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Effect of Electrical Modification of Cardiomyocytes on
Transcriptional Activity through 5-AMP-activated
Protein Kinase

Yoshihiko Kakinuma*, Yanan Zhangt, Motonori Ando*, Tetsuro Sugiuraf, and Takavuki Sato*

Abstract: Endothelin-1 (ET-1) is known as an aggravating factor
of the failing cardiomyocytes and, therefore, a therapeutic method is
indispensable to decrease cardiac ET-1 expression. To study the
mechanisms of how cardiac ET-1 gene expression can be modified,
we investigated ‘the effect of electrical stimulation against
cardiomyocytes. Considering the physiology of cardiomyocytes, in
vitro cultured cardiomyocytes demonstrate distinctive features from
in vive cardiomyocytes (i.e. the absence of a siretch along with
electrical stimulation). In this study, we especially focused on the
effect of electrical stimulation. The electrical stimulation reduced
the gene expression of ET-1 mRNA in rat primary cultured cardio-
myocytes, Furthermore, this effect on the transcriptional modification
of ET-1 was also identified in H9¢2 cells. Luciferase activity using
H9¢c2 cells was decreased by electrical stimulation in the early
phase, suggesting that the attenuation of the ET-1 gene transcription
by electrical stimulation should be due to a transcriptional
repression. To further investigate a trigger signal involved in the
transcriptional repression, phosphorylation of 5-AMP-activated
protein Kinase {AMPK) was evaluated. It was revealed that AMPK
was phosphorylated in the early phase of electrical stimulation of
H9¢c2 cells as well as in rat primary cultured cardiomyocytes, and
that AMPK phosphorylation was followed by ET-1 transcriptional
repression, suggesting that electrical stimulation directly regulates
AMPK. This study suggests that AMPK activation in cardio-
myacytes plays a crucial role in the transcriptional repression of ET-1.
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he endothelin (ET) system is known to be indispensable
for the development of the heart, In the developmental
stage, ET-1 exerts the formation of the heart through the
receptors endothelin-A and endothelin-B, and the system
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exerts the biological function through eithér autocrine or
paracrine fashion. It has been reported that deformity of the
heart is produced in the absence of the ET system. Especially,
cardiomyocytes have been reported to remarkably express
and produce ET-1 in the pathophysiological condition (i.e.
the failing heart) compared with the normal heart.' The
mechanisms have been extensively studied of how the failing
heart expresses ET-1 in the progression of heart failure;
however, our previous study clearly demonstrated one aspect
of the mechanisms — impaired cardiac energy metabolism.?
The leve! of cardiac ET-1 gene expression is dependent on
the condition of the cardiomyocytes in vivo; the failing
cardiomyocytes produce more ET-1. However, even normal
primary cultured cardiomyocytes in vitro could extra-
ordinarily express ET-1 compared with in vivo. The
abnormal pattern of cardiac ET-1 gene expression in vitro is
also accompanied with a surprising switch of the myosin
heavy chain isoform from o to  (a fetal pattern), suggesting
that our cultured cardiomyocytes have already biologically
changed their character.> However, this finding might provide
us with some therapeutic clue as to how cardiac ET-1
expression can be depressed using cultured cardiomyocytes.
If we could obtain some tool to repress cardiac ET-1 gene
expression in vitro, it might lead to clarification of one of the
therapeutic strategies against heart failure. Consequently we
have so far concentrated on searching for ways to decrease
cardiac ET-1 gene expression. Among them, we have found
several methods to modify the expression using not
chemicals or drugs, but physical stimulation.® In this study,
using electrical stimulation (ES) we have successfully
inhibited the cardiac ET-1 gene expression, and investigated
the mechanisms by which such stimuiation causes a
depression of the gene expression.

"METHODS

Cell Culture of Rat Cardiomyocytes and H9c2
Cells

According to our previous studies,! cardiomyocytes
were isolated from 2-day-old Wistar-Kyoto rats. 5-Amino-
imidazole-4-carboxamide-1-f-p-ribofuranosyl 5-monophos-
phate (AICAR) was purchased from Sigma (St Louis, MO,
U.S.A.), and H9¢2 cells were transiently treated by AICAR.
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Electrical Stimulation

We have developed a specific ES device, which is
modified to simultaneously provide multi-channels of ES and
also to efficiently regulate bidirectional current. Qur protocol
for ES was performed as follows: 10 V, 10 milliseconds of
duration and 4 Hz of frequency.

RNA Isolation and Reverse Transcription-
Polymerase Chain Reaction

As previously described, total RNA was isolated, and
1 g total RNA was reverse-transcribed and used for a
polymerase chain reaction (PCR) temnplate. PCR primers
were prepared for preproET-1, hypoxia-inducible factor
(HIF)-10, B-actin,>* and glucose transporter 3.

Luciferase Assay

As previously reported, the 5'-regulatory region of
preproET-1 gene was subcloned into a luciferase vector.? The
reporter vector was transfected into H92 cells by a cationic
reagent, Effecten (QIAGEN, Valencia, CA, U.S.A),
according to the manufacture’s protocol. Forty-eight hours
after transfection, cells were lysed for evaluation of
luciferase activity.

