell apoptosis was
detected using ApopTag kit (Chemicon International Inc.) according
to the manufacturer’s instructions. The total number of neurons and
the neuron area were determined as described previously (24).

Statistical analysis. Values are presented as means ± SEM. Differences
between groups were examined for statistical significance using Stu-
dent’s t test or ANOVA with Fisher’s protected least significant dif-
ference test. P values less than 0.05 were regarded as significant.

Results
ET-1, but not angiotensin II, phenylephrine, LIF, or IGF-1, increases NGF
expression in cardiomyocytes. Transcription of the NGF gene results in
four different sizes by alternative splicing (25). The levels of the four
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NGF transcripts in the murine heart, brain, and submaxillary gland
were determined by RT-PCR using the four primer sets to distin-
guish each transcript (Figure 1A). All transcripts were detected in the
heart. Consistent with a previous study (25), transcript b was the
major NGF mRNA species in the heart. Cardiomyocytes were stim-
ulated with various cardiac hypertrophic factors, and NGF expres-
sion was ascertained by Northern blot analysis (Figure 1B). Of these
factors, only ET-1 augmented NGF expression, which was induced
by a 30-minute incubation and peaked after 2 hours in a dose-depen-
dent manner (Figure 1, C and D). Preincubation with BQ123 (an
ETA receptor antagonist) and TAK044 (an ETA/B receptor antago-
nist) completely inhibited ET-1–induced NGF expression (Figure
1E), indicating that ETA mediates this induction. To determine the
cell type responsible for NGF induction, cardiomyocytes and cardiac
fibroblasts were prepared separately (14), and the induction experi-
ments were repeated. We found that NGF induction occurred only
in cardiomyocytes (Figure 1F), indicating that the induction process
occurs in a cell type–specific manner.

The NGF protein in ET-1–stimulated cardiomyocyte-conditioned
medium increased 2.2-fold. BQ123 completely inhibited this aug-
mentation (Figure 1G). Other hypertrophic factors had no effect on
NGF expression (Figure 1H).

Intracellular signaling of ET-1–induced NGF augmentation is distinct
from the ET-1–induced BNP pathway. The ETA receptor binds to three
types of G proteins: Gs, Gq, and Gi (26). To determine the specif-
ic G protein subtype, we pretreated the cells with the Gi inhibitor
PTX or the protein kinase A (PKA) inhibitor H89. Contrary to the
well-known hypertrophic-signaling pathways, NGF induction was
completely repressed by PTX (Figure 2A). To determine whether
Giα or Giβγ is involved in this process, we transfected the cells
with the βARK-ct adenovirus and stimulated them with ET-1.
βARK-ct significantly attenuated induction of NGF (Figure 2B),
showing that Giβγ plays an important role in this pathway.
Expression of the hypertrophic markers atrial natriuretic peptide
(data not shown) and BNP was unaffected in these experiments
(Figure 2, A and B).

The Giβγ-mediated pathway is known to activate various signal-
ing molecules in other cell types (16, 27). We examined the effects of
various signal transduction inhibitors and found that ET-1–induced
NGF augmentation was attenuated by chelerythrine, PMA (long pre-
treatment), PP2, AG1478, PD98059, and SB203580, but unaffected
by wortmannin or KN62 (Figure 2, D–G). Transient stimulation
with PMA also induced NGF expression (Figure 2C). BNP was down-
regulated with PD98059 pretreatment but was unaffected by other

Figure 1
Specific augmentation of NGF expression by ET-1 in cardiomyocytes. (A) Gene expression of four NGF alternatively spliced transcripts (a–d) in murine
heart (H), brain (BR), and submaxillary gland (S) was determined by RT-PCR.The number of PCR cycles is 35. m, marker. (B) Cardiomyocytes were
stimulated with ET-1, angiotensin II (Ang II), phenylephrine (PE), LIF, or IGF-1 for 2 hours. Northern blot analysis for NGF was performed. (C) Stimu-
lation of cardiomyocytes with ET-1 for specified time intervals. (D) Stimulation of cardiomyocytes with various concentrations of ET-1. (E) Cardiomy-
ocytes were pretreated with BQ123 (BQ) or TAK044 (TAK) for 30 minutes; then RNA was isolated 2 hours after ET-1 stimulation. (F) Induction of NGF
expression by ET-1 in cardiomyocytes (CM), but not in cardiac fibroblasts (CF). Results similar to those shown in A–F were obtained in four separate
experiments. (G) NGF protein levels in conditioned medium.Augmentation of NGF protein was inhibited by pretreatment with BQ123. (n = 4.) (H) Secre-
tion of NGF by cardiomyocytes was not induced by angiotensin II, phenylephrine, LIF, or IGF-1 (n = 4). *P < 0.001. NS, not significant vs. control.
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inhibitors, indicating that this pathway is clearly distinct from
pathways that mediate hypertrophy. Transfection of DN-ERK or
DN-p38 strongly attenuated NGF induction, showing that extra-
cellular signal–regulated kinase (ERK) and p38MAPK are critical in
this augmentation (Figure 2, H and I).

