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parasympathetic activity’!"?2. The intrinsic heart rate, determined by
blocking both autonomic activities, was not different between the two
groups, suggesting that Sema3a~'~ hearts retained intrinsic sinus node
function (Fig. 4d). To further elucidate the autonomic activities, we
performed a heart rate variability (HRV) analysis. Spectral analysis
revealed a significant reduction in normalized low filtration (NLF) and
in the low-to-high filtration (LF-to-HF) ratio (markers of sympathetic
activity) and an increase in normalized high filtration (NHF) in
Sema3a~™ mice (Fig. 4e-g). Thus, the intrinsic sinus node function
(a cell-autonomous effect) was preserved, but sympathetic neural
activity (a cell-non-autonomous effect) was significantly downregu-
lated in Sema3a™ hearts, presumably owing to malformation of
sympathetic ganglia. These results indicated that Sema3a~~ mice
develop sinus bradycardia as a result of sympathetic neural dysfunc-
tion. Sema3a™~ mice also showed spontaneous premature ventricular
contractions (PVCs) (Serma3a": 2 of 10 mice; wild-type: 0 of 10 mice)
(Fig. 4h). However, sustained ventricular tachycardia was not
observed in either group before or after epinephrine injection.

Cardiac-specific Sema3a overexpression reduces innervation
It is possible that the abnormal patterning of cardiac sympathetic
nerves in Sema3a-deficient hearts was a secondary effect of the
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Figure 3 Cardiac sympathetic innervation
patterning is disrupted in Sema3a-deficient mice.
(a) Triple immunostaining for a-actinin, tyrosine
hydroxylase (TH) and TOTO3 in P1 wild-type and
Sema3a- hearts (low- and high-power fields).
Arrows indicate sympathetic nerves.

(b) Quantitative analysis of TH* nerve area in the
epicardium and subepicardium in wild-type (WT)
and Sema3a* hearts at P1 (n = 5). (¢) Whole-
mount immunofluorescence staining for TH in
wild-type and Sema3a™~ hearts at P1. (d) Triple
immunostaining for a-actinin, TH and TOTO3 in
P14 wild-type and Sema3a™ hearts (low- and
high-power fields). An epicardial-to-endocardial
gradient of sympathetic innervation was observed
in wild-type hearts, but not in Sema3a hearts,
at P14. (e,f) Quantitative analysis of TH* nerve
area in the subepicardium and subendocardium
in wild-type and Sema3a’- mice at P14 (n = 5).
(g) Comparisons between X-gal and TH staining in
P14 Sema3a®Z+ and Sema3a®Z"Z hearts are
shown. Many aberrant nerves were observed in
the lacZ-expressing area only in Sema3a/acZtacZ
. hearts (Sema3a homozygous null). Arrows

7 ’ indicate the Sema3a-expressing area visualized
by lacZ expression. Representative data are
shown in a,c,d and g. *P < 0.01; NS, not
significant. Scale bars, 100 pm.
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i malformation of sympathetic ganglia. To
address this, we generated cardiac-specific
transgenic mice expressing Sema3a (SemaTG)
under the control of an a-myosin heavy chain
promoter?®. Northern blot analysis revealed
that Sema3a was expressed exclusively in the
heart. The expression of other factors known
to be involved in sympathetic innervation,
such as NGF and vascular endothelial growth
factor-A, was unaffected in SemaTG mice
(Fig. 5a). The growth cone collapse assay
revealed that media conditioned with
SemaTG cardiomyocytes had strong chemor-
epellent effects on sympathetic nerves, indicating that bioactive
Sema3a was secreted from SemaTG cardiomyocytes (refs. 24,25 and
Fig. 5b). In situ hybridization for Sema3a demonstrated Sema3a
expression only at the subendocardium, not at the mid- or subepi-
cardium, in wild-type hearts, similar to the results for Sema3ala?+
hearts. In contrast, Sema3a was expressed throughout the ventricles in
SemaTG mice and showed higher expression at the subendocardium
and midcardium than at the subepicardium in the ventricles. There
was no Sema3a expression in the atrioventricular nodes or His bundles
in either genotype (Fig. 5¢ and Supplementary Fig. 3 online).
Echocardiography and histology did not identify any contractile
dysfunction or structural defects in SemaTG hearts.

To determine whether sympathetic innervation was altered in
SemaTG mice, we immunostained mouse hearts with an antibody
to tyrosine hydroxylase and measured the norepinephrine concentra-
tion in the ventricles (Fig. 5d,e and Supplementary Fig. 3). In
SemaTG ventricles, sympathetic innervation was markedly reduced
and the total cardiac norepinephrine concentration was reduced by
76%. Sympathetic innervation of the sinoatrial nodes, atrioventricular
nodes and His bundles was not altered in SemaTG hearts (data not
shown). We next analyzed the transmural difference of sympathetic
innervation in SemaTG hearts. TH* nerve fibers and norepinephrine
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Figure 4 Sema3a-deficient mice display malformation of stellate ganglia and sinus bradycardia. (a) Top, AChE (brown) and hematoxylin (purple) staining.
Bottom, immunostaining of sinoatrial node, atrioventricular node and His bunde (arrows) in P14 Sema3a™~ hearts with a-actinin, tyrosine hydroxylase (TH)
and TOTO3. (b) Stellate ganglia (SG, arrows) in P1 animals were observed by TH immunostaining (brown). Note that a single SG was observed at a position
lateral to the spine in wild-type mice, but that multiple SG were distributed widely in a dislocated pattern in Sema3a”~ mice Eso, esophagus; SA, subclavian
artery. (c) ECG recordings from wild-type and Sema3a™~ mice. The lengthened RR interval indicates abrupt sinus slowing in Serma3a7~ mice. (d) Changes in
heart rate following pharmacological modifications in wild-type and Sema3a~- mice (n = 5). Note that propranolol reduced heart rate to a lesser extent in
Sema3a’ mice than in wild-type mice. (), no addition; Pro, propranolol; Pro + Atr, propranolol + atropine. (e) Power spectra of heart-rate variability (HRV)
in wild-type and Sema3a~- mice. Note decrease of HRV across low filtration (LF) band in Sema3a™ mice, reflecting lower sympathetic nerve activity
(arrows). (f,g) The normalized low filtration (NLF) and the low-to-high filtration (LF:HF) ratio were decreased in Sema3a’~ mice (n = 5). (h) Spontaneous and
frequent premature ventricular contractions (PVCs, arrows) were observed in Sema3a™ mice. Representative data are shown in a—¢, e and h. *P < 0.01;

**P < 0.05; NS, not significant. Scale bars: 100 um in a,b; 100 ms in ¢,h.

concentration were decreased proportionally at both the subepicar-
dium and subendocardium in SemaTG ventricles (Fig. 5f,g). There-
fore, sympathetic innervation density was inversely proportional to
Sema3a expression in SemaTG hearts. The appearance of stellate
ganglia was not different between wild-type and SemaTG mice
(Fig. 5h). These results indicated that cardiomyocyte-derived
Sema3a mediates repulsive and inhibitory effects on cardiac sympa-

SemaTG mice are susceptible to ventricular arrhythmias
The SemaTG mice died suddenly, without any symptoms, at
10 months of age (4 of 22 SemaTG mice versus 0 of 22 wild-type
mice) (Fig. 6a), and necropsy showed no abnormalities. Telemetry
ECG revealed spontaneous PVCs in SemaTG mice but not in wild-
type mice (3 of 10 SemaTG mice versus 0 of 10 wild-type mice),
whereas there were no significant differences in other ECG parameters
(Fig. 6b and Supplementary Table 2 online). Epinephrine adminis-
tration induced multiple nonsustained and sustained episodes of
ventricular tachycardia in the SemaTG mice only (2 of 10 SemaTG
mice versus 0 of 10 wild-type mice) (Fig. 6c). To further characterize
susceptibility to arrhythmia, we subjected wild-type and SemaTG mice
to programmed electrical stimulation. SemaTG mice had nonsus-
tained ventricular tachycardia at baseline, the frequency and duration
of which were significantly increased by a low dose of isoproterenol
(Fig. 6d,e; 8 of 10 SemaTG mice). In contrast, no wild-type mice (n =
10) developed sustained ventricular tachycardia. There were no
electrophysiological differences between the two groups (Supplemen-
tary Table 2). -

It is possible that the hypoinnervated SemaTG hearts showed

ventricular arrhythmias as a result of catecholamine supersensitivity..

To test this possibility, we measured cyclic AMP (cAMP) levels in
wild-type and SemaTG ventricles before and after isoproterenol
injection. Although basal cAMP levels were not different, the increase
in cAMP after isoproterenol administration was greater in SemaTG
mice than wild-type mice, indicating an augmented adrenergic
response in SemaTG hearts (Fig. 6f). To investigate this mechanisti-
cally, we measured the density of the f;-adrenergic receptor (B;AR) in
the ventricles. The B,AR density was 1.5-fold greater in SemaTG
ventricles (Fig. 6g).