Western Blot Analysis

Cells were harvested from dishes by scraping, were
washed with phosphate-buffered saline, and cell lysates were
mixed with sample buffer. The samples were fractionated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred onto membranes (Millipore Corp., Bedford,
MA, U.S.A)). After transfer into the membrane, they were
soaked in blocking buffer. The membranes were incubated
with a monoclonal phosphor-5’-AMP-activated protein
kinase-o¢ (Thrl72) antibody (1:1000; Cell Signaling
Technology, Beverly, MA, U.5.A). After the membranes
were washed, horseradish peroxidase-conjugated secondary
antibodies (Promega, Madison, WI, U.S.A.) were applied and
the signal was detected using an enhanced chemi-
luminescence system (Amersham, Piscataway, NJ, U.S.A)).

RESULTS

Electrical Stimulation Affects Gene Expression of
Rat Cardiomyocytes

To investigate transcriptional regulation of cardio-
myocytes, primary cultured cardiomyocytes were subjected
to ES. Even with a bi-directional current, cardiomyocytes
could not be cultured for ES more than 16 hours. As
demonstrated in Fig. 1, ES remarkably decreased gene
expression of preproET-1 and HIF-1¢t in the cardiomyocytes,
compared with non-stimulated cardiomyocytes. However, the
mRNA level of f-actin was not decreased by ES. Adversely,
gene expression of glucose transporter 3 mRNA was
increased by ES. These results suggested that
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FIGURE 1. Electrical stimulation {ES) modifies gene
expression of preproendothelin-1 (preproET-1), hypoxia-
inducible factor-1c {HIF-10), and glucose transporter
{GLUT) 3 mRNAs. PreproET-1 and HiF-1¢ gene expressions
were decreased 5 hours after ES. In contrast, GLUT 3 gene
expression was increased by ES. The level of B-actin mRNA
was not affected by ES,

cardiomyocytes respond to ES with an increased gene
expression of glucose transporter 3; however, in contrast,
such an ES modified gene expression of cardiac preproET-{
and HIF-1o.

Electrical Stimulation Transcriptionally Regulates
PreproET-1 Gene Expression

Further to investigate especially the gene expression of
preproET-1 mRNA, a reporter assay was performed using a
reporter vector possessing the 5'-promoter regulatory region
of the preproET-1 gene. H9c2 cells, a cell line of rat
ventricular cardiomyocytes, were transfected by the reporter
vector. As shown in Fig. 2, ES of H%2 cells greatly
decreased the luciferase activity of preproET-1. The
phenomenon of the depressed luciferase activity was
compatible with the decreased preproET-1 mRNA by reverse
transcription-PCR.

Electrical Stimulation Elevates Phosphorylation
of 5-AMP-activated Protein Kinase

To investigate mechanisms to decrease a transcriptional
level of preproET-1, we studied whether ES activates the
phosphorylation of 35-AMP-activated protein kinase
{(AMPK) using H9c2 cells. The time course study
demonstrated that AMPK phosphorylation was detected soon
after ES (Fig. 3). Furthermore, such an increase in AMPK
phosphorylation was also observed in primary cultured
cardiomyocytes. It was suggested that ES causes activation of
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ES Represses ET-1 Expression through AMPK Activation

Fold increass m transcriptional activity between ES+ and ES-
{the ratio of luciferase activity of ES+ H9¢2 cells ta that sf ES-)

20 -~

ES+ ES-

1.0

30min 1h 2h 3h 4h 5h €h

FIGURE 2. Electrical stimulation (ES) transcriptionally
represses preproendothelin-1 {preproET-1) gene expression
in H9¢2 cells. Gene expression of preproET-1 in H9¢Z cells
was also decreased by ES. Using a reporter vector of the
preproET-1 gene, luciferase activity was compared between
electrical stimulated (ES+) H9¢2 cells and non-electrical
stimulated (ES-) cells. The ratio of luciferase activity of ES+
to that of ES— was measured, where a ratio > 1 suggests
transcriptional activation, contrasting with a ratio < 1
suggesting repression.

AMPK with a comparable time course of suppression of the
preproET-1 gene, and consequently that AMPK phos-
phorylation is profoundly related to the repression of trans-
criptional activity of preproET-1 gene expression,

An Activator of AMPK Causes a Decrease in
PreproET-1 mRNA

H9¢2 cells were treated by AICAR, which is known as
an activator of AMPK. As demonstrated in Fig. 3, AICAR
increased the phosphorylation of AMPK. The activation of
AMPK occurred very rapidly with a comparable time course
of ES. With treatment of AICAR, the mRNA lcvel of
preproET-1 was decreased (Fig. 4). It was suggested that
AMPK activation was involved in the attenuated preproET-
ImRNA gene expression.

