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Lee TM, Chen CC, Lin MS, Chang NC. Effect of endothelin
receptor antagonists on ventricular susceptibility in postinfarcted rats.
Am J Physiol Heart Circ Physiol 294: H1871–H1879, 2008. First
published February 15, 2008; doi:10.1152/ajpheart.01129.2007.—
This study investigated whether selective endothelin (ET) type A
(ETA) or nonselective ETA/ETB receptor blockade exerted antiar-
rhythmic effects through attenuated sympathetic reinnervation after
infarction. Twenty-four hours after ligation of the left anterior de-
scending artery, male Wistar rats received either vehicle, ABT-627
(selective ETA receptor antagonist), bosentan (nonselective ETA/ETB

receptor antagonist), or hydralazine for 4 wk. The measurement of
myocardial ET-1 levels at the remote zone revealed a significant
increase in vehicle-treated infarcted rats compared with sham-oper-
ated rats, consistent with increased activities of ET-1 after infarction.
Sympathetic nerve function changes assessed by the norepinephrine
content of myocardium and the dialysate and plasma dihydroxyphe-
nylglycol levels were parallel to ET-1 levels. Immunohistochemical
analysis for tyrosine hydroxylase, growth-associated protein 43, and
neurofilament also confirmed the change of nerve function. This was
accompanied with a significant upregulation of nerve growth factor
protein expression and mRNA in the vehicle-treated infarcted rats,
which reduced after the administration of either ETA or ETA/ETB

blockade to a similar extent. The beneficial effects of ET receptor
antagonists on sympathetic nerve function and structures were disso-
ciated from their blood pressure-lowering effect because ET receptor
antagonists and hydralazine reduced arterial pressure similarly. Ar-
rhythmic severity during programmed stimulation in ET receptor
antagonists-treated rats was significantly lower than that in vehicle-
treated infarcted rats. Our data indicate that the ET system, especially
via ETA receptors, plays an important role in attenuating sympathetic
reinnervation after infarction. Independent of their hemodynamic effects,
a chronic use of either ETA or ETA/ETB antagonists may modify the
arrhythmogenic response to programmed electrical stimulation.

myocardial infarction; nerve growth factor; rats; sympathetic reinner-
vation

WE HAVE PREVIOUSLY DEMONSTRATED that pravastatin improves
ventricular remodeling and arrhythmic susceptibility through
attenuated endothelin (ET)-1 expression after infarction (21).
The ET system is activated in various pathophysiological states
including postinfarction ventricular remodeling (31). ET-1 ex-
erts biological activities through stimulation of the ET types A
(ETA) and B (ETB) receptors (31). ETA receptor antagonists
are known to improve the prognosis of heart failure by pre-
venting cardiac remodeling and ventricular dysfunction (32).
ETA receptor antagonists also have an antiarrhythmic effect in
pathological hearts, although the mechanism remains unclear

(24). Neural remodeling in sympathetic nerve sprouting results
in ventricular tachyarrhythmia in diseased human hearts and in
animal models (6, 7). ET-1 has been shown to upregulate nerve
growth factor (NGF) mRNA and protein expression through an
ETA receptor pathway during the development of cardiac
sympathetic innervation (17). 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 nervous systems (23, 33). Levels of
NGF expression within innervated tissues roughly correspond
to innervation density (16). The deletion of a single copy of the
NGF gene results in a 50% reduction in sympathetic neurons
(5), whereas the overexpression of NGF in the heart results in
cardiac hyperinnervation (14). These results demonstrated the
importance of NGF in the regulation of sympathetic innerva-
tion.

Increased sympathetic nerve density after myocardial injury
has been shown to be responsible for the occurrence of lethal
arrhythmias and sudden cardiac death in humans (7). The
observation was further supported by the finding of Du et al.
(10), showing that the severity of pacing-induced ventricular
arrhythmias can be attenuated by administering �-blockers in a
dose-dependent manner in infarcted rat hearts. This provided
direct evidence for a cause and effect relation between activa-
tion of sympathetic nerves and onset of ventricular arrhythmias
in infarcted rat hearts. During the chronic stage of myocardial
infarction, a regional increase of sympathetic nerves was com-
monly observed at the remote zone (34). Increased sympathetic
nerve activity plays an important role in the generation of
ventricular arrhythmia and sudden cardiac death (7). Thus
nerve spouting has been shown to be an important contributing
factor for the occurrence of ventricular arrhythmias and sudden
cardiac death in healing or healed stages of infarction in animals
(6, 19) and humans (4). We assessed 1) whether chronic admin-
istration of ET receptor antagonists (ERAs) can result in
attenuated heart reinnervation after infarction and 2) which ET
receptor subtypes underlie the ET-1-dependent nerve sprout-
ing. Because regional sympathetic innervation reflected elec-
trophysiological differences, we explored the downstream
functional significance of attenuated heart reinnervation by
ventricular pacing in a rat myocardial infarction model.