The NGF promoter contains both activator protein-1 (AP-1) and
CCAAT/enhancer-binding protein δ (C/EBPδ) elements (18). ET-1
augmented luciferase activity from the full-length NGF promoter
(–615/+50) 4.0-fold, but deletion of the AP-1 element markedly
decreased this augmentation (Figure 2J). The truncation plasmids
revealed that the C/EBPδ element was also involved in this induc-
tion, but that the AP-1 element was more critical. Other hyper-
trophic factors did not induce NGF transcription (Figure 2K).
Cotransfection of luciferase under the influence of the NGF pro-
moter with a mock plasmid or with the Csk or the 533delEGFR
plasmid revealed that Src- and EGFR-mediated signaling was
involved in NGF induction (Figure 2L). These results indicate that

Giβγ, PKC, the Src family, EGFR, ERK, p38MAPK, C/EBPδ, and the
AP-1 site are critically involved in this signal transduction pathway.

ET-1 augments NGF-induced differentiation of PC12 cells through NGF
secretion from cardiomyocytes. PC12 cells, a rat pheochromocytoma
cell line that responds with neurite extension to NGF, was used to
assay conditioned medium. To determine whether ET-1–induced
NGF production in cardiomyocytes is a biologically relevant phe-
nomenon, we stimulated PC12 cells with conditioned medium for
3 days and examined cell morphology (Figure 3A). Medium con-
ditioned with ET-1–stimulated cardiomyocytes significantly
induced neurite outgrowth compared with medium conditioned
with unstimulated cardiomyocytes (Figure 3B). Pretreatment of
PC12 cells with anti-NGF blocking antibody strongly suppressed
cell differentiation (Figure 3C). To mimic sympathetic innervation
in the heart, we cocultured PC12 cells with cardiomyocytes and
stimulated them with ET-1. PC12 cells showed differentiation that
was inhibited by pretreatment with anti-NGF blocking antibody

Figure 2
The ET-1/ETA receptor augments NGF expression via Giβγ, PKC, EGFR, ERK, p38MAPK, and AP-1 and C/EBPδ elements. (A) Preincubation of car-
diomyocytes with either PTX or H89. NGF mRNA expression was determined 2 hours after ET-1 stimulation. (B) Cardiomyocytes were pretreated with
LacZ or βARK-ct to inhibit the function of Giβγ, and stimulated with ET-1. βARK-ct attenuated ET-1–induced NGF expression, but not BNP. (C and D)
Stimulation with PMA (a PKC activator) for 2 hours augmented NGF expression. In contrast, pretreatment with chelerythrine (che; a PKC inhibitor) for
30 minutes or PMA for 24 hours inhibited ET-1–induced NGF expression. (E and F) Pretreatment with PD98059 (PD; an MAPK inhibitor), AG1478 (AG;
an EGFR inhibitor), SB203580 (SB; a p38MAPK inhibitor), or PP2 (an Src family inhibitor), but not with wortmannin (WM; a PI3K inhibitor) or KN62 (a
calmodulin kinase II/Iv inhibitor) attenuated ET-1–induced NGF mRNA expression. BNP was affected only with PD98059 pretreatment. (G) The results
of the densitometry of four separate experiments are shown. *P < 0.001 vs. control; **P < 0.01 vs. ET-1 alone. NS, not significant vs. ET-1 alone. (H and
I) Cardiomyocytes were pretreated with DN-ERK or DN-p38MAPK. (J and K) Identification of ET-1–responsive elements in the NGF promoter using
luciferase assay. Black bars, control; white bars, ET-1 stimulation (n = 4). (L) Specific negative regulatory plasmid of the EGFR (533delEGFR) or the
Src family (Csk) inhibited NGF transcription (n = 4). *P < 0.001, **P < 0.01, #P < 0.05 vs. relative control. NS, not significant.
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(Figure 3, D and E), indicating that the NGF secreted by car-
diomyocytes is capable of stimulating neuritogenesis in PC12 cells.