DISCUSSION

ET-1 is one of the aggravating factors in heart failure,
because ET-1 further activates the glycolytic system in the
failing cardiomyocytes, resulting in aggravation of
malfunction in the heart. Therefore, one of the therapeutic
goals that inhibit the progression of heart failure might be to
decrease cardiac ET-1 gene expression. There arc many
manipulations to decrease ET-1 gene expression, including
blocking the renin-angiotensin system and ET receptor
antagonists.* However, we have further investigated whether
other manipulations can modify the cardiac ET-1 expression,
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FIGURE 3. 5"-AMP-activated protein kinase (AMPK) is
activated through phosphorylation by electrical stimulation
{ES). ES caused activation of AMPK through
phosphorylation in H9¢2 cells. This phenomenon was also
detected in rat primary cultured cardiomyocytes with a
comparable time course. Alsc, 0.5 mM 5-aminocimidazole-4-
carboxamide-1-B-o-ribofuranosyl 5-monophosphate
(AYCAR), an activator of AMPK, phosphorylated AMPK.

AICAR () AICAR ()

3h 3h 6k

preproET-1 mRNA

FIGURE 4. 5-AMP-activated protein kinase activator
decreases preproendothelin-1 (preproET-1) gene expression
in H9¢2 cells. 5-Aminoimidazole-4-carboxamide-1-3-p-
ribofuranosyl 5-monophosphate (AICAR) 1.5 mAM treatment
remarkably decreased the gene expression of preproET-1
mMRNA in H9¢2 cells.

and then finally we have identified that a mechanical
stimulation (i.e. ES} decreases cardiac ET-1 expression
through activation of AMPK.

AMPK is known as a fuel sensor kinase, which is
activated through phosphorylation when a cellular adenosine
triphosphate (ATP) level is decreased.’ Consequently, cells
respond to a shortage of the epergy and activate the
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phosphorylation of AMPK. This kinase is therefore activated
in the early phase to stimuli that might cause mitochondrial
dysfunction, leading to ATP deprivation. This response
through AMPK phosphorylation is considered an adaptation
of cells to avoid cellular death with a shortage of ATP.
However, this response is not only involved in pathological
states, but also in physiological states. For example, exercise-
induced muscle hypertrophy leads to remarkable adaptation
of the muscle to the more efficient utilization of energy (i.e.
mitochondrial B-oxidation of fatty acid), and consequently to
activation of the mitochondrial function.® In the case of
exercise, AMPK in skeletal muscle is known to be activated.’
Therefore, it is suggested that the activation of AMPK
through phosphorylation is followed by enhancement of
mitochondrial function in a physiological condition to obtain
more adequate ATP.

It is known that the cardiomyocytes obtain ATP
predominantly through mitochondrial B-oxidation of fatty
acid; however, when cardiomyocytes were treated by
‘hypoxia, the cardiac energy metabolic system was changed
from B-oxidation to glycolysis, because fatty acid oxidation
is impaired. In such a case, as our previous study
demonstrated, HIF-la is induced for uwpregulation of
glycolytic enzymes, and furthermore HIF-lo. trans-
criptionally activates preproET-] gene expression in the
failing heart.? It is suggested that cardiac ET-1 expression is
accompanied with a cellular glycolysis-dominant energy
system.® With these findings in mind, further speculation is
as follows: if the glycolysis-dominant energy system is
inhibited, and alternatively mitochondrial B-oxidation of
fatty acid is activated, ET-1 gene expression could be
decreased. As our present study demonstrated, ES activates
the phosphorylation of AMPK in a rapid fashion, foliowed by
a decrease in the transcriptional activity of ET-1.
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This is a first demonstration of transcriptional
repression of cardiac preproET-1 gene expression using
methods other than drugs. Moreover, this reaction is very
rapid to decrease preproET-1 mRNA. Therefore, it is
suggested that the manipulation of cardiomyocytes by ES is
one candidate method to inhibit an increase in cardiac ET-1
gene expression.
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Overexpression of Inducible Nitric Oxide Synthase in
Rostral Ventrolateral Medulla Causes Hypertension and
Sympathoexcitation via an Increase in Oxidative Stress

Yoshikuni Kimura, Yoshitaka Hirooka, Yoji Sagara, Koji Ito, Takuya Kishi, Hiroaki Shimokawa,
- Akira Takeshita, Kenji Sunagawa

Abstract—The present study examined the role of inducible nitric oxide synthase (iNOS) in the rostral ventrolateral
medulla (RVLM) of the brain stem, where the vasomotor center is located, in the control of blood pressure and
sympathetic nerve activity. Adenovirus vectors encoding INOS (AdiNOS}) or B-galactosidase (AdBgal) were transfected
into the RVLM in Wistar-Kyoto (WKY) rats. Blood pressure and heart rate were monitored using a radiotelemetry
system. iNOS expression in the RVLM was confirmed by immunohistochemical staining or Western blot analysis. Mean
arterial pressure significantly increased from day 6 to day 11 after AdiNOS transfection, but did not change after AdBgal
transfection. Urinary norepinephrine excretion was significantly higher in AdiNOS-transfected rats than in Adggal-
transfected rats. Microinjection of aminoguanidine or S-methylisothiourea, iNOS inhibitors, or tempol, an antioxidant,
significantly attenuated the pressor response evoked by iNOS gene transfer. The levels of thiobarbituric acid-reactive
substances, a marker of oxidative stress, were significantly greater in AdiNOS-transfected rats than in Adfgal-
transfected rats. Dihydroethidivm fluorescence in the RVLM was increased in AdiNOS-transfected rats. In addition,
nitrotyrosine-positive celis were observed in the RVEM only in AdiNOS-transfected rats. Intracisternal infusion of
tempol significantly attenuated the pressor response and the increase in the levels of thiobarbituric acid-reactive
substances induced by AdiNOS transfection. These results suggest that overexpression of iNOS in the RVLM increases
blood pressure via activation of the sympathetic nervous system, which is mediated by an increase in oxidative stress.