METHODS

Animals. Male normotensive Wistar rats (300–350 g) were sub-
jected to ligation of the anterior descending artery as previously
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described (21), resulting in infarction of the left ventricular (LV) free
wall. Rats were randomly assigned into four groups so as to have
approximately the same number of survivors in each group (Table 1):
1) vehicle group; 2) 5 mg �kg�1 �day�1 2R-(4-methoxyphenyl)-4S-
(1,3-benzodioxol-5-yl)-1-[N,N-di(n-butyl)aminocarbonyl-methyl]-
pyrrolidine-3R-carboxylic acid (ABT-627; Abbott Park, IL), a selec-
tive ETA receptor antagonist; 3) bosentan (100 mg �kg�1 �day�1;
Actelion Pharmaceuticals, Allschwil, Switzerland), a nonselective ETA/
ETB receptor antagonist; and 4) hydralazine (10 mg �kg�1 �day�1). The
dose of ABT-627 was chosen because it blocked the ETA-mediated
sustained vasoconstriction to ET-1 without affecting ETB-mediated
transient vasodilatation (1). The dose of bosentan (100 mg/kg) was
given according to previous studies (28). Because ERAs have a blood
pressure-lowering effect, hydralazine was used to exclude the con-
founding effect of blood pressure lowering on the sprouting of new
cardiac nerves. Sham-operated rats underwent the same surgical
procedures except for ligation.

The drugs were started 24 h after infarction, since drugs can exert
maximum benefits during this time window (35). The study duration
was designed to be 4 wk because the majority of the myocardial
remodeling process in the rat (70–80%) is complete within 3 wk (3).
The drugs were administered by daily oral gavage. In each treated
group, drugs were withdrawn about 24 h before the end of the
experiments to eliminate their pharmacological actions.

Sympathetic reinnervation has been shown to be present 4 days
after injury (13). To differentiate the attenuated sympathetic reinner-
vation of ET receptor blockers from either inhibiting sympathetic
reinnervation at the late stage of infarction or enhancing nerve
degeneration at the early stage of infarction, we performed another
experiment that ended at postinfarction day 3 when sympathetic
reinnervation did not occur. Twenty supplementary infarcted rats (n �
5 in each group) were randomly allocated into 1) vehicle group, 2)
ABT-627, 3) bosentan, and 4) hydralazine and were killed at day 3
after infarction. Hemodynamics and immunohistochemical staining
for tyrosine hydroxylase from the remote region were performed at
day 3. The animal experiment was approved by the Chi-Mei Medical
Center and conducted in accordance with its local institutional Guide-
lines for the Care and Use of Laboratory Animals.

Hemodynamics and infarct size measurements. Hemodynamic pa-
rameters were measured in anesthetized rats with ketamine (90 mg/kg
ip) at the end of the study (at day 3 and week 4). A polyethylene Millar
catheter was inserted into the right carotid artery and connected to a
transducer (model SPR-407, Miller Instruments, Houston, TX) to
measure LV systolic and diastolic pressure as the mean of measure-

ments of five consecutive pressure cycles as previously described
(21). The maximal rate of LV pressure rise (�dP/dt) and decrease
(�dP/dt) was measured. After the arterial pressure measurement, the
heart was rapidly excised and suspended for retrograde perfusion with
a Langendorff apparatus for the electrophysiological tests. At com-
pletion of the electrophysiological tests, the atria and the right ven-
tricle were trimmed off, and the LV was rinsed in cold physiological
saline, weighed, and immediately frozen in liquid nitrogen after
obtaining a coronal section of the LV for infarct size estimation. A
section, taken from the equator of the LV, was fixed in 10% formalin
and embedded in paraffin for determination of infarct size. Each
section was stained with hematoxylin-eosin and trichrome. The infarct
size was determined as previously described (21). With respect to
clinical importance, only rats with large infarction (�30%) were
selected for analysis.