To investigate whether endogenous ET-1 secreted by cardiomy-
ocytes is critical for NGF production, we measured the NGF protein
level in medium conditioned with Edn1–/– or Edn1+/+ cardiomyocytes
and found it to be reduced by half in medium conditioned with
Edn1–/– cardiomyocytes (Figure 3F).

Disruption of ET-1, but not angiotensinogen, reduces NGF expression, sym-
pathetic nerve density, and norepinephrine concentration in the heart. To
investigate whether ET-1–specific induction of NGF in cardiomy-
ocytes participated in cardiac sympathetic nerve development, we
analyzed Edn1–/– mouse hearts at embryonic day (E) 18.5. Atg–/– mice
were used as a control. The levels of NGF mRNA in Edn1–/– mouse
hearts were downregulated to 32% of those in Edn1+/+ hearts (Figure
4A), while those in Atg–/– mice showed no change (97% of those in
Atg+/+ mice). The mRNA levels of neurotrophin-3, another neu-
rotrophic factor known to induce sympathetic innervation (28), were
unaffected in Edn1–/– and Atg–/– mice (Figure 4B).

To determine the cardiac sympathetic nerve density in these mice,
immunostaining was conducted using antibodies to TH, a marker
for sympathetic nerves, GAP43, a marker for nerve sprouting, and
PGP9.5, a general marker for peripheral neurons. Immunostaining
for TH, GAP43, and PGP9.5 was performed on serial sections and
labeled the same structures in several areas of the heart (data not
shown), as described previously (7, 8). At E18.5, most sympathetic
nerve endings were restricted to the epicardium in both Edn1–/– and
Atg–/– mice. Surprisingly, GAP43, PGP9.5, and TH immunoreactivi-
ties were markedly decreased only in Edn1–/– mice (Figure 4, C–F).

The concentration of total cardiac norepinephrine was signifi-
cantly lower in Edn1–/– mice than in Edn1+/+ littermates but was
unaffected in Atg–/– mice (Figure 4G). These results indicated that
NGF expression and cardiac sympathetic innervation are specifi-
cally reduced in Edn1–/– hearts.

ET-1–deficient mice display a loss of SG neurons by apoptosis during periods
of NGF dependence. The cardiac sympathetic nerve extends from the
sympathetic neurons in SG, which are derived from neural crest cells.
Neural crest cells migrate and form sympathetic ganglia by E11.5, then
proliferate and differentiate into mature neurons. To examine
whether ET-1 affects the early stage of sympathetic trunk formation
in SG, we immunostained whole-mount Edn1–/– embryos with anti-
TH antibody at E12.5 (Figure 5A). TH+ neurons formed normal gan-
glia and sympathetic trunks bilaterally to the vertebra. Next, we exam-
ined the size and cellularity of SG by cresyl violet staining and
immunostaining for TH (Figure 5, B, C, and F). At E12.5 and E15.5,
neuronal cell counts and area were unaffected in Edn1–/– SG compared
with WT. Moreover, TH immunoreactivities were not changed in
Edn1–/– SG, indicating that migration and differentiation of neural
crest cells in SG were not disrupted in the early stages. At E18.5, how-
ever, Edn1–/– SG were markedly smaller than those found in WT
embryos, contained fewer neurons (55% of WT), and had a mean neu-
ronal area that was 73% smaller than that of WT embryos. Thus,
Edn1–/– SG exhibited a dramatic loss of sympathetic neurons between
E15.5 and E18.5. To examine the cause of the loss of SG neurons in
Edn1–/– embryos, sections were processed with Ki-67 immunostaining
to assess the level of proliferation (Figure 5, D and G). Edn1–/– SG dis-
played nearly identical levels of proliferation compared with WT at