(Circ Res. 2005;96:252-260.)

Key Words: nitric oxide synthase m blood pressure ® sympathetic nervous system m oxidative stress ® gene transfer

Nitric oxide (NOJ) in the central nervous system (CNS),
including the brain stem and hypothalamus, plays an
important role in the regulation of blood pressure via the
sympathetic nervous system.'” In general, NO in the CNS
inhibits sympathetic nerve activity, thereby reducing blood
pressure.>-* The rostral ventrolateral medulla (RVLM) in the
brain stem contains sympathetic premotor neurons responsi-
ble for muintaining the tonic excitation of sympathetic
preganglionic neurons involved in cardiovascular regula-
tion.®-'¢ The functional integrity of the RVLM is essential for
the maintenance of basal vasomotor tone, and RVLM abnor-
malities might be related to the pathophystology of hyperten-
sion''-1* and heart failure.'s-16 '

Recently, we developed a technique for adenovirus-
mediated endothelial NO synthase (eNOS) gene transfer into
the RVLMU.1437-19 or the nucleus tractus solitarii (NTS)-2
in vivo. An increase in NO production in the RVLM induced
by eNOS overexpression decreases blood pressure and heart
rate (HR) by inhibiting the sympathetic nervous system,!'!-14.1?
In that series of studies, we used eNOS instead of neuronal

NO synthase (nNOS), which is normally abundant in the
CNS, because the purpose of the study was to examine the
effect of an increase in NO production in the RVLM on
cardiovascular function. There are three types of NOS:
eNOS, nNOS, and inducible NOS (iNGS). ¢eNOS and nNGS
are constitutively expressed, but iNOS is expressed only
during pathophysioclogical states such as hypertension, heart
failure, and endotoxin shock, and in aging.22-2#

The aim of the present study was to examine the effect of
iNOS overexpression in the RVLM on blood pressure in vive
and to determine whether an increase in oxidative stress in the
RVLM is involved in blood pressure changes. For this
purpose, we transfected adenovirus encoding the iNOS gene
(AdiINOS) into the RVLM and monitored mean arterial
pressure (MAP) and HR using 2 radiotelemetry system in
awake rats. NO activity is determined by the balance of NO
and reactive oxygen species production.® Therefore, thiobar-
bituric acid—reactive substances (TBARS) in the RVLM were
measured as an indirect marker of oxidative stress,?>* and
tempol, a superoxide dismutase mimetic,”? was microin-
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jected bilaterally into the RVLM after transfection of
AJINOS.

Materials and Methods

General Procedures and In Vivo Gene Transfer
Into the RVLM

The present study was approved by the Commitiee on Ethics of Animal
Experiments, Faculty of Medicine, Kyushu University, and conducted
according to the Guidelines for Animal Experiments of the Faculty of
Medicine, Kyushu University. Male Wistu-Kyoto (WKY) rats (280 to
300 g, 16 to 20 weeks old) were used. Rats were obtained from an
established colony at the Animal Research Institule of Kyushu Univer-
sity Faculty of Medicine (Fukuoka, Japan). Details of the general
procedures of transfection of adenovirus vectors are available in the
online datz supplement at hup:/#/circres.ahajournals.org.

Construction of Adenovirus Vectors

We used adenoviral vectors encoding the bacterial B-galuctosidase
gene, mouse iNOS gene,''2 or bovine endothelizl NOS (eNOS)
gene (sce online data supplement for details). '3

Analysis of Gene Expression for B-Galactosidase
or iNOS

At day 7 alter genc transfer. B-galactosidase expression was con-
firmed by staining with X-Gal in phosphate bulfered saline as
described previously.?t We performed double-immunchistochemical
staining for iNOS and phenylethanolamine-N-methyltransferase
(PNMT)' or nitrotyrosing, Details of the methods of immunohisto-
chemistry are available in the online data supplement,

Western Blot Analysis for iINOS

To confirm the local overexpression ol iINOS in the RVLM, Weslern
blot analysis for iINOS protein from tissue containing the injcetion
siles ol the RVLM obtained using the micropunch technique' was
performed at day 0. 3, 5, 7, 9, 11, or 14 after the gene transler, The
procedure for Western blot analysis of RVLM tissues was described
previously (see online data supplement for details). 1.