Spontaneous and induced arrhythmias. Each heart was perfused
with a modified Tyrode solution containing (in mM) 117.0 NaCl, 23.0
NaHCO3, 4.6 KCl, 0.8 NaH2PO4, 1.0 MgCl2, 2.0 CaCl2, and 5.5
glucose, equilibrated at 37°C and oxygenated with a 95% O2-5% CO2

gas mixture. The perfusion medium was maintained at a constant
temperature of 37°C with a constant flow at 4 ml/min. Epicardial
electrograms were recorded by an atraumatic unipolar electrode,
placed on the epicardial surface of the right atrium and anterior LV
wall 2 mm below the circumflex artery. A bipolar pacing electrode
was placed near the apex of the heart on the anterior epicardial surface
of the right ventricle. Atrial and ventricular epicardial electrocardio-
grams were continuously recorded.

After the perfusion of isolated hearts was completed, the hearts
were observed for 20 min to allow for a stabilization of contraction
and rhythm. Because the residual neural integrity at the infarcted site
is one of the determinants of the response to electrical induction of
ventricular arrhythmias (15), only rats were included with the in-
farcted area of the LV totally replaced by scar tissue. The protocol for
pacing was modified from that of Nguyen et al. (30). Stimulation
intensity was twice the threshold, and stimulus length was 5 ms. The
induction of ventricular arrhythmias was then attempted by ventricu-
lar stimulation at a basic cycle length of 150 ms (S0) with single (S1),
double (S2), and triple (S3) extrastimuli delivered after eight paced
beats. To determine the ventricular effective refractory period
(VERP), single extrastimuli was introduced at progressively shorter
intervals. VERP was the longest S1S2 interval that did not evoke a
premature ventricular depolarization. The end point of ventricular
pacing was induction of ventricular tachyarrhythmia. A preparation
was considered noninducible when pacing produced either no ven-

Table 1. Cardiac morphology, hemodynamics, and tissue ET-1 concentration at the end of study (week 4)

Sham Infarction with Treatment

Vehicle ABT-627 Bosentan Hydralazine Vehicle ABT-627 Bosentan Hydralazine

Mortality 0 0 0 0 4 3 4 5
Number of rats 13 13 13 13 13 15 12 13
BW, g 417�7 421�6 425�4 415�5 405�9 418�6 419�6 424�7
Heart rate, beats/min 423�4 419�4 425�6 416�4 424�7 414�5 405�5 427�4
LVESP, mmHg 112�2 88�3‡ 90�2‡ 92�3‡ 99�2* 84�1‡ 87�3‡ 84�2‡
LVEDP, mmHg 6�1 5�1 5�1 5�1 17�1* 11�1*† 10�1*† 18�1*
�dP/dt, mmHg/s 7,262�145 7,526�126 8,248�154 8,672�157 3,372�84* 4,873�84*† 4,808�129*† 3,128�78*
�dP/dt, mmHg/s 5,423�104 5,636�117 6,712�118 5,772�192 2,346�145* 3,762�148*† 4,523�150*† 3,022�100*
Infarct size, % of LV — — — — 41�1 40�1 37�1 40�1
LV wt/BW, mg/g 2.15�0.05 2.21�0.04 2.26�0.06 2.24�0.06 2.97�0.08* 2.96�0.08* 2.92�0.09* 3.04�0.11*
RV wt/BW, mg/g 0.58�0.02 0.51�0.01 0.50�0.02 0.52�0.01 0.72�0.04* 0.52�0.02† 0.59�0.01† 0.69�0.03*
Lung wt/BW, mg/g 4.21�0.10 4.15�0.17 4.15�0.12 4.21�0.10 5.44�0.13* 4.49�0.08† 4.62�0.10† 5.64�0.12*
LV ET-1, pg/mg tissue 1.4�0.1 1.3�0.3 1.4�0.1 1.5�0.4 2.5�0.4* 2.9�0.2* 3.1�0.3* 2.7�0.4*

Values are means � SE. ET-1, endothelin-1; BW, body weight; LVESP, left ventricular (LV) end-systolic pressure; LVEDP, LV end-diastolic pressure;
�dP/dt, maximal rate of LV pressure rise and decrease, respectively; RV, right ventricular. *P � 0.05 compared with the respective groups without infarction;
†P � 0.05 compared with infarcted groups treated with vehicle and hydralazine; ‡P � 0.05 compared with the vehicle-treated groups without or with infarction,
respectively.
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tricular premature contraction or only self-terminating salvos of less
than six beats. Ventricular tachyarrhythmias including ventricular
tachycardia and ventricular fibrillation were considered nonsustained
when it lasted �15 beats and sustained when it lasted �15 beats. An
arrhythmia scoring system was modified as previously described (30):
0, noninducible preparations; 1, nonsustained tachyarrhythmias in-
duced with three extrastimuli; 2, sustained tachyarrhythmias induced
with three extrastimuli; 3, nonsustained tachyarrhythmias induced
with two extrastimuli; 4, sustained tachyarrhythmias induced with two
extrastimuli; 5, nonsustained tachyarrhythmias induced with one ex-
trastimulus; 6, sustained tachyarrhythmias induced with one extra-
stimulus; and 7, tachyarrhythmias induced during the eight paced
beats. If the heart stopped before the pacing, the arrhythmia score
assigned to that heart was 8. When multiple forms of arrhythmias
occurred in one heart, the highest score was used. The experimental
protocols were typically completed within 10 min. Pilot studies
revealed no significant tissue edema during the time period required to
complete these experiments.