We next investigated the transmembrane action potential of left
ventricular myocytes, using glass microelectrodes. Action potential
duration (APD) assessed at 50% and 90% repolarization (APDs5, and
APDyy) were shorter in the subepicardium than in the subendo-
cardium in the wild-type mice. APD was significantly prolonged in
hypoinnervated SemaTG subepicardium and subendocardium, and
was inversely proportional to sympathetic innervation density. The
action potential amplitude, resting membrane potential and maxi-
mum positive deflection of phase 0 upstroke were not altered,
indicating that repolarization currents were disrupted in SemaTG
hearts (Fig. 6h). These results suggested that the higher susceptibility
of SemaTG mice to ventricular arrhythmia was due to catecholamine
supersensitivity and APD prolongation, both of which might augment
triggered activity in cardiomyocytes. '

DISCUSSION _

This work shows that a gradient of the neural chemorepellent Sema3a
is essential for proper cardiac sympathetic innervation patterning,
and that inappropriate Sema3a expression triggers various kinds of
arrhythmias as a result of the disruption of this patterning. To our
knowledge, this is the first identification of a critical regulatory
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Figure 5 Cardiac sympathetic innervation patterning was disturbed in SemaTG hearts. {a) Schematic representation of the transgene containing the a-myosin
heawy chain (Myhc) promoter, mouse Sema3a cDNA and human growth hormone (HGH) polyadenylation signal (pA). Northern blot analysis for Sema3a in
SemaTG mice and RT-PCR analysis of Sema3a, Ngfb, Vegfa and Gapdh in wild-type and SemaTG hearts are shown. H, heart; B, brain; L, liver; K, kidney;

S, spleen; M, muscle. (b) Growth cone coltapse assay, visualized with GAP43 immunostaining. Arrows indicate growth cones. Insets show high-power views
of the boxed areas. (c) /n situ hybridization (ISH) for Sema3a in wild-type and SemaTG hearts. High-power views of the boxed areas are shown in the lower
micrographs. (d) Triple immunofluorescence staining for a-actinin, tyrosine hydroxylase (TH) and TOTO3 in wild-type and SemaTG hearts. (e) TH* nerve areas
were decreased in SemaTG hearts (n = 5). Cardiac norepinephrine (NE) concentrations were also reduced in SemaTG ventricles compared with wild-type
ventricles (n = 8). (f) Triple immunofluorescence staining for a-actinin, TH and TOTO3 in wild-type and SemaTG hearts. The number of TH* nerves was
decreased in both the subepicardium (Epi) and the subendocardium (Endo) in SemaTG ventricles. Arrows indicate TH* nerves. (g) Quantitative analysis

of TH* nerve area and norepinephrine concentrations in the subepicardium and the subendocardium (n = 5). (h) Stellate ganglia (SG) were not abnormal

in SemaTG mice. Representative data are shown in b-d.f and h. LV, left ventricle; IVS, interventricular septum; RV, right ventricle; RA, right atrium; LA,

left atrium. All mice were analyzed at 6 weeks of age. * P < 0.01. Scale bars

panels of c.

factor for cardiac sympathetic patterning. The expression pattern of
Sema3a in the heart is inversely related to sympathetic innervation.
Sympathetic nerves express both the NGF receptor TrkA and the
Sema3a receptor neuropilin-1 (refs. 14,24). During development, NGF
and Sema3a are expressed within the spinal cord and influence
pathway guidance of sensory axons. Sema3a is specifically expressed
in the ventral half of the spinal cord and' induces NGF-responsive
sensory axons to terminate at the dorsal part of the spinal cord!>25,
Thus, the growth cone behavior of sensory axons is modulated by
coincident signaling between NGF and Sema3a (ref 27). As cardio-
myocyte-derived NGF acts as a chemoattractant and Sema3a is a
potent chemorepellent for sympathetic nerves, it might be the balance
between NGF and Sema3a synthesized in the heart that determines
cardiac sympathetic innervation patterning. The phenotype of
Sema3a~~ hearts strongly suggests that no other semaphorin ligands
can compensate for loss of Sema3 function in the control of cardiac
sympathetic neural patterning.

Sema3a promotes the aggregation of neurons into sympathetic
ganglia during early embryogenesis. This was demonstrated previously
with displacement of sympathetic neurons and abnormal morphogene-
sis of the sympathetic trunk in Sema3a~- mice observed at E12.5
(ref. 14). However, little is known about the role of Sema3a after birth.

: 50 pm in b,d; 100 pm in lower panels of ¢; 100 pm in £,h; 1 mm in top

We found a sustained deficiency in sympathetic neural patterning in
Sema3a ™ hearts and dislocation of stellate ganglia at P1 and P42.
Sympathetic nerve density was inversely proportional to Sema3a
expression in SemaTG hearts, in which Sema3a is expressed mainly
after birth. These results indicate that endogenous Sema3a is crucial
for the cardiac sympathetic patterning, not only during embryonic
development but also after birth.

Sympathetic nerves modulate the function of ion channels and
trigger various types of arrhythmias in diseased hearts?®?. However,
the relationship between sympathetic innervation and arrhythmogeni-
city in structurally normal hearts remains unclear. Sema3a~~ mice
exhibited sinus bradycardia, abrupt sinus slowing and stellate ganglia
defects. Pharmacological and HRV analysis confirmed a reduced
sympathetic nerve activity in Sema3a~~ hearts. Consistent with our
results, right stellectomy induces sinus bradycardia and sudden,
asystolic death in dogs®®>!. SemaTG hearts were also highly suscep-
tible to ventricular arrhythmias, although without contractile dysfunc-
tion or structural defects. Given that catecholamine augments systolic
function, it is surprising that SemaTG hearts showed normal cardiac
function. However, consistent with our results, patients who under-
went heart transplantation and had denervated hearts did not show
heart failure, whereas about 10% of the patients developed sudden
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Figure 6 SemaTG mice are highly susceptible to induction of ventricular arrhythmia. (a) Survival curves of wild-type and SemaTG mice. (b) Spontaneous
PVCs (arrows) were frequently observed in SemaTG mice. (¢) Epinephrine administration revealed sustained ventricular tachycardia (VT) only in SemaTlG
mice. (d) Surface ECG during programmed electrical stimulation (EPS) showing nonsustained VT at baseline, and sustained VT after administration of
isoproterencl in SemaTG mice. The heart was paced epicardially at an S1-S1 interval of 80 ms, followed by a premature beat of 50 ms at an $1-S2
interval. (e) Average duration of VT episodes before and after isoproterenol (Iso) (7 = 10). (f) Intracellular concentration of cAMP at basal levels and after
isoproterenol administration in wild-type and SemaTG hearts (n = 5). {g) Immunoblotting showed increased B;AR levels in membrane fractions from
SemaTG hearts. The relative B1AR density is shown (n = 5). (h) Representative action potential tracing from wild-type and SemaTG subepicardium (Epi) and
subendocardium (Endo). SemaT7G subepicardium and subendocardium showed prolonged action potentials (arrows). Mean APD measured at 50% and 90%
repolarization in wild-type and SemaTG (TG) hearts is shown (APDsq and APDgg; n = 10). Representative data are shown in b-d,g and h. Mice were
analyzed at 6 to 8 weeks of age (b-h). *P < 0.01; **P < 0.05; NS, not significant. Scale bars: 20 ms and 20 mV in h; 100 ms in b and left panel of d;

500 ms in ¢ and right panel of d.

cardiac death, presumably due to arrhythmias®’. We also observed
similar basal cAMP levels and upregulaion of BAR
in SemaTG hearts compared with wild-type hearts. These data
therefore strongly support the idea that sympathetic nerves
contribute to the fine control of cardiac performance on
demand, but not to basal cardiac function. The findings that
both the induction of ventricular tachycardia and the production
of cAMP were enhanced by isoproterenol, and that SemaTG
hearts were severely hypoinnervated, implicate adrenergic denervation
supersensitivity as a cause of arrhythmogenicity in SemaTG
mice. It is possible that Sema3a acts directly on cardiomyocytes,
but we consider this unlikely, as its receptor neuropilin-1 is expressed
in cardiomyocytes only at low levels**%. Action potential duration
was inversely proportional to sympathetic innervation density in wild-
type and SemaTG ventricles, suggesting that sympathetic innervation
might regulate repolarization currents. Given that the electrical
properties of ventricular myocytes are heterogeneous and that the
cardiac repolarization gradient is highly organized through a trans-
mural structure in ventricles’>37, it would be intriguing to investigate
the relationship between sympathetic innervation patterning and the
ventricular repolarization gradient.

In conclusion, our results indicate that normal sympathetic
innervation patterning mediated by Sema3a is important for the

maintenance of arrhythmia-free hearts. Knowledge of the mechanisms
regulating sympathetic patterning in hearts may represent a new step
toward potential therapies for lethal arrhythmia.

METHODS
Animals. Sema3a™~ mice and Sema3a knocked-in lacZ mice were generated as
described previously!®.

Generation of transgenic mice expressing Sema3a in the heart. The Sema3a
¢DNA was subcloned into an expression vector containing the a-myosin heavy
chain promoter?. Pronuclear microinjection and other procedures were
performed according to standard protocols of the Keio University Animal Care
Center. The transgene was identified by PCR analysis (forward primer, 5-
GTGGTCCACATTCTTCAGGA-3"; reverse primer, 5-GAGGCAGTCAG
TAGTTTGGG-3"). All mice used in this study (Sema3a™-, Sema3alaiaZ
and SemaTG) were backcrossed ten times into the C57BL/6 background. The
Keio University Ethics Committee for Animal Experiments approved all
experiments in this study.

Northern blot and quantitative RT-PCR. RNA was isolated from several
tissues and from left ventricular subepicardial and subendocardial sections. For
northern blot analysis, 20 pg of total RNA was used. The Serma3a cDNA was
obtained from a C57BL/6 adult brain cDNA library as described previously'!.
Quantitative RT-PCR was performed with TaqMan probes (Applied Biosys-
tems): Sema3a (Mm00436469_ml) and Vegfa (Mm00437304_m1). The
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primers and probes for Ngfb were as described previously!!. The mRNA levels
were normalized by comparison to Gapdh mRNA.

Western blot analysis. Myocardial membrane fractions were prepared by
homogenization of hearts in ice-cold buffer as described. Immunodetection
was performed on membrane extracts with an antibody to $;AR (Affinity
BioReagents) as previously described®. After transfer to nitrocellulose mem-
branes, the 64-kDa B;AR protein was visualized by chemiluminescence detec-
tion (ECL, Amersham).

Detection of growth cone collapse. Stellate ganglia explants were removed
from E14 embryos and cultured in medium containing 10% FBS and NGF
(Upstate)*. After 24 h incubation, the explants were cultured with cardio-
myocyte-conditioned media. For detection of growth cone collapse, the
cultures were immunostained with an antibody to GAP43 (Chemicon)?.
Sema3a-Fc (R&D systems) was used as a positive control.

In situ hybridization. In situ hybridization with digoxigenin-labeled mouse
Sema3a antisense cCRNA was performed on whole embryos and paraffin-
embedded sections!®. The bound probes were visualized with alkaline
phosphatase—conjugated Fab fragment of antibody to digoxigenin
(Boehringer Mannheim).