Microinjection Into the RYLM

To confirm that changes in MAP and HR indeced by AdiNOS
transfection were the result of an increase in iINOS protein, we
microinjected aminoguanidine (2.5 mmol/L, 50 sl per site, 250
priol} or S-methylisothiourea (SMT; 2.5 minol/L, 50 nL per site, 250
pmol} bilaterally inte the RVLM at day 7 afler transfection with
AdBgal or AJINOS. All injections were perfonmed in rats anesthe-
tized with sodium pentobarbital (50 mg/ke, IP followed by 20 my/kg
per kour, V). A nonselective NOS inhibitor, N*-monomethyl-L-
arginine (L-NMMA), was also microinjected bilaterally inte the
RVLM. We microinjected L-arginine, a precursor of NO,
{70 mmol/L, 50 nL per site, 7 nmol) bilaterally into the RVLM at day
7 after Lransfection with AdBgal or AJINOS. To examine wheiher
the generation of superoxide anions is involved in bloud pressure
alteration induced by AINOS transfection. microinjection of tem-
pol. a superoxide dismutase mimetic, was performed bilaterally into
the RVLM (sce online data supplement for details).

Microdialysis and Measurement of NO Metabolites
We measured NG production in the RVLM as nitrite/nitrate (NOx)
with in vivo microdialysis before and at day 7 after genc transfer, as
described previously (see online data supplement lor details), 213435

Measurement of MAP, HR, and Urinary
Norepinephrine Excretion

A UA-10 telemetry system (Data Sciences International) was used to
measure MAP and HR. We measured urinary nurepinephrine excre-
tion for 24 hours before the gene transfer and at day 7 after the gene
transfer (see online data supplement for details),
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Evaluation of Oxidative Stress in the RVLM

The RVLM tissues were homogenized in 1.15% KCI (pH 7.4), and
0.4% sodium dodecyl sulfate, 7.5% acctic acid adjusted 1o p 3.5 with
NaOH, and 0.3% thicbarbituric acid were added to the homogenate.
The amount of TBARS was determined by absorbance with a
molecular extinction coefficicnt of 156 000 and expressed as pmolfy
wel weight, as described previousiy (sce online data supplement for
details).* Brain superoxide anion levels were estimated in two
groups of rats (AJINOS-transfected rat, n=35; nontreated, n=35) using
dibydrocthidium (DHE} staining following procedures used in pre-
vious studies (sce onlire data supplement for details), 37

Continuous Intracisternal Infusion Experiments
With Tempol

The rats were randomly divided ito four groups. Two of the groups
were transtected with AAINOS and two of the groups with AdgBgat.
Cither vehicle (artificial cercbrospinal (luid, aCSF) or tempol
(12 pmol/d) were continuously infused intracisternally (0.25 ul/h)
for I weck with an osmotic minipump {Alzet model 1002; DURECT
Corporation), as described previously (see online data supplement
for details).™-* Hall of the animals in each transfection group were
infused with vehicle and the other half were infused with Llempol,
producing four groups of animals; AdiNOS-VEH, AdINOS-empol,
AdBgal-VEH, and AdBgal-tempol.

Statistical Analysis

All values ure expressed as mean®SEM. Two-way ANOVA was
used to compare MAP, HR, and NOx levels between the AdiNOS-
treated group and the other groups. Comparisons between uny (wo
mean values were performed using Bonferroni’s correction for
multiple comparisons. A paired 7 test was used to compare 24-hour
urinary norepinephrine excretion before and at duy 7 alter the gene
transfer. A level of P<(L05 was considered o be signilicant,

Results

Analysis of B-Galactosidase, iNOS, or
Nitrotyrosine Expression

Figure 1B shows the B-galuctosidase staining in a section of
the rat brain medulla at day 7 after the gene transfer, A
schematic representing injection site is shown in Figure 1A,
B-galuctosidase staining was noted in the RVLM, where
AdPgal had been microinjected. There were no X-Gul-
positive cells in the adjacent brain regions. In the AdiNOS-
wansfected rats, the expression of iNOS protein was observed
locally in the RVLM, where the AdiNOS had been trans-
fected. Figures D, 1E, and IF show the expression of iNOS
in the RVLM at day 7 after the gene transfer by immunohis-
tochemistry. Some of the C1 neurons labeled with the PNMT
antibody were also detected with the anti-INOS antibody
(Figure 1C). The expression level of iNOS peaked at day 7
after the gene transfer and thereafter declined over time as
detected by Western blot analysis (Figure 2).

Microdialysis and Measurement of NO Metabolites
We measured the production of NO in the RVLM as NOx
using in vivo microdialysis before and after gene transfer,
The level of NOx way significantly higher in rats transfected
with AJINOS or AdeNOS at day 7 (AdiINOS, 58.8+1.2 or
AdeNOS, 294210 pmob20 uL, n=6 for each) than in
AdBgal-treated rats (8.220.4 pmol/20 uL, n=6; Figure 3).
NOx levels in AJiINOS-transfected rats were also signifi-
cantly higher than in AdeNOS-transfected rats (P<0.05).
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MAP, HR, and Urinary Norepinephrine Excretion
Figure 4A and 4B show the changes in MAP and HR before
and after the gene transter into the RVLM. MAP wus
signiticantly increased in the AdiNOS-transfected rats be-
tween days 6 and L1 after the gene transfer (+56+14 mm Hg
at day 7 after the gene transfer; P<<0.03, n=6). In contrast,
MAP did not change in the AdBgal-transfected rats. Injection
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Figure 1. A, Schematic drawing of a
section that includes the RVLM. Arrows
indicate the RVLM. B, Site-specific
expression of g-galactosidase by X-Gal
staining at day 7 after gene transfer. C,
Site-specific expression of PNMT by
immunohistocchemistry, D, Site-specific
expression of iNOS protein by immune-
histochemistry at day 7 after gene trans-
fer. E, 0.5-mm rostral from the section as
shown in D; F, 0.5-mm caudal from the
section as shown in D. Arrows indicate
the RVLM. Immunohistochemical staining
for INCS (green, visualized with flucres-
cein isothiocyanate-conjugated fluoro-
probe} (D, E, and F} and PNMT (red,
visualized with rhodamine-conjugated
fluoroprobe) (C).