Real-time RT-PCR of NGF. Real-time quantitative RT-PCR was
performed from samples obtained from the remote zone (�2 mm
outside the infarct) with the TaqMan system (Prism 7700 Sequence
Detection System, PE Biosystems) as previously described (21).
For NGF, the primers were 5�-TCCACCCACCCAGTCTTCCA-3�
(sense) and 5�-GCCTTCCTGCTGAGCACACA-3� (antisense). Coam-
plification of glyceraldehydes-3-phosphate-dehydrogenase (GAPDH)
was used as an internal control in postinfarcted rats as described
previously (20). For GAPDH the primers were 5�-CTTCACCAC-
CATGGAGAAGGC-3� (sense) and 5�-GGCATGGACTGTGGTC-
ATGAG-3� (antisense). Standard curves were plotted with the thresh-
old cycles versus log template quantities. For quantification, NGF
expression was normalized to the expressed housekeeping gene
GAPDH. Reaction conditions for 40 cycles of the amplification step
were carried out.

Western blot analysis of NGF. Samples obtained from the remote
zone were homogenized with a kinametic polytron blender in 100 mM
Tris �HCl (pH 7.4), supplemented with 20 mmol/l EDTA, 1 mg/ml
pepstatin A, 1 mg/ml antipain, and 1 mmol/l benzamidin. Homoge-
nates were centrifuged at 10,000 g for 30 min to pellet the particulate
fractions. The supernatant protein concentration was determined with
the BCA protein assay reagent kit (Pierce). Twenty micrograms of
protein were separated by 10% SDS-PAGE and electrotransferred
onto a nitrocellulose membrane. The nitrocellulose membrane was
then incubated with rabbit polyclonal anti-NGF antibodies (Chemi-
con, CA) at 1:1,000 dilution and anti-GAPDH (Cedarline) at 1:1,000
dilution for 2 h. Antigen antibody complexes were detected with
horseradish peroxidase substrate (Millipore, Billerica, MA). Films
were volume integrated within the linear range of the exposure using
a scanning densitometer. Relative abundance was obtained by nor-
malizing the density of NGF protein against that of GAPDH. Exper-
iments were replicated three times, and results were expressed as the
mean value.

Immunohistochemical studies of tyrosine hydroxylase, growth-as-
sociated protein 43 and neurofilament. To investigate the spatial
distribution and quantification of sympathetic nerve fibers, analysis of
immunohistochemical staining for tyrosine hydroxylase, growth-as-
sociated protein 43 (GAP43; a marker peptide for neuronal regener-
ation and outgrowth), and neurofilament (a dominant protein of the
axonal cytoskeleton; see Ref. 25) was performed on LV muscle from
the remote regions. Papillary muscles were excluded from the study
because a variable sympathetic innervation has been reported (9).
Paraffin-embedded sections were cut at a thickness of 5 	m. Tissues
were incubated with anti-tyrosine hydroxylase (1:200; Chemicon),
anti-GAP43 (1:400; Chemicon), and antineurofilament (1:1,000;
Chemicon, CA) antibodies in 0.5% BSA in PBS overnight at 37°C.
Immunostaining was performed using a standard immunoperoxidase
technique (N-Histofine Simple Stain MAX PO kit, Nichirei, Tokyo,

Japan). Isotype-identical directly conjugated antibodies served as a
negative control.

The density of tyrosine hydroxylase-labeled nerve fibers was qual-
itatively estimated from 10 randomly selected fields at a magnification
of 
400. The nerve density was measured on the tracings by com-
puterized planimetry (Image Pro Plus) as described previously (22).
The value was expressed as the ratio of tyrosine hydroxylase-labeled
nerve fiber area to total area. The slides were coded so that the
investigator was blinded to the rat identification.