Norepinephrine measurement. Norepinephrine concentration was determined
by high-performance liquid chromatography (HPLC) as described previously'!.

Immunohistochemistry of hearts. Hearts were perfused from the apex with
0.4% paraformaldehyde in phosphate-buffered saline, fixed overnight, and then
embedded in optimal cutting temperature (OCT) compound and frozen in
liquid nitrogen. Hearts were cut longitudinally in 5-pm sections near the
central conduction system to show the four chambers. Cryostat sections were
stained with antibodies to a-actinin (Sigma Aldrich), connexin40 (Chemicon)
and tyrosine hydroxylase (Chemicon) to detect cardiomyocytes, Purkinje fibers
and sympathetic nerve fibers, respectively. The sections were incubated with
secondary antibodies conjugated with Alexa 488 or 594 (Molecular Probes) and
the nuclei were stained with TOTO3 (Molecular Probes). All confocal micro-
scopy was carried out on an LSM 510 META microscope (Carl Zeiss). In some
experiments, paraffin-embedded sections were stained with an antibody to
tyrosine hydroxylase. Following hybridization with the secondary antibody,
sections were incubated with diaminobenzidine. Nerve density was determined
as described previously!!. Briefly, we defined an epicardial portion as an
epicardial half of the ventricle and an endocardial portion as an endocardial

zhalf of the ventricle for each slide. Within each portion, the six fields that
 contained the most nerve fiber structures were analyzed. The nerve density was

the ratio between the total area of nerves and the total myocardial area, each
measured by Image J software. The data for each mouse were calculated from
30 to 40 serial sections. To determine the nerve density in the conduction
system, the acetyl cholinesterase—positive or connexin40-positive demarcated
areas were analyzed as above. For whole-mount immunostaining, hearts
were fixed with 4% paraformaldehyde and stained with an antibody to
tyrosine hydroxylase.

Histological analysis. Acetyl cholinesterase staining was performed to localize
the central conduction system. For serial sections of the atrioventricular node
and the His bundle, anatomical landmarks were used to help guide the decision
to begin collection of the sections!®S.

Electrocardiographic recordings. Telemetric ECG recordings were obtained
from conscious adult mice using a wireless implantable transmitter manufac-
tured by Data Sciences International. Mice were anesthetized with ketamine
(30 mg/kg) and xylazine (6 mg/kg) and the transmitter was placed in the
abdominal cavity. The limb leads were placed in the right arm and the left leg.
After implantation of the transmitter, mice were allowed to recover for at least
72 h before data collection. The telemetry data was collected continuously for
2 d and analyzed using HEM 3.4 software (Notocord Systems). Propranolol
(4 mg/kg) and atropine (1 mg/kg) were injected intraperitoneally, and changes
were examined during 30 min before and after injection?!. For catecholamine
stimulation, epinephrine (2 mg/kg) was injected intraperitoneally*®.

ARTICLES

Heart-rate variability (HRV) analysis. HRV analysis was conducted following
standard guidelines as described previously*!*2. Spectral analysis using a fast
Fourier transform algorithm on sequences of 512 points was performed using
the HEM 3.4 software. The area under the curve was calculated for the very-
low-frequency (< 0.4 Hz), low-frequency (LF: 0.4-1.5 Hz) and high-frequency
(HF: 1.54.0 Hz) bands. Spectral variability at each bandwidth was normalized

“(NLE NHF) to the total spectral area®"%2,

Electrophysiology. Mice were intubated and anesthetized with 0.5%
isofluorane gas, and a surface ECG was recorded during the experiment. After
midline sternotomy, a bipolar stimulating electrode was positioned on the
left ventricular surface. Standard pacing protocols for electrical stimulation in
mice were used*»*. Burst pacing and 15 rapid ventricular pacing at cycle
lengths of 100 ms and 80 ms with extrastimulation were performed to
determine the ventricular effective refractory period (VERP) and to induce
ventricular arrhythmias (with single and double extrastimuli). If arrhythmias,
such as nonsustained ventricular tachycardia (3-10 beats) or sustained
ventricular tachycardia (> 10 beats), were induced, the protocol was repeated
to determine reproducibility. After baseline measurements were completed,
isoproterenol (100 pg) was administered intraperitoneally and the protocols
were repeated3#,

Statistical analysis. Values are presented as means + s.e.m. Differences between
groups were examined for statistical significance using Student’s t-test or
ANOVA. P values of < 0.05 were regarded as significant.

Other methods. Other methods are listed in
Methods online.

the Supplementary

GenBank accession number. Mouse Serma3a, NM_009152.
Note: Supplementary information is available on the Nature Medicine website.
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Guidelines for Diagnosis of Takotsubo
(Ampulla) Cardiomyopathy

Sachio Kawai, MD: Akira Kitabatake, MD*: Hitonobu Tomoike. MD?
Takotsubo Cardiomyopathy Study Group*##

Background It is important o differentiate takotsubo cardiomyopathy from other types of transient ventricular
dysfunction. These guidelines, resulting from a workshop sponsored by the Ministry of Health, Labour, and
Welfare. Idiopathic C ardiomvopathy Research Committee. outline the steps accessary for diagnosis of takotsubo
cardiomyopathy.

Methods and Results  The survey was conducied by mailing a qucslinmmirc to the rescarchers of the 203 insti-
tuons that had made presentations on this disease at scientific meetings of the Japanese Circulation Society
from November 1989 to October 2002, The guestionnaires were sent and collected on January 10, 2003, Based
on the results of the questionnaire, the first edition of: the guidelines for diagnosis of takotsubo cardiomyopathy
wis prepared and evaluated at the 2003 group meeting of the Research (‘()mmulw Out of 33 researchers in
Japan who had published research papers on this dlm.;l.‘it‘, 21 responded to the request and provided their opin-
ions. The guidelines were revised and were approved at the 2004 group meeting.

Conclusions  This summary provides standard goidelines for pdn(.nl\ with takotsubo cardiomyopathy, (Circ J

2007: 71: 990-992)

Key Words:  Apical h.\llnnmnu. Myocardial \lunnlnu. Vt,mnculdr dysfunction

he diagnostic criteria were developed by a consensus
conference initiated by the Research Commiittee o
ldiopathic Cuardiomyopathy (Dr Akira Kitabatake,
Former Chief’ Rescarcher: Dr Hitonobu Tomoike, Present
Chief Researcher). To reflect the opinions of physicians

who had actual experience with -patients - with takotsubo -

cardiomyopathy. 203 institutions were asked to cooperale

in the preparation of the guidelines. These institutions had
made presentations on this disease at scientific meetings of-
the fapanese Circulation Society from November 1989 10
October 2002. Questionnaires asked for the observed num-" -
bers of cases (by sex), discase names in Japancse, sites of
abnormal ventricular wall motion, obstruction of the ven-

tricular outflow tract, exclusion criteria, clectrocurdiogra-

phic findings, symptoms, triggers, biochemical markers of’
myocardial damage, prognosis, fatal cuses, and cases with:
severe sequelae. Questionnaires were sent and collected on
January 10, 2003. Bascd on the results, the first edition of;
the "mddmu for diagnosis of takotsubo cardiomyopathy’

were prepared. At the 2003 group meeting of the Idiopathic -

Cardiomyopathy Research (»ommmu.:q_n cvaluation-was

considered necessary 1o determine whether this disease’
should be treated as a distinet clinical entity. To make the
proposal more effective for the diagnostic guidelines, 33

(Received February 26, 2007 accepred March 20, 2007
Depuriment of Cardiclogy. Jutendo Universivy School of Medicine,
Tokye, *Former Chief Rescarcher, Research Comumintee of Idiopathic
Cardiomyopathy, Profexsor Emeritus. Hokkaido University, Supporo,
Present Chief Researcher, Research Commitiee nfhlm;uﬂ/m Car-
diomyvapathy, Nutional Cardievascular - ( um'r I)' _
Ilu Hospital, Oxsaka, jupuu :
#eEMembers are listed in the Appendix.

Mailing address: Sachio Kawai, MD, Department of Cardiology,

Juntendo University School of Medicine, 2-1-1 Hongo, Bunkyo-ku,
Tokyo 113-8421 Japun.  E-mail: chyabo@med juntendo.ac.jp

s:iresearchers. in Jupan who had published research papers

(original articles, reviews. and case reports, in English or
Japancse) on this discase were asked 1o cheek the “Guide-
lines for diagnosis of takotsubo cardiomyopathy, 1+ edi-
tion”. The contents were: discase names in Japancese,
disease names in English (including those comesponding to
Japanese names), should inverted takotsubo phenomenon

be included in the definition, sites of ventricular contraction

abnormalities (whether or not apical ballooning alone is

acceptable, should takotsubo be specify only in cases with

ypercontraction.of the ventricular base. and should pormal
ontraction of the ventricular base be included), and the
clinical importance of coronary angiography.

Twenty-one rescarchers responded to the request and
provided their opintons, based on which the diagnostic

‘guideline was revised. At the 2004 group meeting of the

~Research Committee of Idiopathic Cardiomyopathy, the

Crevisions ‘were reviewed by the members, who approved
‘them.

For: th sites of ventricular contraction, many quulmn-
aire’ participants stated, “only apical bullooning is neces-

sgary”. Eleven participants indicated, “cardiac base has nor-

mal contraction” and "includes a transient decrease including
that in the base™. Therefore, “the contraction of the cardiac

base is well preserved and somie cases even have the tenden-
¢y for-hyperkinesis™ was deleted from the draft. An over-

whelming number of questionnaire participants (20/21)

“were of.the opinion that the inverted wkotsubo phenome-
-pon should not be included.