Figure 3
ET-1 causes NGF-mediated differentiation of PC12 cells. (A) PC12 cell morphology was observed after incubation for 3 days in mock medium or medi-
um conditioned with unstimulated cardiomyocytes (U-CM) or ET-1–stimulated cardiomyocytes (ET-CM). Medium conditioned with ET-1–stimulated car-
diomyocytes strongly induced neurite extension in PC12 cells compared with medium conditioned with unstimulated cardiomyocytes. (B) Percentage of
differentiated cells in A (n = 4). (C) PC12 cells were pretreated with anti-NGF blocking antibody for 30 minutes, then incubated with the conditioned medi-
um (n = 4). (D) PC12 cells transfected with LacZ were cocultured with cardiomyocytes, then stimulated with ET-1 or ET-1 plus anti-NGF blocking anti-
body for 3 days. PC12 cells were identified using X-gal staining. (E) Percentage of differentiated cells in D (n = 4). (F) NGF protein levels in medium con-
ditioned with Edn1+/+ or Edn1–/– cardiomyocytes were measured by ELISA (n = 4). *P < 0.0001; **P < 0.001; #P < 0.01. Scale bar: 100 µm.
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each stage. Given that the requirement of NGF for the survival of sym-
pathetic neurons begins at E16.5, we used TUNEL staining to address
whether excess apoptosis accounts for the loss of neurons. At E12.5
and E15.5, excess apoptosis was not detected, but at E18.5, Edn1–/– SG
displayed a fourfold increase in the number of TUNEL+ cells com-
pared with those of WT littermates (Figure 5, E and H). These results
indicated that loss of sympathetic SG neurons in Edn1–/– mice results
from excess neuronal apoptosis in late gestation but not from a fail-
ure in neuronal migration, differentiation, or proliferation.

Next, we analyzed the time course of cardiac innervation and NGF
levels in Edn1–/– and Edn1+/+ hearts (Figure 5, I–K). NGF mRNA was

detected from E12.5 and increased sequentially,
but levels were similar in Edn1–/– and Edn1+/+

hearts at the early stages. Sympathetic nerve end-
ings were not detected at E12.5 (data not shown)
and appeared from E15.5, but no difference was
observed at this stage. These findings suggested
that sympathetic nerve fibers initially reached the
heart and that disruption of subsequent inner-
vation was coincident with NGF downregulation
in Edn1–/– hearts between E15.5 and E18.5.

Cardiac-specific overexpression of NGF overcomes
the defects of the cardiac sympathetic nervous system in
Edn1–/– mice. It is possible that the low sympa-
thetic nerve density in the heart and excess apop-
tosis in SG neurons in Edn1–/– mice are a direct
effect of ET-1 deficiency. To address this ques-
tion, we initiated a genetic rescue of cardiac NGF
expression in Edn1–/– mice to investigate whether
the defects were caused by reduced NGF expres-
sion. Transgenic mice overexpressing rat NGF
under the control of α-myosin heavy chain pro-
moter were bred onto the Edn1+/– background to
restore NGF activity specifically to the hearts of
Edn1–/– embryos. Edn1–/–/MHC-NGF mice died
postnatally and had craniofacial defects similar
to those observed in Edn1–/– mice. Quantitative
RT-PCR revealed that strong NGF expression,
14.5-fold that of the control mice, was detected

in Edn1–/–/MHC-NGF hearts at E18.5 (Figure 6A). Immunostaining
for TH (Figure 6, B and C), GAP43, and PGP9.5 (data not shown)
showed that Edn1–/–/MHC-NGF mice had hyperinnervation com-
pared with Edn1–/– littermates. The norepinephrine concentration
was markedly increased in Edn1–/–/MHC-NGF hearts (Figure 6D).
These results show that cardiac-specific NGF overexpression restores
sympathetic nerve density in Edn1–/– hearts. Next, Edn1–/–/MHC-NGF
SG were examined by cresyl violet staining, immunostaining for TH
and Ki-67, and TUNEL staining at E18.5 (Figure 6, E–G). Loss of sym-
pathetic neurons and reduced neuronal area were completely over-
come, and the level of TUNEL+ cells also decreased. These results sup-

Figure 4
Disruption of ET-1, but not of angiotensinogen,
reduces NGF expression, sympathetic nerve den-
sity, and norepinephrine concentration in murine
hearts. (A) NGF expression in Edn1+/+, Edn1–/–,
Atg+/+, and Atg–/– hearts at E18.5 was determined
by quantitative RT-PCR (n = 10). (B) Neurotrophin-
3 (NT-3) expression in the heart was measured by
quantitative RT-PCR.The same reverse transcrip-
tion products used in A were analyzed. (n = 10.)
(C) Immunostaining for GAP43, PGP9.5, and TH
in the heart. Nerves were restricted to the epi-
cardium in both genotypes, and levels of GAP43,
PGP9.5, and TH were lower in Edn1–/– mice, but
not in Atg–/– mice, compared with WT littermates.
(D–F) The immunopositive nerve areas for
GAP43, PGP9.5, and TH were determined using
NIH Image (n = 8). (G) Cardiac norepinephrine
(NE) concentrations were measured by HPLC 
(n = 10). *P < 0.0001; **P < 0.005; #P < 0.01. NS,
not significant. Scale bar: 100 µm.
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port the hypothesis that the ET-1–NGF pathway plays a critical role
in development of the cardiac sympathetic nervous system.