Laboratory measurements. To examine the sympathetic nerve
function after administering ERAs, 20 supplementary infarcted rats
(n � 5 in each group) were allocated into 1) vehicle group, 2)
ABT-627 (5 mg �kg�1 �day�1), 3) bosentan (100 mg �kg�1 �day�1),
and 4) hydralazine (10 mg �kg�1 �day�1). Previous studies have
shown the usefulness of the dialysis technique in the in vivo
monitoring of regional myocardial interstitial norepinephrine lev-
els (36). Microdialysis probes (13 
 0.2 mm ID; PAN-1200; Asahi
Chemical, Tokyo, Japan) with a molecular mass cutoff of 50 kDa
were placed in the LV. The dialysis probe was perfused with
Ringer solution at a rate of 10 	l/min. One sample period was 4
min. We measured plasma dihydroxyphenylglycol levels (a marker
of norepinephrine uptake; see Ref. 11), dialysate norepinephrine
levels (a marker of norepinephrine release; see Ref. 36), and LV
norepinephrine levels (a marker of norepinephrine store) from remote
regions 4 wk after infarction using high-performance liquid chroma-
tography with electrochemical detection (37).

Besides, tissues from the remote zone were obtained for measure-
ments of ET-1 at the end of the study. For ET-1 measurement, the
myocardiums were homogenized using a polytron homogenizer for
60 s in 10 vol of 1 mol/l acetic acid containing 10 	g/ml of pepstatin
and then immediately boiled for 10 min at 4°C. ET-1 was measured
using an immunoassay (R&D Systems, Minneapolis, MN).

Statistical analysis. Results are presented as means � SE. Statis-
tical analysis was performed using the SPSS statistical package
(SPSS, version 10.0, Chicago, IL). Differences among the groups of
rats were tested by an ANOVA. Subsequent analysis for significant
differences between the two groups was performed with a multiple
comparison test (Scheffé’s method). Electrophysiological data (scor-
ing of programmed electrical stimulation-induced arrhythmias) were
compared by a Kruskal-Wallis test, followed by a Mann-Whitney test.
The significant level was assumed at a value of P � 0.05.

RESULTS

We found no significant differences in mortality among the
infarcted groups throughout the study (Table 1). Either selec-
tive ETA or nonselective ETA/ETB blockade had little effect on
cardiac gross morphology in the sham-operated rats. Four
weeks after infarction, the infarcted area of the LV was very

Fig. 1. At postinfarction day 3, quantitative analysis of immunohistochemical
staining for tyrosine hydroxylase from the remote regions. There were similar
nerve densities among the infarcted groups. n, Number of rats.
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thin and was totally replaced by fully differentiated scar tissue.
The weight of the LV inclusive of the septum remained
essentially constant 4 wk after coronary artery occlusion
among the infarcted groups. Infarct size did not differ among
the infarcted groups.

Hemodynamics. After 4 wk of treatment in infarcted rats,
ETA blockade and combined ETA/ETB blockade decreased

systolic blood pressure significantly and to a similar extent
(Table 1). Chronic treatment with hydralazine led to a similarly
lower systolic blood pressure compared with ERAs-treated
infarcted rats. There was no significant difference of blood
pressure in infarcted rats with the same treatment between day
3 and week 4 (data not shown). �dP/dt and �dP/dt were
significantly improved in the ERAs-treated infarcted groups

Fig. 2. Top: at postinfarction week 4, immu-
nohistochemical staining for tyrosine hy-
droxylase from the remote regions (magnifi-
cation, 
400). Tyrosine hydroxylase-posi-
tive nerve fibers (brown color) are located
between myofibrils and are oriented longitu-
dinal direction as that of the myofibrils.
Myocytes are not stained and appear pale in
this view. Sham (A), vehicle (B), ABT-627
(C), bosentan (D), and hydralazine (E) are
shown. Bar � 50 	m. Bottom: nerve density
area fraction (in %) at the remote zone. *P �
0.05 compared with vehicle- and hydral-
azine-treated groups.
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compared with infarcted groups treated with vehicle or hydral-
azine.

Myocardial ET-1 levels. When compared with sham-oper-
ated animals, tissue levels of ET-1 from the remote regions
were significantly increased in infarcted vehicle-treated in-
farcted animals (1.4 � 0.1 vs. 2.5 � 0.4 pg/mg tissue in
infarcted rats; P � 0.05, Table 1). When compared with the
infarcted group treated with vehicle, neither an ETA nor a
combined ETA/ETB blocker affected the levels of tissue ET-1
(2.9 � 0.2 and 3.1 � 0.3 pg/mg tissue, respectively).