There was luck of agreement on the indication for coro-
/ nmog,mphy 2 researchers insisted upon acute-stage
anm(wmphy and 9 stated that chronie-stage angiography

s acceptable. For this reason, the mllowmg stuatement
was incorporated into section A of the exclusions: “urgent

coronary angiography is desirable for imaging during the
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Dragoostic Guadelines tor akotsabo Cardismnvopathy

Table 1

Guidelines for Diagnosis of Takotsube {Ampulla) Cardiomyopathy

Yyl

t Delinting
Takasrvibio ampdfa s cardionivopathy iy a disease exhibiiing an

acnte et ventsicuiur apivad bulloaning of upknown e,

Iy dhiix discase, the legt ventricle whes on e shape of o “takotsiho” thapanese octopus tapi. There is nearly complere e
sifutient of the apical akinesis in the megrite of e patients within o smonth. The comtracton abnosardity ocears maindy i
the feft ventrivie, but Dvolvement of e right veniricle is observed in some cases. A dynansie obstruction of the lejt venrivu-
far amfloss waet tpeessare cradient difference. aceeleration of blood flow, o systelic cardiac murmurs i iy also ohserved.

Note,

There are pativils, sacht ay cerebrenaocular pattents, whi fiave wi apiced systedic ballooning similar ur that i tabo-

isuber candiomyvoparine. b with o kaown cause. Such patiens are disgrsad as “cerebrovasendar disease with 1akonaubo-like
suvocardiid dysfisnetion:” and ie differentiated froon idiopathic cases.

. Exciusion criteric

The foltowing tesicns aad abwonmalities from other diveases st be exeinded in the ;I:(Mzum of wkotsube (ampullai car

diennvopaihy,
A

Significant organic AJeRoNiy OF Spasm of ¢ coriary arte v, I particadais actte myocardicd infarction due o a lesion of

the witerior descending branch of the feft coronars aetery, which pesfuses an extensive serrijory including the feft ventricu-

fetr wpex LA wrgestd cotonary aagiogram s desirable for imaging during the aewte siage. bt coronary angiograpliy Is alse

ncessary during the chvanic stuge 1o confiom ihe presence or absence of a stgmtfieant stenotie lesion or @ fesion imvolved

i the ahiormad patiers of yewtricular eantraction j.
i
.
D, Vired or idiopatiic snvocandinis

Cerebirovescular dixedse
Pheochnsimocyiia

Noste: Far the excliosfon of cormary arieey fesions, coronary angiogriphy
could ocewr with discases suclias cereboviscilar disease and phico ipnice Nt

. Referenices for dicanasis

A Nvmponiy: Cliest pain and dyspnea siankin 1o iove in dende
it sy mpons,
.

ferd tl‘l‘;'_;'('l‘

I required. IuLnJmI)n Mn unm.mhulu\\lnm*mw

coremiary syodrmae, Takotsubo cardiomyopatins can occur

Triggers: Emotional on physical siress may wigger wketsnbo cardiomyopathiy, bt it can also pcews without any gppea-

¢ Age and gender differvice: Knowie tendenes 1o icrease in the clde i, ;wln ulurh Jemales.

D, Venircwdar morphology:

k.

Apivad ballooning and ity rapid improvewent i the venricidogra and echocardiogran,
Electrocaidiogran: ST xegiitent eleviiions might be observed inmiediately after the onset. Thereafier, aea pical vie,
the Trwvave hevomes progrexsively soie pegative i mudtiple teads, and the QT imerval prolongs.

Theye clicuiges impose

grudnath bui o negarive Twave may vontinge for several months, Diring the avae stage, abnornuid Q- naves arid changes

in e QKS voltage might be obseryed,
b Cardfae bennarkers: In g ivpi al case, tere iy only
5.

H. Proguosis: Tiw magority of the coses rapidiy secovee big some

actie stage, but coronary angiography is also necessary

during the chironic stage o confirm the presence or absence

of a significant stenotic lesion or a lesion involved in the
abnormal pattern of veatricular contruction™,

The following pathological conditions are of interest.: 7

Onsct with symptoms suspicious of acute myocar-"
dial infarction (recent inerease in asymplonatic cases
zmd cases with dyspnea at onset).

2. a\pu.nl ballooning with akinesis und hd\.ﬂ hyperkine-

\l\ .
ST segment clevation in the glulmcmduwnam'
{Jonger duration of 8T elevaton than from coronary
spasm). T-wave inversion (giant negative T-wave),
QT prolongation. and lack of reciprocal changes.

4. Slight elevation of cardiac enzymes (low \.tluus A

pwpmunna! 1o the hypokinetic area).

5. Lack of significant coronary artery slenosis, Lm\
provocation rite ol coronary artery spasm {approxi-
mately 1/3), _

Rapid normalization of the abnormal-pattern of ven-
tricular contraction. the electrocardiogram, cardiac
cnzyvimes and lmpmnm and the mvnundml seintgram, .

Higher incidence in elderly fenales (7-fold that of
mulc.\). o

. Trigger factor of emotional stress!s? (prx.duminanll.\
unnnon.ll stress in females and physical stress in
maules) '
Y. Presence of myocardial tissue damage. Some cases

might have the sequel of ventricular aneurysm.

Reversible outflow tract obstruction might be ob-.

7.

Cucelation Fosnal Vol 71 June 2007

10ilént t'li :
Myocwrdich radionuclear studyv: Abuormad Im;hu"\ in myovardial seintigraphy are ohserced i avome cioes,

L !’ The Pd(h()h)"lCill conditions change and improve

.—?._8_4_"

rdhae e \n'u i um!lm,umm

Vaftonsaf serwm I(*\ f

cases suffer palmonary edemit und other se greelae or death.

~served in both ventricles.
1. Some cases may have an
cholamine levels.

elevation in serum cale-

in
- TeSponse; 1o - virious  Lypes of, dru"\ Aintracoronary
yerapamil” xmpmvc\ coronary blood flow! intracoro-
nary nicorandil improves ST elevation: intravenous
pmpr;mnl(jl or cibenzoline improves the outflow tract
gradient and ST elevation.

3. -Thesapical region is not opacificd on contrast
echocardiography.

14, There is an abnormality of coromury flow reserve in
- Déppler flow-wire studies,

15, In severe cases, respiratory failure can oceur,

46, Fatl cases exist (eg. from cardiac rupture),
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Heart Failure

Prognostic Value of Pacing-Induced Mechanical
Alternans in Patients With Mild-to-Moderate
Idiopathic Dilated Cardiomyopathy in Sinus Rhythm

Akihiro Hirashiki, MD,*t Hideo Izawa, MD, PHD,} Fuji Somura, MD, PHD,f Koji Obata, PHD,*
Tomoko Kato, MD, PHD,t Takao Nishizawa, MD, PuD,* Akira Yamada, MD,} Hiroyuki Asano, MD T
Satoru Ohshima, MD,} Akiko Noda, PHD,§ Shlgeo Imo, MD, PHD,T Kohzo Nagata, MD, PuD,§
Kenji Okumura, MD, PHD,} Toyoak1 Murohara, MD, PuD,} MltSuher Yokota, MD, PHD FACC*

The relation between the occurrence of pacing-induced mechanical alternans and prognosis
in patients with mild-to-moderate idiopathic dilated cardiomyopathy (IDCM) in smus

Mechanical alternans occurs in some patients with severe heart failure, but the relation
between the occurrence of mechamcal alternans and prognosis in patients with IDCM has

Left ventricular (LV) pressure was measured during atrial pacing, and LV endomyocar-
dial biopsy specimens were collected in 36 IDCM patients and 8 controls. Idiopathic
dilated cardiomyopathy patients were divided into two groups consisting of 22 individuals
who did not develop mechanical alternans at heart rates up to 140 beats/min (group A)
and of 14 individuals who did (group B). The patients were followed up for a mean of 3.7

There was no significant difference in LV ejection fraction or the plasma concentration of
brain natriuretic peptide between groups A and B. The myocardial abundance of ryanodine
receptor 2 messenger ribonucleic acid (mRNA) was significantly lower in groups A and B
*-ATPase mRNA was
significantly lower in group B than in group' A or controls. Stepwise multivariate analysis
identified pacing-induced mechanical alternans as the strongest predictor of cardiac events.

Nagoya, Japan
OBJECTIVES
rhythm was investigated prospectively. The myocardial expression of genes for Ca**
handling proteins in such patients was also examined.
BACKGROUND
remained unknown.
METHODS
years.
RESULTS
than in controls, whereas that of sarcoplasmic reticulum Ca®
. Event-free survival in group A was significantly greater than that in group B.
CONCLUSIONS

The occurrence of pacing-induced mechanical alternans is a potentially useful indicator of
poor prognosis in patients with mild-to-moderate IDCM in sinus rhythm. (f Am Coll

Cardiol 2006;47:1382-9) © 2006 by the American College of Cardiology Foundation

Idiopathic dilated cardiomyopathy (IDCM) is characterized
by progressive left ventricular (LV) dilation and greatly
impaired LV systolic function, eventually culminating in
end-stage congestive heart failure (CHF) and cardiac death
(1,2). It is therefore important to identify as early as possible
patients with IDCM who are unlikely to improve or
stabilize in response to standard medical treatment. Several
studies have attempted to find clinical or other abnormali-
ties associated with poor prognosis in such individuals.
Markers examined have included indexes related to LV
systolic or diastolic function, such as LV ejection fraction

(LVEF), LV end-diastolic dimensions and pressures, and

the plasma concentration of brain natriuretic peptide (BNP)
(2-6). However, LVEF is load-dependent, and plasma
BNP level is affected by changes in LV wall stress during

From the *Department of Cardiovascular Genome Science, Nagoya University
School of Medicine, Nagoya, Japan; 1Department of Cardiology, Nagoya University

Graduate School of Medicine, Nagoya, Japan; $Nagoya Ekisaikai Hospital, Nagoya, .

Japan; and §Nagoya University School of Health Sciences, Nagoya, Japan.
Manuscript received August 22, 2005; revised manuscript received September 29,
2005, accepted October 25, 2005.

treatment (7-9), properties that may limit their predictive
value. Furthermore, the plasma concentration of BNP has
been found to be less accurate for detection of milder
degrees of systolic dysfunction (10), which are more com-
mon than are severe forms but are also associated with
increased risk of mortality.