of AJINOS 1 mm caudal to the RVLM also did not alter
MAP. HR was not altered in either group (Figure 4B).
Urinary norepinephring excretion measured at day 7 after the
gene transfer was significantly increased in the AdINOS-
transfected rats relative to that measured before gene transfer
(Figure 4C). Urinary norepinephrine did not change in the
AdBgul-transfected rats (Figure 4C).

Figure 2. Representative Western blot
analysis demonstrating the expression of
iNOS protein, in the medulla containing
the RVLM. Densitometric average was nor-
malized to the values obtained from the
analysis of S8-tubulin {(n=>5 for each).
*P<0.05 vs day 0. #7<0.01 vs day 0.

Day 14
—130kDa

— S0k Da
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Figure 3. Effacts of transfection of Adpgal {n=6), AdINOS {n=8),
and AdeNOS (n=6) into RVLM on NOx release in dialysate of
the RVLM. Basal NOx levels in AdiNOS-transfected rats were
significantly higher than those in Adggal- or AdeNOS-
transfected rats. Basal NOx levels in AdeNOS-transfected rats
were also significantty higher than in AdBgal-transfected rats. Al
data are expressed as amount of NOx in 20 uL dialysate of
RVLM. #P<0.01 compared with values of AdiINOS-transfected
rats. *P<0.05 compared with values of Adpgal-transfected rats.

Microinjection of NOS Inhibitors Into the RYLM
Microinjection of aminoguanidine into the RVLM at day 7
after the gene transfer produced a gradual decrease in MAP in
the AdINOS-transfected rats (Figure 5A). The maximum
decrease in MAP evoked by aminoguanidine was
—38*12 mm Hg (P<0.05, n=35). In contrast, microinjection
of aminoguanidine did not alter MAP in the Adfgal-
transfected rats (624 mm Hg, P<0.03, n=3). Microinjection
of SMT also decreased MAP in the AdiNOS-transfected rats
(—42*12 mm Hg, n=5). Microinjection of L-NMMA also
decreased MAP in AdiNOS-transfected rats (Figure 5B), but
the change was smaller than that evoked by microinjection of
aminoguanidine or SMT. In contrast, .-NMMA elicited a
small but significant increase in MAP in AdfBgal-transfected
rats (P<<0.05, n=3; Figure 5B).

Microinjection of L-Arginine Into the RVLM
Microinjection of L-arginine into the RVLM at day 7 after the
gene transfer produced a gradual decrease in MAP in the
AdINOS-transfected rats. The maximum decrease in MAP
evoked by L-arginine was —35+6 mm Hg (n=3).

Oxidative Stress in the RVLM After

Gene Transfer

TBARS levels were significantly higher in the RVLM of
AdiNOS-transfected rats than in AdpBgal-transfected rats
(Figure 6A). In AdeNOS-transfected rats, TBARS levels did
not differ from those of AdBgal-transfected rats (AdeNOS,
0.3220.03 versus Adfgal, 0.29=0.05 pmol/g, n=5 for
each). Figure 6B and 6C show representative images of
DHE-treated brain skices from the RVLM. Increased fluores-
cence, representing higher superoxide anion levels, was
present in the brain slices from AdINOS- transfected rats
(Figure 6B) compared with nontreated rats (Figure 6C). Some
of the iNOS-positive cells were also detected with the
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Figure 4. A and B, Time course of MAP (A, in mm Hg) and HR
(B, in bpm) in AdpBgal-transfected rats and AdiNOS-transfected
rats before and after gene transfer. *P<0.05 vs the values
between the two groups. #P<0.01 vs the values between the
two groups. C, Urinary norepinephrine excretion for 24 hours
(g} before and at day 7 after the gene transfer in AdiNOS-
transfected rats and Adpgal-transfected rats. *P<0.05, #P<0.01
vs the values before the gene transfer. 1P<0.05 vs AdBgal-
transfected rats. Data are shown as mean=SEM (n=6 per

group).

anti-nitrotyrosine antibody (Figure 6D and 6E). Microinjection
of tempol elicited a depressor response in the AdiNOS-
transfected rats, but not in the Adfgal-transfected rats (Figure 7).