Immunohistochemical analyses. The tyrosine hydroxylase-
immunostained nerve fibers appeared to be oriented in the
longitudinal axis of adjacent myofibers. At day 3, there was no
significant quantitative difference of tyrosine hydroxylase-
positive nerve area fraction among the infarcted groups (Fig. 1).
At week 4, the tyrosine hydroxylase-positive nerve area fraction
was significantly larger in vehicle-treated infarcted rats than
that in the sham-operated group (Fig. 2). At week 4, the
tyrosine hydroxylase-positive nerve area fraction was not sig-
nificantly different in the sham-operated groups treated with
vehicle, ABT-627, or bosentan (data not shown). Infarcted rats
in the ABT-627- and bosentan-treated groups showed smaller

nerve area fractions in the remote regions than rats in the
vehicle-treated infarcted group (0.05 � 0.01% and 0.04 �
0.01% vs. 0.15 � 0.02% in vehicle group, P � 0.001, respec-
tively). Similar to tyrosine hydroxylase results, GAP43- (Fig. 3)
and neurofilament-positive (data not shown) nerve area frac-
tions were significantly attenuated in the ABT-627- and bosen-
tan-treated infarcted rats compared with vehicle-treated in-
farcted rats. The rats given hydralazine developed significantly
stronger immunostained profiles than rats given ERAs (Fig. 2).

Western blot analyses and real-time PCR of NGF. Western
blot analysis shows that NGF levels are significantly upregu-
lated 4.9-fold at the remote zone in the vehicle-treated in-
farcted rats than in the sham-operated rats (P � 0.0001, Fig. 4).
When compared with vehicle-treated infarcted rats in ABT-
627- and bosentan-treated rats, NGF levels were significantly
lower at the remote zone. The protein expression level of NGF
was similar in the hydralazine-treated group compared with
that in the vehicle-treated infarcted rats.

PCR amplification of the cDNA revealed that the NGF
mRNA levels showed a 1.9-fold upregulation at the remote
zone in the vehicle compared with the sham-operated rats (P �
0.0001, Fig. 5). In either ABT-627- or bosentan-treated in-

Fig. 3. Immunohistochemical staining for
growth-associated protein 43 (GAP43) from
the remote regions (magnification, 
400).
GAP43-positive staining was markedly in-
creased in infarcted groups treated with ve-
hicle and hydralazine. Sham (A), vehicle (B),
ABT-627 (C), bosentan (D), and hydralazine
(E) are shown. Bar � 50 	m.
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farcted rats, the NGF mRNA levels were significantly de-
creased compared with those in the vehicle. The attenuated
magnitude of NGF mRNA levels was similar between ABT-
627- and bosentan-treated rats. NGF protein expression was in
parallel to the mRNA level changes, implying that the NGF
production is a critical regulation step for nerve sprouting.

Electrophysiological stimulation. To further elucidate the
physiological effect of attenuated sympathetic reinnervation,
ventricular pacing was performed. Neither ERAs nor hydral-
azine had any statistically significant effect on VERP in the
sham-operated groups. In the vehicle-treated infarcted group,
VERP was significantly reduced by 19 � 2 ms compared with
sham-operated rats treated with vehicle (P � 0.001, Fig. 6).
ABT-627 and bosentan treatment significantly reduced the

infarction-induced shortening of VERP by 37% and 42% (P �
0.006 and �0.001), respectively.

A representative electrocardiogram record in a vehicle-
treated infarcted rat is shown in Fig. 7. Arrhythmia score in
sham-operated rats was very low (0.2 � 0.1; Fig. 8). In
contrast, ventricular tachyarrhythmias consisting of ventricular
tachycardia and ventricular fibrillation were inducible by pro-
grammed stimulation in vehicle-treated infarcted rats. ABT-
627 and bosentan treatment significantly decreased the induc-
ibility of ventricular tachyarrhythmias compared with vehicle
and hydralazine treatment.

Sympathetic nerve function. Plasma dihydroxyphenylglycol
levels were significantly upregulated 3.3-fold at the remote
zone in the vehicle-treated infarcted rats than in sham-operated
rats (5,472 � 142 vs. 1,682 � 113 pg/ml, P � 0.001, Fig. 9).
When compared with vehicle-treated infarcted rats, plasma
dihydroxyphenylglycol levels were significantly lower at the
remote zone in ABT-627- and bosentan-treated rats. Dialysate
norepinephrine levels and LV norepinephrine levels showed
similar changes to plasma dihydroxyphenylglycol levels.