Mechanical alternans has been detected in both patients
with severe heart failure and animal models of this condition
(11-13). Although rare under resting conditions in individ-
uals with controlled heart failure (14), mechanical alternans
is more prevalent and likely to be sustained at higher heart
rates (15). The relation between the occurrence of mechan-
ical alternans and the prognosis of patients with IDCM has
not previously been examined, however.

Atrial fibrillation is common in patients with IDCM and
is associated with a variety of potentially deleterious hemo-
dynamic consequences that might exert a negative influence
on prognosis and accelerate the progression of LV systolic
dysfunction (16). The overall survival rate for patients in
sinus thythm is higher than that for patients with atrial
fibrillation (16,17). However, prognostic indicators for pa-
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Abbreviations and Acronyms
BNP = brain natriuretic peptide
CHF = congestive heart failure

GAPDH = glyceraldehyde-3-phosphate
dehydrogenase

IDCM = idiopathic dilated cardiomyopathy

LV = left ventricle or left ventricular

LVdP/dt,,,, = maximal first derivative of LV pressure

LVEF = left ventricular ejection fraction

mRNA = messenger ribonucleic acid

RT-PCR = reverse transcription-polymerase chain
reaction :

SERCA2 = sarcoplasmic reticulum Ca**-ATPase

Ty = pressure half-time

tients with mild-to-moderate IDCM in sinus rhythm re-
main unclear, We have therefore now examined prospec-
tively the prognostic value of pacing-induced mechanical
alternans in patients with mild-to-moderate IDCM in sinus
rhythm.

METHODS

Subjects. We studied 36 patients with mild-to-moderate
IDCM (mean age, 49 years; range, 32 to 62 years), 26 of
whom had previously been admitted to hospital because of
heart failure with dyspnea on exertion, palpitations, or
peripheral edema. The remaining 10 patients were asymp-
tomatic and were identified on the basis of an electrocar-
diogram abnormality at an annual health check. The IDCM
of the patients was defined as mild-to-moderate on the basis
of clinical symptoms.

All patients showed a normal sinus thythm; IDCM was
defined on the basis of the presence of both a reduced
LVEF (<50% as determined by contrast left ventriculogra-
phy) and a dilated LV cavity in the absence of coronary or
valvular heart disease, arterial hypertension, or cardiac muscle
disease caused by any known systemic condition (18). None of
the patients had an identifiable family history of dilated
cardiomyopathy in a second-degree relative. The 26 patients
who had previously been hospitalized for acute heart failure
were receiving treatment and were in stable condition before
their referral to Nagoya University Hospital for cardiac
catheterization. The period that elapsed between hospital-
ization and catheterization averaged 4.0 months (range, 2 to
8 months).

The control subjects consisted of eight individuals under-
going diagnostic cardiac catheterization for evaluation of
atypical chest pain and a mild ST-T abnormality on their
electrocardiograms. All control subjects manifested normal
echocardiograms, coronary arteriograms, and contrast ven-
triculograms. Endomyocardial biopsies were also performed
to exclude myocarditis or specific heart muscle disease, and
all control subjects had normal pathological findings. The
study protocol was approved by the appropriate institutional
review committee, and written informed consent was ob-
tained from all subjects.
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Cardiac catheterization. A 6-F fluid-filled pigtail catheter
with a high-fidelity micromanometer (model SPC-464D,
Millar Instruments, Houston, Texas) was advanced into the
LV through the right femoral artery for measurement of LV
pressure. A 6-F bipolar pacing catheter was introduced
through the right femoral vein and positioned in the right
atrium. Right atrial pacing was initiated at 80 beats/min and
increased in increments of 10 beats/min. Micromanometer
pressure signals and standard electrocardiograms were re-
corded with a multichannel recorder (MR-40, TEAC,
Tokyo, Japan) throughout the procedure. Left ventricular
pressure signals were digitized at 3-ms intervals and ana-
lyzed with a 32-bit microcomputer system and software
developed in-house. We selected steady-state LV pressure
data at the baseline and at each pacing rate for analysis. We
calculated the maximal first derivative of LV pressure (LV
dP/dt,.) as an index of contractility. To evaluate LV
isovolumic relaxation, we computed the pressure half-time
(Ty,) directly as previously described (19). The peak pacing
rate was defined as the heart rate at which second-degree
atrioventricular block occurred. After completion of the
pacing study, selective coronary angiography as well as left
ventriculography was performed. Endomyocardial biopsy was
also performed in all patients to exclude myocarditis or specific
heart muscle disease. Several (at least three) endomyocardial
biopsy specimens were obtained from the free wall of the LV.
Biopsy samples for messenger ribonucleic acid (mRNA) anal-
ysis were frozen immediately in liquid nitrogen and stored at
—80°C untll use.

Quantitative reverse transcription-polymerase chain
reaction (RT-PCR) analysis. Quantitative RT-PCR anal-
ysis of the amounts of the mRNAs for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), sarcoplasmic reticu-
lum Ca?*-ATPase (SERCA2), ryanodine receptor 2,
phospholamban, calsequestrin, and the Na*-Ca®* ex-
changer was performed with a Prism 7700 Sequence De-
tector (Perkin-Elmer, Foster City, California) as previously
described (20). Variability in the efficiency of cDNA syn-
thesis was corrected by dividing the levels of Ca®*-handling
protein mRNAs by that of GAPDH mRNA.

Study protocol. To evaluate whether the rate of cardiac
events differed between patients with or without pacing-
induced mechanical alternans, we prospectively followed up
all patients for the occurrence of primary events, which were
defined as cardiac death (from worsening CHF or sudden
death) or the unscheduled readmission for decompensated
CHF. Noncardiac death was excluded.

Statistical analysis. Data are presented as means * SD.
Baseline characteristics and hemodynamic variables were
compared among groups by one-way factorial analysis of
variance; if a significant difference was detected, intergroup
comparisons were performed with Scheffe’s multiple-
comparison test. Reverse transcription-polymerase chain reac-
tion analysis of the abundance of Ca’*-handling protein
mRNAs among groups were also compared by one-way
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Figure 1. Representative records of pacing-induced mechanical alternans. The traces represent a lead I electrocardiogram (ECG), left ventricular (LV)
pressure, and LV dP/dr at a baseline heart rate (HR) of 66 beats/min (bpm) and at atrial pacing of 120 bpm for a male patient with idiopathic dilated
cardiomyopathy. Alternating pressure was 30 mm Hg at the pacing rate of 120 bpm. Both LV dP/dt_ ., and LV dP/dt,;, showed alternating changes with

LV pressure. dP/dt = first derivative of left ventricular pressure.

factorial analysis of variance if a significant difference was
detected. Within-group comparisons for changes in hemo-
dynamic variables between baseline and 120 beats/min of
atrial pacing were performed with the paired Student 7 test.
Comparisons between measurements from the strong and
weak beats of mechanical alternans were also performed
with the paired Student ¢ test. Cox proportional hazard
regression analysis was performed to identify independent
predictors of cardiac events. We also performed a stepwise
forward selection procedure. Cumulative cardiac event esti-
mates were calculated by the Kaplan-Meier method; differ-
ences between the survival curves were assessed by the
log-rank test. All analyses were performed with the SPSS
12.0 software package (SPSS Inc., Chicago, Illinois). A
p value of <0.05 was considered statistically significant.

RESULTS

Classification of IDCM patients based on mechanical
alternans. Mechanical alternans was diagnosed if the pres-
sure difference between the strong and weak beats was =4
mm Hg. Under baseline conditions, no patient exhibited
mechanical alternans. We divided the IDCM patients into
two groups on the basis of the absence or presence of
pacing-induced mechanical alternans. Group A consisted of

22 IDCM patients who did not develop mechanical alter-
nans at heart rates up to 140 beats/min, whereas group B
comprised 14 IDCM patients who did. The average heart
rate at which mechanical alternans appeared (critical pacing
heart rate) in IDCM patient group B was 99 * 10
beats/min. Waveforms at baseline and 120 beats/min of
pacing for a representative male IDCM patient with pacing-
induced mechanical alternans are shown in Figure 1.

Baseline clinical data. Baseline clinical characteristics for
the control group and IDCM patient groups A and B are
shown in Table 1. There were no significant differences in
age or sex among the three study groups. All IDCM
patients were classified as New York Heart Association
functional class I or II at the time of cardiac catheterization.
Of the 36 IDCM patients, 12 had been treated previously
with digitalis, 28 with diuretics, 26 with angiotensin-
converting enzyme inhibitors or angiotensin-II receptor block-
ers, and 19 with beta-blockers. There were no signifcant
differences in drug treatment at entry into the study between
patient groups A and B. There was also no significant
difference in LVEF between groups A and B. The LV
end-diastolic and end-systolic volumes were both signifi-
cantly increased in IDCM patient group B compared with
those in group A. The plasma BNP level tended to be
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IDCM
Controls Group A * Group B
Characteristics (n=8) (n=22) (n = 14)
Age (yrs) 45 £7127° T 48+13 51212
Gender (M/F) 8/0 20/2 11/3
NYHA functional class
I 13 (59%) 6 (43%)
11 9 (41%) 8 (57%)
Prior treatment
Digitalis 0 6 (27%) 6 (43%)
Diuretics 0 16 (73%) 12 (86%)
ACE inhibitors or AR blockers 0 17 (77%) 9 (64%)
Beta-blockers 0 10 (45%) 9 (64%)
LV end-diastolic dimension (mm) 49 =5 61 + 8* 69 = 9*t
LV end-systolic dimension (mm) 315 50 = 8* 58 = 9%t
IVS thickness {mm) 10*2 9+2 9+1
LVPW thickness (mm) 10+2 92 9+1
LV mass index (g/m?) 131 = 38 142 £ 57 172 * 48
LV end-diastolic volume (ml) 133 = 45 170 = 59 253 + 112*
LV end-systolic volume (ml) 40 * 21 108 * 50 184 = 90°*+
LVEF (%) 66 *8 379 33 +8*
PAWP (mm Hg) 8+3 . 9*4 16 * 94§
Cardiac index (1 min~'m™? 3.36 141 2.93 = 0.49 2.70 = 0.92
Plasma BNP (pg/ml) 63 68 = 69 98 + 116

*p < 0.01 vs. controls; tp < 0.01 vs. group A; 3p < 0.05 vs. contols; §p < 0.05 vs. group A
. AR = .