Effect of Continuous Intracisternal Infusion

With Tempol

Figure 8A shows the changes in MAP after intracisternal
infusion of tempol for 1 week. Tempol significantly attenu-
ated the increase in MAP in AdiNOS-transfected rats (Figure
8A). Urinary norepinephrine excretion measured at day 7
after the gene transfer was significantly increased in the
AdiNOS-transfected rats treated with tempol relative to the
AdiNOS-transfected rats treated with aCSF (Figure 8B).
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Urinary norepinephrine did not change in the AdBgal-
trunsfected rats (Figure 8B). TBARS levels in AdiNOS-
transfected rats treated with intracisternal infusion of tempol
were significantly lower than in those treated with intracisternal
infusion of aCSF ((L68x0.03 versus 0.52x0.03 pmol/g wet
tissue; £<(0.05, n=5 for each).

Discussion
The present study demonstrated that overexpression of iNOS
in the RVLM elicits a pressor response in awake normoten-
sive WEKY rats in vivo, and that an increase in oxidative stress
in the RVLM is likely to be responsible for this response.
Urinary norepinephrine excretion was higher in AdiNOS-
transfected rats than in AdBgal-transfected rats, indicating
that it wus mediated by uctivation of the sympathetic nervous
system. In addition, the pressor response was mediated by
iNOS, because aminoguanidine or SMT inhibited the re-
sponse. Taken together, these results suggest that overexpres-
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sion of iINOS in the RVLM causes & pressor response via
activation of the sympathetic nervous system, probably
attributable to an increase in oxidative stress.

Expression of iNOS protein in the RVLM was confirmed
by immunohistochemistry and Western blot analysis, us
shown in Figures | and 2. The expression level of iNOS
protein after AJiNOS transfection gradually increased,
peaked at day 7, and then gradually declined over time. The
time course of transfected gene expression was consistent
with transfected eNOS expression reported in previous stud-
ies.'19 To confirm the transfection site in the pressor areas in
the RVLM, we identified the site functionally by prior
injection of L~glutamate and anatomically by immunohisto-
chemical staining tor PNMT, which indicates the CI area
where the RVLM neurons are located ™ We did not detect
iNOS-positive neurons in other areas of the brain, such as
the NTS, caudal ventrolateral medulla, and hypothalamus.
Because of the possibility of significant diffusion to the

Figure 6. A, Lipid peroxidation as indi-
cated by TBARS levels in RVLM tissues
from AdiNOS-transfected rats (n=10)
and AdpBgal-transfected rats (n=25).
#P<0.01. B and C, Images of

e dihydroethidium-treated brain slices from
200 wm the RVLM from AdiNCS-transfected rats
(B} and nontreated rat (C). D and E,
Images of expresston of nitrotyrosing
{green, visualized with fluorescein
isothiocyanate-conjugated flucroprobe) (D)
or INOS protein {red, visualized with
rhodamine-conjugated flucroprobe) (E) in
the RVLM.

Non-treated
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caudal ventrolateral medulla region, which is adjacent to the
RVLM, we slowly injected the adenovirus 30 nL/min with
the total volume injected over 15 minutes. Thus, as shown in
Figure 1D through IF, expression of the transfected adeno-
virus wus observed within a I-mm wide region in the
rostrocaudal direction, and there was no significant staining
observed in the caudul ventrolateral medulla. Furthermore,
when we injected AJINOS 1 mm caudal to the RVLM, there
were no changes in blood pressure (duta not shown). There
might be some cells that express iNOS, because Western blot
analysis revealed a1 small amount of iINOS protein in the brain
of WKY rats.'? In fact, there is iNOS expression in the
cerebral blood vessels (vascular smooth muscle cells) and
glia (microglia and astrocytes),* although iNOS is normally
induced by inflammatory stimuli,*0-4¢

In a previous study, we reported that overexpression of
eNOS in the RVLM decreases blood pressure and HR by

inhibiting the sympathetic nervous system.' The different
cardiovascular responses induced by overexpression of iNOS
and eNOS might be attributable to differences in the amount
of NO production.’>** Large amounts of NO production
might consume L-arginine, a precursor of NO, thereby induc-
ing chronic L-arginine depletion. In such conditions, iNOS
produces superoxide anions instead of NO.+45 In the present
study, the NO production measured us NOx was approxi-
mately 4.5-fold higher in AJiNOS-transfected rats than in
Adpgal-transfected rats. In contrast, NOx levels in the
RVLM of AdeNOS-transfected rats were approximutely
2-fold higher than in AdfBgal-transfected rats, This increase in
busal NO production is consistent with the results of a
previous study in which eNOS was transfected into the NTS!
and of another in vivo study.*s It is difficult, however, to
explain the different effects of eNOS and iNOS overexpres-
sion in the RVLM on bleod pressure based on differences in

Figure 8. A, Changes in MAP caused by
continuous intracisternal (i.c.) infusion
with tempol {2 mol/L, 0.25 ul/h) or aCSF