DISCUSSION

Our present study shows for the first time that chronic
treatment for 4 wk with ERAs leads to attenuated sympathetic

Fig. 4. Western blot analysis of nerve growth factor (NGF; molecular mass, 13
kDa) in homogenates of the left ventricle (LV) from the remote zone.
Quantitative analysis results for NGF obtained by densitometry from the same
blots. When compared with vehicle-treated infarcted rats in ABT-627- and
bosentan-treated rats, NGF levels were significantly lower. Relative abundance
was obtained by normalizing the density of NGF protein against that of
GAPDH. Results are means � SE of 3 independent experiments. *P � 0.05
compared with vehicle- and hydralazine-treated groups.

Fig. 5. LV NGF mRNA levels. Each mRNA was corrected for an mRNA level
of GAPDH. Each column and bar represent means � SE. *P � 0.05 compared
with vehicle- and hydralazine-treated groups.

Fig. 6. Infarction significantly reduced ventricular effective refractory period
(VERP). Either ABT-627 or bosentan administration significantly attenuated
the shortening of VERP compared with vehicle-treated infarcted rats. *P �
0.05 compared with vehicle- and hydralazine-treated groups.

Fig. 7. A representative sustained ventricular arrhythmias induced by ventric-
ular pacing in an infarcted rat treated with vehicle. Following 8 basic stimuli
at a cycle length of 150 ms, 2 extra stimuli were applied at progressively
shorter coupling intervals (score: 4).
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reinnervation after myocardial infarction. These results were
concordant with beneficial effects of ERAs, as documented
structurally by a reduction in cardiac nerve sprouting, molec-
ularly, by myocardial NGF protein and mRNA levels, bio-
chemically, by tissue ET-1 levels and sympathetic nerve func-
tion, and electrophysiologically, by reduced extent of infarc-
tion-induced VERP shortening and improvement of fatal
ventricular tachyarrhythmias. The beneficial effects of ERAs
as antiarrhythmic agents may be related to the remodeling of
the sympathetic nervous system that is mediated by the ET-1/
NGF pathway.

The beneficial effect of ERAs on sympathetic reinnervation
was supported by three lines of evidence. First, excessive
sympathetic reinnervation was observed at the remote zone at
week 4 but not at day 3. The finding was compatible with the
notion that an infarcted myocardium causes a disappearance of
sympathetic innervation which is followed by a phase of
excessive sympathetic reinnervation (13). Since the morpho-
logical features of sympathetic reinnervation were increased at
4 wk after infarction, sympathetic nerve function assessed by
the norepinephrine content of myocardium and the dialysate
and plasma dihydroxyphenylglycol levels showed significant
increase. Thus the structural features of sympathetic ingrowth
are established not only at anatomical impact but also at
functional features of this sprouting phenomenon. Second, the
current results confirmed our previous study that the ET-1 level
was significantly increased after infarction (21). The chronic
blockade of nonselective ETA/ETB receptors attenuated sym-
pathetic reinnervation at the remote zone, to the same extent as
ETA receptor blockade alone. Although we did not use selec-
tive ETB receptor antagonists, a similar potency to attenuate
reinnervation by ABT-627 and bosentan may suggest that ETA,
but not ETB, plays a role in mediating sympathetic reinnerva-
tion. However, the present results have not totally dismissed a
role of ETB in sympathetic reinnervation. Although dissimilar
structures, both ERAs appear to share a common mediator,
NGF, in which transcription and translation levels of NGF may
play a role in the signal transduction pathway. Furthermore,
there was similar sympathetic attenuation at day 3 among the
infarcted groups, implying that ERAs inhibited sympathetic
reinnervation at the late stage of infarction and not enhanced
nerve degeneration at the early stage of infarction. Third, the

severity of pacing-induced fatal arrhythmias was associated
with the degree of sympathetic reinnervation. The finding was
further supported by Cao et al. (6, 7), showing that increased
postinjury sympathetic nerve density may be responsible for
the occurrence of ventricular arrhythmia and sudden cardiac
death in animals and patients.

Mechanisms. In this study, we demonstrated attenuated sym-
pathetic reinnervation in ERA-treated hearts. The detailed
mechanisms by which ERAs affect sympathetic reinnervation
remain undefined. However, several factors can be excluded.
First, there are hemodynamics. Although both ERAs effec-
tively lowered blood pressure, the mechanism by which ERAs
prevent sympathetic reinnervation is probably not due to its
antihypertensive effect alone. Because of the lack of effect of
hydralazine on attenuating sympathetic reinnervation, it would

Fig. 8. Inducibility quotient of ventricular arrhythmias by programmed elec-
trical stimulation 4 wk after myocardial infarction. *P � 0.05 compared with
infarcted groups treated with vehicle- and hydralazine-treated groups.