ACE = in-con
dilated wd:omyopathy; IVS = interventricular septumn; wLV =
wall; NYHA = New York Heart Association; PAWP =

higher in group B than in the control group or in group A,
but these differences were not significant.

Given that 10 of the 22 patients in group A and 6 of the
14 patients in group B could not achieve a heart rate of
>130 beats/min because of Wenckebach block, we com-
pared hemodynamic variables at baseline with those at 120
beats/min of pacing (Table 2). There was no significant
difference in LV peak-systolic pressure or LV end-diastolic
pressure at baseline among the three groups of subjects;
IDCM patients exhibited a lower LV dP/dt,, ., and a longer
T/, than did controls at baseline. There was no significant
difference in LV dP/dt,,,, or T/, between patient groups A
and B at baseline.

Abundance of Ca?*-handling protein mRNAs in endo-
myocardial biopsy specimens. The amounts of Ca®*-
handling protein mRNAs in endomyocardial biopsy speci-
mens were determined by RT-PCR analysis and were
normalized relative to that of GAPDH mRNA (Table 3).
The abundance of SERCA2 mRNA in the LV myocardium
was significantly reduced in patient group B compared with
that in patient group A or in the control group. The amount
of ryanodine receptor 2 mRNA was significantly reduced in
patient groups A and B compared with that in the control
group. No significant differences in the levels of phospho-
lamban, calsequestrin, or Na*-Ca?* exchanger mRNAs or
in the SERCA2/Na*-Ca®* exchanger mRNA ratio were
apparent among the three groups.

Univariate and multivariate analysis of cardiac events. Uni-
variate analysis revealed that pacing-induced mechanical

11 receptor; BNP = brain natriuretic peptide; IDCM = xdxopax}uc
left ventricular; LVEF = LV ejection ﬁ'acuon, LVPW = LV posterior
pulmonary arterial wedge pressure.

alternans, heart rate, LV end-diastolic pressure, the ratio of
LV end-diastolic pressure to cardiac index, and LVEF were
significant predictors of cardiac events (Table 4). These vari-
ables were then subjected to stepwise multivariate analysis,
yielding only pacing-induced mechanical alternans as a signif-
icant independent predictor of cardiac events.

Event-free survival. The cumulative probability of
event-free survival was calculated by the Kaplan-Meier
method (Fig. 2). All patients with IDCM were followed
for an average of 3.7 years (range, 0.8 to 7.5 years)
starting at the time of catheterization and ending with a
cardiac event or the most recent evaluation of survivors.
Two patients (one in each of groups A and B) were
excluded from this analysis because they died of noncar-
diac causes. Cardiac death occurred in one patient in
group A and two patients in group B. One patient in
group A experienced CHF. Six patients in group B
cxpérienced cardiac events, classified as CHF in five and
syncope in one. The three-year cumulative probabilities
of event-free survival were 88.1% in group A and 40.4%
in group B. The probability of event-free survival in
group A was significantly higher than that in group B by
the log-rank test. '

DISCUSSION

We have shown that the occurrence of pacing-induced
mechanical alternans was a predictor of poor prognosis in
patients with mild-to-moderate IDCM in sinus rhythm,
and that the abundance of SERCA2 mRNA in LV endo-
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Table 2. Hemodynamic Variables at Baseline and at a Heart Rate of 120 Beats/min During Pacing

Variables Baseline Pacing p Value
Heart rate (beats/min) .
Controls 62 * 6 120 = 0
Group A | 70 £ 12 :|+ 120 £ 0
Group B 90 *+ 18 120 x 0
LVPSP (mm Hg)
Controls 124 * 27 119 * 16
Group A 121 * 18 118 £ 18
Group B 119 = 20 117 * 21 (strong) |#
109 = 20 (weak) §
LVEDP (mm Hg)
Controls 9+ 4 3+3 §
Group A 11 7 77 §
Group B 16 = 10 13 = 9 (swong) |# §
11 * 9 (weak) §
LV dP/dt,, (mm Hg/s) _ .
Controls 1,759 = 361 2,131 = 487 §
Group A *1*L 1,275 = 246 *1*f L 1,411 = 275 §
Group B 1,145 = 237 1,291 = 264 (strong) |# || §
1,148 * 225 (weak)
T,/ (ms) :
Controls 31 2 —[25 *3
1];[ 9] 9|9
Group A | 41 =9 . 3538 §
Group B 428 36 = 8 (strong) |# §
37 = 8 (weak) §

*p < 0.01 vs. controls; tp < 0.01 vs. group A; $p < 0.01 vs. strong beat at 120 beats/min; §p < 0.01 vs. bascline; ||p < 0.05 vs. group A; fp < 0.05 vs. controls.
LV dP/dt,,,, = maximal first derivate of left ventricular pressure; LVEDP = left ventricular end-diastolic pressure; LVPSP = left ventricular peak systolic pressure; T,,, = pressure

half-time.

myocardial biopsy specimens was decreased in IDCM
patients with pacing-induced mechanical alternans com-
pared with that in those without it. '

Despite recent improvements in the medical management
of patients with IDCM, the overall prognosis of such
individuals remains poor, with heart transplantation often
being the only lifesaving therapeutic option (1,2,6). Even in
patients with mild-to-moderate IDCM, sudden death oc-
casionally occurs or hospitalization is needed for worsening
heart failure. It has been difficult to predict such outcomes,
however. Although several studies have attempted to iden-
tify prognostic factors for a poor outcome in patients with
IDCM, none has revealed a factor proven to predict unequiv-
ocally the risk of cardiac events. Our present study is thus the
first to show that the occurrence of pacing-induced mechan-
ical alternans is a potential independent clinical predictor of

cardiac events in patients with mild-to-moderate IDCM in
sinus rhythm.,

Pacing-induced mechanical alternans. We have shown
that the amount of SERCA2 mRNA in LV endomyocar-
dial biopsy specimens was decreased in IDCM patients with
pacing-induced mechanical alternans compared with that in
such patients without pacing-induced mechanical alternans,
whereas the amount of ryanodine receptor 2 mRNA was
significantly reduced in both patient groups compared with
that in the control group. Because of the difficulty in
obtaining appropriate specimens, few studies have investi-
gated the cellular mechanism of mechanical alternans in the
intact human heart. A reduction in the amounts of both
SERCA2 and ryanodine receptor 2 mRNAs was previously
described in humans with end-stage dilated cardiomyopathy
at the time of heart transplantation (21,22).

Table 3. RT-PCR Analysis of the Abundance of Ca®>*-Handling Protein mRNAs
(Normalized by the Amount of GAPDH mRNA) in Endomyocardial Biopsy Specimens

mRNA Ratio Controls Group A Group B
SERCA2/GAPDH 1.24 £ 0.18 0.50 = 0.12* 0.30 £ 0.13*}
Phospholamban/GAPDH 2.01 = 0.69 2.13 +0.80 1.84 + 0.19
Ryanodine receptor 2/GAPDH 1.45 £ 0.26 0.48 > 0.16* 0.54 = 0.34°
Calsequestrin/ GAPDH 226 *1.75 1.61 £ 0.89 161 +1.25
Na*-Ca®* exchanger/GAPDH 2.68 %229 . 0.99 £ 0.84 1.37 £ 1.02
SERCA2/Na*-Ca** exchanger 0.87 = 0.65 1.20 = 1.25 0.30 = 0.20

*p < 0.05 vs. controls; tp < 0.05 vs. group A.
GAPDH = glyceraldehyde-3-phosphate dehydrogenase; RT-PCR = reverse transcription-polymerase chain reaction;
SERCA2 = sarcoplasmic reticulum Ca®*-ATPase.
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Table 4. Univariate and Multivariate Predictors of Cardiac Events in IDCM Patients
Univariate Analysis Multivariate Analysis
Event-Free Group Cardiac-Event Group
(n = 24) (n = 10) p Value OR (95% CI) p Value
Group A/group B 19/5 2/8 "~ 0.004 6.18 (1.31-29.2) 0.021
Age (yrs) 47 + 13 5212 0.366
Gender (M/F) 222 7/3 0.276
LV end-diastolic dimension (mm) 63 + 10 66 =7 0.290
LV end-systolic dimension (mm) 51 +10 56 =7 0.139
LV end-diastolic volume (ml) 195 £ 95 224 * 97 . 0.442
LV end-systolic volume (ml) 129+ 79 161 *= 81 0.295
LVEF (%) 38=x9 31x7 0.032
PAWP (mm Hg) 10+6 18+ 10 0.077
Cardiac index (1 min~! m™?) 3.04 + 0.66 257 £0.74 0.143
Plasma BNP (pg/ml) 75 +78 238 + 217 0.131
Heart rate (beats/min) 74 * 14 91 %19 0.005
LV peak-systolic pressure (mm Hg) 121 = 16 112 + 22 0.147
LV end-diastolic pressure (mm Hg) 1=x7 18 £ 10 0.021
LVEDP/cardiac index (mm Hg min m?17%) 3.83 +2.99 791 =532 0.043
LV dP/dt,,, (mm Hg/s) 1,266 + 256 1,103 * 208 0.083
Peak change in LV dP/d¢,,,. (%) 110 = 11 o 12=x8 0.727
T,/ (ms) 408 43+9 0.401

Significant p values are shown in bold for univariate analysis.

CI = confidence interval; LVEDP = left ventricular end-diastolic pressure; OR = odds ratio; PAWP = pulmonary arterial wedge pressure. Other abbreviations as in Table 1.