Discussion
Cardiac performance is tightly controlled by the autonomic nervous
system. NGF is the best-characterized and most well-known member
of the neurotrophin family, which contributes to the development and

maintenance of sympathetic innervation. The level of NGF synthesized
in the target organ determines its innervation density (2). However, the
molecular mechanisms that regulate NGF expression and sympathet-
ic innervation remain poorly understood. In this study, we found that
(a) ET-1, but not angiotensin II, phenylephrine, LIF, or IGF-1, induces
NGF augmentation in cardiomyocytes; (b) ET-1–induced NGF aug-
mentation is mediated by the ETA receptor, Giβγ, PKC, the Src family,

Figure 5
Edn1–/– embryos display a loss of SG neurons due to excess apoptosis. (A) Edn1+/+ and Edn1–/– whole-mount embryos at E12.5 were immunos-
tained with anti-TH antibody. SCG, superior cervical ganglion; fl, forelimb. Similar results were obtained from four separate experiments. (B–E) TH
immunostaining, cresyl violet staining (CV), Ki-67 immunostaining, and TUNEL staining of Edn1+/+ and Edn1–/– SG at E12.5, E15.5, and E18.5 at the
same level of section. Note that at E18.5, Edn1–/– SG were considerably smaller than Edn1+/+ SG and increased apoptosis was detected. (F–H) Time
course of the number of neurons, Ki-67+ cells per 100 neurons, and TUNEL+ cells per 1,000 neurons in SG was shown (n = 5). (I) Time course of
NGF expression in Edn1+/+ and Edn1–/– hearts was determined by quantitative RT-PCR (n = 3). (J and K) Immunostaining for TH in the heart of
Edn1+/+ and Edn1–/– embryos at E15.5 and E18.5. TH-immunopositive nerve fibers were slightly detected from E15.5. LA, left atrium; LV, left ventri-
cle. The immunopositive nerve areas for TH were determined using NIH Image. (n = 4.) *P < 0.001; **P < 0.01; #P < 0.05. NS, not significant vs. rel-
ative control. Scale bar: 500 µm (A), 100 µm (B and J), 10 µm (C and D), 50 µm (E). Black bars, Edn1+/+; white bars, Edn1–/–.
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EGFR, ERK, and p38MAPK, but not by PKA, PI3K, or calmodulin
kinase II or IV; (c) AP-1 and C/EBPδ elements are essential cis-elements
for ET-1–induced NGF transcription, with AP-1 being the more criti-
cal of the two; (d) ET-1–induced NGF augmentation in cardiomyocytes
stimulates the differentiation of PC12 cells; and (e) the analysis of
Edn1–/– and Edn1–/–/MHC-NGF mice demonstrated that ET-1 is
required for induction of NGF expression and for promotion of sym-
pathetic innervation and survival of SG neurons. These results show
that ET-1–specific regulation of NGF in cardiomyocytes plays a criti-
cal role in the development of the cardiac sympathetic nervous system.

Of the cardiac hypertrophic factors investigated in this study, only
ET-1 augmented NGF expression, and the ET-1–NGF pathway was
mediated by the ETA receptor and Giβγ. The ETA receptor is known
to activate Gs, Gq, and Gi proteins, while phenylephrine and
angiotensin II activate Gq and Gs proteins (29). The characteristic
coupling of the ETA receptor to G protein subunits might explain
the specificity of ET-1–induced NGF augmentation. In contrast to
the present study, a previous study reported that the cAMP-PKA

pathway was involved in β-adrenoreceptor–mediated NGF augmen-
tation in astrocytoma cells (30). The finding that ET-1 does not
induce NGF augmentation in cardiac fibroblasts suggests that the
NGF induction pathway is mediated in a cell type–specific manner.

In this study, we found that the differentiation of PC12 cells was
enhanced when the cultures contained medium conditioned with
ET-1–stimulated cardiomyocytes or were cocultured with car-
diomyocytes treated with ET-1. Our results point to a critical role for
ET-1–induced NGF production in the promotion of neurite exten-
sion. This is based on our finding that ET-1–induced neurite exten-
sion is completely blocked by anti-NGF antibody, and that ET-1
alone did not augment PC12 cell differentiation (data not shown).
The blocking, by anti-NGF blocking antibody, of neurite extension
induced by medium conditioned with unstimulated cardiomyocytes
shows that cardiomyocytes secrete a basal amount of NGF.