Fig. 9. Effect of endothelin receptor antagonists on plasma dihydroxyphenyl-
glycol levels (A), dialysate norepinephrine levels (B), and LV norepinephrine
levels (C) 4 wk after infarction (n � 5 in each group). Results are given as
means � SE. *P � 0.05 compared with vehicle group.
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appear that arterial pressure is not enough to prevent ongoing
sympathetic reinnervation. Some factors other than blood pres-
sure may contribute to the pathogenesis of excessive sympa-
thetic reinnervation after infarction. Second, there are differ-
ences in infarct sizes. The degree of sympathetic reinnervation
has been related to the infarct sizes (12). Successful fiber
reinnervation appears dependent on repopulating sheaths with
Schwann cells, which would be injured according to the size of
infarction. This possibility was excluded in this study due to
similar infarct sizes among the infarcted groups.

Our results showed that attenuated sympathetic reinnerva-
tion after ERA administration has benefits not only in anatom-
ical structures but also in arrhythmia susceptibility. The ET
receptor subtypes are distributed differently within the heart:
ETA receptors are localized primarily on myocytes and cells of
the conduction system, whereas ETB receptors are found pri-
marily on endothelium (26). This specific distribution pattern
explained, at least in part, our results, showing that the effects
of chronic selective ETA blockade on cardiac electrical activity
were quantitatively similar to those induced by combined
ETA/ETB blockade. Furthermore, the NGF promoter contains
both activator protein-1 and CCAAT/enhancer-binding protein
d elements (8). ET-1 significantly augmented luciferase activ-
ity from the full-length NGF promoter, but deletion of the
activator protein-1 element markedly decreased this augmen-
tation (17). The truncation plasmids revealed that the CCAAT/
enhancer-binding protein d element was also involved in this
induction of NGF. In fact, ET-1-induced NGF augmentation
was mediated by the ETA receptor, Gi��, PKC, the Src family,
EGFR, extracellular signal-regulated kinase, p38MAPK, acti-
vator protein-1, and the CCAAT/enhancer-binding protein d
element (17). The notion was consistent with out results that
ERAs, especially for ETA antagonists, in the reinnervated
regions caused greater reduction in regional expression of NGF
at the transcription levels.

Other mechanisms. Although the present study suggests that
the mechanisms of ERA-induced neuroprotection are related to
attenuated NGF expression, other potential mechanisms need
to be studied, such as electrical remodeling and cardiac fibro-
sis. First, the ETA receptor antagonist might prevent fatal
arrhythmias by directly inhibiting electrophysiological alter-
ations (24). ET-1 directly inhibited the potassium channel and
was an important mediator of arrhythmogenesis (18). Long-
term treatment with an ETA receptor antagonist prevented
electrical remodeling, such as reducing transient outward cur-
rent, delayed rectifier potassium current, and L-type calcium
current, and prolonged action potential duration in ventricular
cells in cardiomyopathic hamsters (24). All of the above ion
channels are important for the induction of abnormal automa-
ticity and reentrant arrhythmias. Preventing ionic remodeling
may be an upstream approach to antiarrhythmic therapy (29).
Second, ETA antagonist prevented cardiac fibrosis (2), thereby
reducing the risk of isolated regional slowing of conduction
and reentrant arrhythmias.

Study limitations. There are some limitations in the present
study that have to be acknowledged. Our finding in rats cannot
necessarily be extrapolated to humans with myocardial infarc-
tion. Different species have been shown to have a different
distribution of ET receptor population. The contribution of
ETA receptors has been shown to assume a lesser significance
in humans because they account for up to 60% of the total ET

receptors in ventricular myocardium compared with 85% in rat
ventricular myocardium (27).

Conclusions. These data show that the ET system, especially
via ETA receptors, plays an important role in the sympathetic
reinnervation after infarction. These effects are functionally
and structurally important because they are linked to attenuated
incidence of fatal arrhythmias. Either ETA or ETA/ETB block-
ade may provide a new strategy for the prevention of postin-
farction ventricular arrhythmias. Further studies of the specific
role of ERAs in the myocardium may contribute to our under-
standing of their neuroprotective actions and to the develop-
ment of novel neuroprotective therapies.
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