Whether abnormal expression of the SERCA2 gene is
responsible for mechanical alternans remains unclear. The
presence of a delay between the uptake of Ca®* into the
sarcoplasmic reticulum and its subsequent release has been
proposed to account for mechanical alternans (23-25). Our
mRNA measurements do not directly reflect the Ca®*
uptake and Ca®* release activities of sarcoplasmic reticulum
in the myocardium. However, our data suggest that a
decrease in the abundance of mRNAs for proteins that
mediate Ca?* uptake (SERCA2) or Ca®* release (ryano-
dine receptor 2) might result in a reduction in the relative
number of excitation-contraction coupling sites and in
consequent dysregulation of Ca?* handling by the sarco-
plasmic reticulum in the failing myocardium. Such abnor-
mal Ca®* handling might substantially alter the force-
frequency relation and myocardial performance.
Comparison with previous studies. Outcome can be im-
proved in high-risk patients with CHF by treatment inten-
sification and home-based interventions (7,26). However,
there is currently no simple clinical criterion or score for
predicting short-term outcome after discharge and thus for
identifying patients for whom extra caution is required.

Plasma BNP level has been suggested to be a strong,
independent predictor of cardiac events and sudden death in
patients with CHF (27,28). A high plasma concentration of
BNP before discharge was reported to be a powerful,
independent marker of death or readmission in patients
with decompensated CHF (7,29,30); BNP is thus now
widely used as a clinical marker for differential diagnosis and
management of heart failure. Patients with plasma BNP
levels that do not correlate with the severity of their heart
failure are encountered not infrequently, however. Several
studies have suggested that BNP is substantially less accu-

rate for detection of milder degrees of systolic dysfunction
(10), which are more common than are severe forms but are
also associated with increased risk. Additional studies are
needed to define optimal therapy for mild asymptomatic LV
systolic dysfunction (31).

Left ventricular ejection fraction has also been suggested -
as an independent prognostic factor (27,32,33). An LVEF
of <20% was thus found to be associated with a one-year
mortality of 30% in patients with dilated cardiomyopathy (4).
However, other studics cither did not support this finding
(34,35) or showed that LVEF was less predictive than were
other parameters such as transmitral inflow characteristics
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Figure 2. Cumulative probability of event-free survival calculated by the
Kaplan-Meier methed for all idiopathic dilated cardiomyopathy patients and
patient groups A and B. The probability of event-free survival in group A was
significantly greater than that in group B by the log-rank test (p = 0.021).
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(5). A limitation of these markers, however, is their load
dependence, which may confound accurate assessment of
LV systolic or diastolic function and limit their predictive
value (36).

The patients in our study were ambulatory, had a mean
LVEF of 35%, and were in sinus rhythm. They were all of
New York Heart Association functional class I or II,
whereas most previous studies have been based on pa-
tients of class III or IV. In addition, most previous
studies have included patients with atrial fibrillation. The
presence of atrial fibrillation with heart failure has been
shown to be independently associated with an increased
risk for mortality (16).

Our prospective study constitutes the first demonstra-

tion that the occurrence of pacing-induced mechanical
alternans is a potentially. important and independent
prognostic predictor in clinically stable and ambulatory
patients with mild-to-moderate IDCM in sinus rhythm.
Our results support the notion that assessment of con-
tractile reserve and of responses to physiological stress in
the myopathic heart provides important prognostic and
pathophysiological insight over and above that derived
under baseline conditions. For patients with IDCM,
especially those in whom cardiac catheterization is per-
formed for diagnosis, examination for the occurrence of
pacing-induced mechanical alternans may thus provide
prognostic information in addition to that based on
LVEF or plasma BNP concentration.
Clinical implications and study limitations. The preva-
lence of cardiac ‘events or cardiac death was higher in the
patients with pacing-induced mechanical alternans than in
those without it in the present study. Our results should
therefore facilitate the clinical identification of patients with
an increased mortality and morbidity risk, as well as prove
helpful in the design of future trials examining mortality in
individuals with mild-to-moderate IDCM. Assessment of
pacing-induced mechanical alternans in addition to routine
clinical evaluation in patients with mild-to-moderate
IDCM may thus contribute to stratification of patients into
low- or high-risk groups.

The identification of pacing-induced mechanical alter-
nans requires an invasive examination. This condition is
therefore not amenable to repeated assessment over time,
possibly representing a limitation of its prognostic utility.
The small number of patients enrolled in the present study
and the limited number of variables tested for prognostic
merit also represent limitations to the generalizability of its
findings. Further studies with larger numbers of subjects
will thus be nceded to confirm our present results.
Conclusions. The occurrence of pacing-induced mechan-
ical alternans was demonstrated to be a potentially useful
clinical predictor of poor prognosis in patients with mild-
to-moderate IDCM in sinus rhythm. The myocardial abun-
dance of SERCA2 mRNA was decreased in patients with
pacing-induced mechanical alternans compared with that in
those without it. Whether these findings will also hold for
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patients with more severe heart failure requires further
investigation.
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Eplerenone Attenuates Myocardial Fibrosis in the
Angiotensin ll-Induced Hypertensive Mouse:
Involvement of Tenascin-C Induced by

~ Aldosterone-Mediated Inflammation

Tomohiro Nishioka, MSc,* Maiko Suzuki, MSc,* Katsuya Onishi, MD,} Nobuyuki Takakura, MD,}
Hiroyasu Inada, MD,* Toshimichi Yoshida, MD,* Michiaki Hiroe, MD,§
and Kyoko Imanaka-Yoshida, MD*

Abstract: Tenascin-C is an extracellular matrix glycoprotein that
is supposed to be a profibrotic molecule in various fibrogenic pro-
cesses. To elucidate its significance for myocardial fibrosis in the
hypertensive heart, we used a mouse model with infusion of angio-
tensin Il and examined results by histology, immunohistochemistry,
in situ hybridization, and quantitative real-time reverse transcriptase
polymerase chain reaction (RT-PCR). Angiotensin II treatment
elevated blood pressure and expression of tenascin-C by interstitial
fibroblasts in perivascular fibrotic lesions, and angiotensin II infusion
caused accumulation of macrophages. It also upregulated expression
of collagen Ia2; Illal; and proinflammatory/profibrotic mediators
including transforming growth factor beta (TGF(), platelet-derived
growth factor alpha (PDGF-A), PDGF-B, and PDGF-receptor a,
but not IL-18 and PDGF-receptor B, in the myocardium. Treatment
with an aldosterone receptor antagonist, eplerenone, significantly
attenuated angiotensin Il-induced fibrosis, expression of tenascin-C,
and inflammatory changes without affecting the blood pressure level.
In vitro, neither eplerenone nor aldosterone exerted any influence on
tenascin-C expression of cardiac fibroblasts, whereas angiotensin II,
TGF-B1, and PDGF significantly upregulated expression of
tenascin-C. These results suggest that, in the angiotensin II-induced
hypertensive mouse heart: (1) tenascin-C may be involved in the
progression of cardiac fibrosis and (2) aldosterone may elicit inflam-
matory reactions in myocardium, which might, in turn, induce
tenascin-C synthesis of fibroblasts through at least 2 pathways medi-
ated by TGF-B and PDGF-A-B/PDGF-receptor a.
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INTRODUCTION

Diastolic dysfunction in the hypertensive heart is an
important clinical problem, partly as a result of the rigidity
caused by myocardial fibrosis. Such fibrosis has been
classified into replacement (secondary) and reactive (primary)
types.'? In replacement fibrosis, necrosis of myocytes elicits
acute inflammation and myocardial dropout is subsequently
replaced by collagen fibers. In contrast, reactive fibrosis is
characteristically observed in pressure overloaded hearts, in
which collagen fibers increase in. perivascular regions with-
out loss of cells and eventually extend among individual
cardiomyocytes.> Recently, inflammation mediated by the
renin-angiotensin II (Ang II)}-aldosterone system, especially
involvement of aldosterone, has received much attention as a
trigger of reactive fibrosis*”’; however, the molecular pathways
remain to be detailed.

Fibrotic lesions do not form by abrupt deposition of
collagen molecules; they form through multiple steps of syn-
thesis and degradation of various matrix proteins, including
tenascin-C. Tenascin-C is an extracellular glycoprotein with
strong bioactivity, transiently expressed during embryonic
development, wound healing, and cancer invasion.*'® Accu-
mulating evidence suggests that tenascin-C may be a key
regulator in an early step of the fibrotic process in various
tissue.''!? In the heart, tenascin-C is sparsely detected in
normal adults but becomes expressed in the pathological
myocardium closely associated with inflammation and tissue
remodeling,'*' Based on this specific expression, we recently
reported that tenascin-C can be a clinical marker for active
inflammation'®'® and ventricular remodeling.*'**

The aim of the present study was to clarify the involve-
ment of tenascin-C in the progression of reactive fibrosis in the
hypertensive heart and the regulatory mechanism of tenascin-
C expression, focusing on the angiotensin II-aldosterone
system. We used a mouse model of hypertensive cardiac
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fibrosis with infusion of Ang II in which reactive fibrosis
develops in perivascular regions of myocardium without
necrosis of cardiomyocytes or scar formation. First, we
examined histologic changes and gene expression of collagen
and tenascin-C in the mouse myocardium with immunohis-
tochemistry, in situ hybridization, and quantitative real-time
reverse transcriptase-polymerase chain reaction (RT-PCR).
Next, to study the involvement of aldosterone and inflam-
mation in regulation of tenascin-C synthesis, the effect of an
aldosterone receptor blocker, eplerenone, and expression of
proinflammatory/fibrotic mediators, transforming growth
factor beta (TGFp), interleukin-1 beta (IL-1B), and platelet-
derived growth factor alpha (PDGF) in the model mouse were
examined. Furthermore, the direct effects of these factors on
tenascin-C synthesis were studied using cultured cells.