Experimental sympathectomy does not alter the onset or extent of
NGF mRNA accumulation in target organs, which indicates that reg-
ulation of NGF synthesis during development is independent of inner-

Figure 6
Cardiac-specific overexpression of NGF overcomes the defects of the cardiac sympathetic nervous system in Edn1–/– mice. (A) NGF expression in Edn1+/+,
Edn1–/–, and Edn1–/–/MHC-NGF hearts is shown (n = 6).The reduced NGF expression in the Edn1–/– heart was completely overcome by cardiac-specific
overexpression of NGF. (B) Immunostaining for TH in the hearts of Edn1+/+, Edn1–/–, and Edn1–/–/MHC-NGF mice.Scale bar: 100 µm. (C) The immunopos-
itive nerve areas for TH were quantitated (n = 6). (D) The cardiac norepinephrine (NE) concentration was increased in Edn1–/–/MHC-NGF mice compared
with Edn1–/– mice (n = 6). (E) TH immunostaining, cresyl violet staining (CV), Ki-67 immunostaining, and TUNEL staining of Edn1+/+, Edn1–/–, and
Edn1–/–/MHC-NGF SG at E18.5 at the same level of section. Note that the reduction of the size of SG and the increase in TUNEL+ cells in Edn1–/– mice
were completely reversed in Edn1–/–/MHC-NGF mice. (F and G) The number of neurons and the number of TUNEL+ cells per 1,000 neurons in each SG
are shown (n = 3–6). *P < 0.0001; **P < 0.01; #P < 0.05.TG, transgenic. Scale bar: 100 µm (TH), 50 µm (TUNEL), 10 µm (CV and Ki-67).

                                                                                     



research article

884 The Journal of Clinical Investigation http://www.jci.org       Volume 113       Number 6       March 2004

vation or norepinephrine secreted from sympathetic nerves (31).
Upstream molecules that regulate NGF expression in vivo remain
undetermined. The present study demonstrated that NGF was down-
regulated and sympathetic innervation in the heart was reduced in
Edn1–/– mice, but not in Atg–/– mice. Moreover, in Edn1–/– mice, SG that
contribute to the sympathetic innervation of the heart revealed neu-
ronal loss due to excess apoptosis at the late embryonic stage, but not
due to failure in neuronal migration, differentiation, or proliferation.
These findings are consistent with previous reports that increased
pyknosis is detected from E16.5 in NGF-targeted mice and that NGF
transported from target organs acts on survival of innervating neurons,
but not on proliferation or differentiation of sympathetic neurons (24).
Developing axons are guided to their targets and maintained by extra-
cellular molecules. Neurotrophin-3 is also a critical factor for the sur-
vival and differentiation of sympathetic neurons (2, 5, 28). However,
neurotrophin-3 was not downregulated in Edn1–/– heart, and the sym-
pathetic neuronal defects revealed in Edn1–/– mice were restored by
overexpression of NGF in the heart. Taken together, these findings sug-
gest that ET-1 is a key regulator of NGF induction in the heart and
plays a specific and critical role in construction of the cardiac sympa-
thetic nervous system via the regulation of NGF production. To our
knowledge, this is the first report to identify a molecule that regulates
NGF production in sympathetic target organs.

From a clinical perspective, ETA receptor antagonists are known
to improve the prognosis of heart failure by preventing cardiac
remodeling and ventricular dysfunction (32). ETA receptor antag-
onists also have an antiarrhythmic effect in pathological hearts,
although the mechanism remains unclear (33). Neural remodel-

ing in sympathetic nerve sprouting results in ventricular tachy-
arrhythmia in diseased human hearts and in animal models (7, 8).
In contrast, β-blocker therapy decreases the risk of sudden death
secondary to ventricular tachyarrhythmia in ischemic heart dis-
ease or congestive heart failure. Given that ET-1 is strongly
induced in the process of heart disease, the beneficial effects of
ETA receptor antagonists as antiarrhythmic agents may be relat-
ed to the remodeling of the sympathetic nervous system that is
mediated by the ET-1–NGF pathway. Further studies are needed
to investigate whether ET-1 augmentation leads to an increase in
NGF in the diseased heart.

In conclusion, these findings indicate that ET-1 regulates NGF
expression in cardiomyocytes and plays a critical role in sympathet-
ic innervation of the heart.
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