MATERIALS AND METHODS

Animal Model

Female 7-week-old BALB/c mice were used. All (n =95)
were given 1% NaCl drinking water and assigned to 1 of
the following 5 groups: (1) vehicle control mice (n = 25);
(2) Ang II-treated mice (n = 20); (3) Ang Il/eplerenone-treated
mice (n = 20); (4) eplerenone-treated mice (n = 19); and
(5) aldosterone-treated mice (n = 11). A microosmotic pump
{model 1002; Durect Co, Cuperino, CA) containing 0.1 mL
of the vehicle (0.9% NaCl: 99.7% acetic acid = 15:1),
2.83 mg/mL of Ang II (SIGMA, St. Louis, MO), or 1 mg/mL
of aldosterone (ACROS ORGANICS, NJ) was subcutaneously
inserted under the back skin of each mouse for treatment for
4 weeks. The approximate doses of Ang Il and aldosterone
administered were 560 and 200 ng/kg body weight/min,
respectively. The microosmotic pumps were replaced every 2
weeks. Eplerenone (Pfizer, New York), an aldosterone receptor
blocker, was orally administered in the diet at 1.67 g/kg chow
(the estimated dose of eplerenone was 250 mgkg body
weight/day). Body weights and blood pressure were examined
every week. Blood pressure measurements were performed
with the BP-98A (Softron, Tokyo, Japan) tail cuff system
while the animals were conscious. All experimental protocols
conformed to international guidelines and were approved by
the Mie University Animal Experiment and Care Committee.

Tissue Preparation

After the 4 week infusion treatment period, the hearts
were excised, fixed in 4% paraformaldehyde, and embedded
in paraffin. For histopathological analysis, sections were cut
at 3 um.

Immunohistochemistry

Immunostaining of tissue sections was performed as
previously described.'® In brief, after treatment with pepsin for
10 minutes or heating in an autoclave for antigen retrieval,
sections were incubated with either an antitenascin-C poly-
clonal rabbit antibody,'® an anti-Mac-3 rat monoclonal anti-
body (Pharmingen, San Diego, CA; working dilution 1:10) for
identification of macrophages, an anti-PDGF-A polyclonal
rabbit antibody (Santa Cruz Biotechnology, Santa Cruz, CA,
working dilution 1:20), an anti-PDGF-B polyclonal rabbit
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antibody (Santa Cruz Biotechnology, Santa Cruz, CA; working
dilution 1:20), a rat monoclonal antimurine PDGFR-« antibody
(Clone APAS5),” or a rat monoclonal antimurine PDGF
receptor-B antibody (Clone APB5).?* Three independent fields
in perivascular regions of myocardium from each mouse were
examined under a 20X objective lens, and Mac-3-positive
cells, PDGF-A, and PDGF-B positive cells were counted.

IMAGE ANALYSIS

Sirius red-stained slides were used to quantify myocar-
dial collagen with an optical microscope (BH2, Olympus,
Tokyo, Japan). Three independent perivascular fields from
each mouse were visualized under a 20X objective lens and
photographed with a Fujix Digital Camera HC 300Z/OL
(Olympus). The images were analyzed using NIH Image, and
percentage areas of perivascular fibrosis were calculated.

Quantitative Real-Time RT-PCR

" Total RNA was extracted from fresh mouse left-
ventricular tissues using ISOGEN (NipponGene, Toyama,
Japan), and single-strand complementary DNA (cDNA) syn-
thesis was performed by oligo (dT),s priming from 1 mg
aliquots in a final volume of 20 mL with a single-strand cDNA
synthesis kit for RT-PCR (Roche Diagnostics, Germany)
according to the manufacturer’s instructions. Quantitative
analysis of target messenger RNA (mRNA) expression was -
performed with the TagMan real-time RT-PCR and a relative
standard curve method using Light Cycler Software Ver. 3.5
(Roche). The GAPDH mRNA level was quantified as an
internal control. The primers and probes for mice are listed in
Table 1.

In Situ Hybridization

Preparation of digoxigenin (DIG)-labeled mouse
tenascin-C cRNA probes and in situ hybridization were
performed as previously described.'¢ :

Cell Cultures

Cardiac fibroblasts were obtained from ventricles of
Balb/c mice and grown in Iscove’s modified Dulbecco’s
media (IMDM) with 10% fetal bovine serum as previously
described.® Experiments were performed on secondary
cultures. Cells (3 X 10° cells/well) were plated in MULTI-
WELL 6-well plates (Becton Dickinson, Franklin Lakes, NJ)
for 48 hours in serum-free IMDM media, then treated with
Ang I1 (0 to 10~ mol/L), aldosterone (0 to 10~® mol/L), IL-18
(R&D Systems, Oxon, UK; 0 to 30 ng/mL), TGF-B1 (Roche
Diagnostics; 0 to 10 ng/mL), or PDGF-BB (R&D Systems;
0 to 100 ng/mL) for 6 hours. Some cells were pretreated with
eplerenone (1075, 1077, 107° mol/L) for 1 hour and then
stimulated with Ang I1 (10~ mol/L). To assess the combined
effects of cotreatment with Ang II and aldosterone, cardiac
fibroblasts were pretreated with aldosterone (107° mol/L) for
6 hours and then incubated with- Ang 1 (1077 mol/L) for
6 hours. Total RNA was isolated using ISOGEN, and the
relative tenascin-C mRNA levels were determined by quan-
titative real-time RT-PCR.
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TABLE 1. Oligonucleotide Primers and Probes Used for
Real-Time RT-PCR :

Product
Gene Primers and Probe Sequence Size
Tenascin-C
Forward  5'-AAGAATTTTGGCTTGGACTGGAT-3’ 69
Backward 5'-GGTCCACCCGGAGCTCATA-3'
Probe 5'-ACCTGAGCAAAATCACAGCCCAAGGG-3’
Collagen la2
Forward  5'-CAACCTGGACGCCATCAAG-3’ 69
Backward 5'-CAGACGGCTGAGTAGGGAACA-3’
Probe 5'-CCCAACCTGTAAACACCCCAGCGAAG-3’
Collagen Illal
Forward  5'-GGTGGTTTTCAGTTCAGCTATGG-3’ 86
Backward 5'-CTGGAAAGAAGTCTGAGGAATGC-3’
Probe S'-TTCCTGAAGATGTCGTTGATGTGCAGCT-3'
TGF-81
Forward  5'-TGGAGCTGGTGAAACGGAAGC-3’ 400
Backward 5'-GTAGAGTTCCACCTGTTGCTCCACA -3’
Probe 5'-CCGCGTGCTAATGGTGGACCGCAACAA -3’
IL-1B
Forward  5’-CAACCAACAAGTGATATTCTCCATG-3' 122

Backward 5’'-GATCCACACTCTCCAGCTGC-3’

Probe 5'-CTGTGTAATGAAAGACGGCACACCCACC-3’
GAPDH v
Forward  5’-ATGGCCTTCCGTGTTTCCTAC-3' © 85

Backward 5'-TGATGTCATCATACTTGGCAGG-3'
Probe 5'-ATCCGTTGTGGATCTGACATGCCG-3'

GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

Statistical Analysis

All data are expressed as means * standard deviations
(SDs). ‘Numeric data were statistically evaluated by 1-way
analysis of variance, followed by the Tukey-Kramer method
for multiple comparisons. A P value less than 0.05 was
considered to be statistically significant.

RESULTS
Systolic Blood Pressure and Body Weight

Blood pressure was elevated within 1 week after the
onset of Ang II treatment and remained significantly increased

compared with that of the control mice for up to 4 weeks (Fig.
1A). No significant difference was observed between Ang II-
treated and Ang Il/eplerenone-treated groups. Blood pressure
remained normal in vehicle-control, aldosterone-receiving,

~and eplerenone-alone mice. Increase in body weight was

similar in all experimental groups during the study, and no
statistically significant intergroup differences were observed at
any time (Fig. 1B).

Myocardial Fibrosis and Expression
of Tenascin-C

In Ang Il-treated and aldosterone-treated mice, the
volume of perivascular collagen fibers in myocardium was
clearly increased, extending into spaces between individual
myocytes. Eplerenone treatment almost completely abolished
Ang Il-induced perivascular fibrosis, and aldosterone treatment
induced fibrotic changes (Fig. 2A). Necrosis of cardiomyocytes
and scar formation were not found in our models.

Cardiac expression of tenascin-C was immunohisto-
chemically detected in perivascular regions in Ang II-tréated
mice myocardium where collagen fibers had accumulated,
whereas no immunostaining was observed in the control
mice. Eplerenone reduced the tenascin-C expression induced
by Ang II treatment, and aldosterone treatment induced
tenascin-C expression (Fig. 2B).

In situ hybridization analysis for tenascin-C mRNA
in Ang Il-treated mice demonstrated signals in interstitial
fibroblasts residing around the vascular tunica adventitia
(Fig. 2C, D). Vascular endothelial cells, vascular smooth muscle
cells, and cardiomyocytes were negative for tenascin-C mRNA.

Quantitative. analysis of percentage fibrotic areas
(Fig. 2E) confirmed a significant increase in Ang Il-treated
(12.9 £ 2.5%, P < 0.001) and aldosterone-treated (7.2 *
2.0%, P < 0.001) mice compared with control mice (3.2 *
0.9%). Fibrotic areas in eplerenone/Ang II mice were
significantly attenuated (4.3 * 1.8%, P < 0.001) as compared
with Ang [l-alone. Real-time RT-PCR analysis (Fig. 2F)
showed that both Ang II and aldosterone significantly
upregulated the mRNA levels for collagen type Ia2 (2.6 %
1.0 and 1.8 * 0.3-fold, P < 0.01, respectively) and for Illa1
(3.2 £ 2.1-fold, P < 0.05 and 2.8 + 0.4-fold, P < 0.001,
respectively) when compared with the control mice (1.0 = 0.4
and 1.0 = 0.3-fold, respectively). Eplerenone treatment sig-
nificantly reduced this upregulation of collagen 1a2 and Ifal

A —O~ Vehicle (n=25). . B
—&— Ang Il (n=20) .
(mmHg) 4 Ang I1+Ep (n=20) @

R - L 241

a ~#— Aldo (n=11) 22
FIGURE 1. Systolic blood pressure £ £
(A) and body weights (B) for each = 140 4 ]"-5- ° 201
group of mice. Values are means + 8 E
SD. . Vehicle, vehicle control mice; @ K] 18
Ang lI, angiotensin ll-treated mice; 3= 001 D 46
Ang It + Ep, Ang ll/eplerenone- §
treated mice; Ep, eplerenone-treated @ ¢, ) 1 L 1 M4 - 1 1 1
mice; Aldo, aldosterone-treated mice. 0 1 3 4 0 1 2 3 4

***Pp < 0.001 vs vehicle control mice:
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