NS ) for 1 week (n=>5 for each; Adfgal or Adi-
NOS}. B, Urinary norepinephrine excre-
r_l tion for 24 hours {u.g) before and at day
7 after the gene transfer in AdiNOS-

transfected rats and Adpgal-transfected
rats treated with tempol or aCSF {n=5
for each). *P<0.05 vs AdiNOS-
transfected rats with aCSF.
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the amount of NO release. The levels of TBARS, an indirect
marker of oxidative stress in the RVLM, were higher in the
AdiNOS group than in the AdBgal group. DHE staining, an
oxidative fluorescent dye, detects in situ superoxide in the
RVLM, and the intensity of the staining was greater in
AdiNOS-transfected rats than in AdBgal-transfected rats. In
addition, microinjection of tempol decreased blood pressure
in the AJiNOS group, but not in the nontreated group.
Furthermore, intracisternal infusion of tempol markedly at-
tenuated the pressor response induced by AdiNOS transfec-
tion. In addition, the increased TBARS levels after AdiNOS
transfection were significantly attenuated. Taken together,
these results suggest that oxidative stress in the RYLM is
increased in AdiNOS-transfected rats, and this increase might
contribute to the pressor response evoked by iNOS transfec-
tion. NO might be trapped by superoxide anions. In support
of this idea, we recently reported that increased reactive
oxygen species in the RVLM contribute to the neural mech-
anisms of hypertension.™

An important finding of the present study was that blood
pressure was increased after transfection of AdiNOS. The
time course of the change in blood pressure was consistent
with that of iNOS protein expression levels, This increase in
blood pressure was nearly abolished by microinjection of
aminoguanidine or SMT, a selective iNOS inhibitor, and
partly inhibited by microinjection of L-NMMA, a nonselec-
tive NOS inhibitor. These results suggest that the pressor
response that occurred after iNOS gene transfer was mediated
by iNOS. If this is the case, then what caused the pressor
response after iNOS production? We previously demon-
strated that blood pressure decreased after transfection of
AdeNOS into the RVLM.'? eNOS and nNOS are constitutive
NOS. Microinjection of L-NMMA in rats transtected with
AdBgal elicited the pressor response, suggesting that NO
produced by endogenous NOS in the RVLM, mainly nNOS,
decreases blood pressure. In contrast, microinjection of ami-
noguaniding into the RVLM in AdBgal-transfected rats did
not alter blood pressure, suggesting that endogenous iNOS in
the RVLM does not atfect blood pressure, at least in normo-
tensive rats, In support of this finding, we demonstrated that
expression levels of iNOS protein in the brain of WKY are
very low compared with the aorts and heart and with
stroke-prone spontaneously hypertensive rats.'* HR did not
change despite the fact that blood pressure was increased
after iNOS gene transfection. This might be attributable to
“inhibition of the baroreflex control of HR. Blood pressure
also returned to the control level after iNOS transfection into
the RVLM, indicating that the cytotoxic effects of NO
produced by iNQS in the present study are reversible. We
transfected iNOS bilaterally into the RVLM. If RVLM
neurons were irreversibly damaged, blood pressure would be
expected to decrease to the level produced by spinal
transection.®

The effects of NO in the RVLM on blood pressure
regulation are controversial. NO in the RVLM is reported to
reduce blood pressure by inhibiting sympathetic nerve activ-
ity;o-12473% but opposite results have also been reported. -5
In addition, it was reported that NO elicits a biphasic response
that depends on the dose injected.** Most of these studies,

however, were performed in anesthetized animals, and only
acute effects of NO donors or nonselective NO blockers were
examined. It is possible that NO donors such as sodium
nitroprusside produce reactive oxygen species. To exclude
the above-mentioned limitations, we demonstrated that trans-
fection of adenovirus encoding constitutive eNOS in the
RVLM reduces blood pressure via inhibition of the sympa-
thetic nervous system and this effect is probably attributable
to an increase in y-amino-butyric acid (GABA) in the RVLM
in conscious rats.'® We used eNOS instead of nNOS, which is
normally abundant in the CNS, because the purpose of that
study was to increase NO production from constitutively
expressed NOS. In support of these findings, a similar finding
was obtained in the paraventricular nucleus of the hypothal-
amus®? and RVLM.'6

Recently, the contribution of nNOS or iNOS in the RVLM
to blood pressure regulation was examined in propofol-anes-
thetized rats.*> A selective inhibitor of nNOS,
7-nitroindazole, or selective antagonists of iINOS, aminogua-
nidine, N®-(L-iminoethyl}-L-lysine, or SMT, were used in that
study. The aNOS inhibitor reduced blood pressure and iNOS
antagonists increased blood pressure, suggesting that endog-
enous NO produced by nNOS increases blood pressure and
that produced by iNOS decreases blood pressure.™ in a
subsequent study, they explained that the different blood
pressure responses evoked by nNOS and iNOS were attrib-
utable to differences in the amount of release of an excitatory
neurotransmitter, L-glutamate, and an inhibitory neurotrans-
mitter, GABA.®* We do not yet have a clear explanation for
the differences between their results and ours, Therefore, in
the present study, we performed iNOS gene transfer into the
RVLM in awake rats to clarify the role of iNOS in the
RVLM. Our results raise another possibility that NO pro-
duced by iNOS enhances the production of reactive oxygen
species, which influences the neuronal activity of the RVLM
neurons. 5 Increased and sustained NO levels might lead to
the formation of superoxide anions that react with NO to form
peroxynitrite. In support of this suggestion, nitrotyrosine
staining in the RVLM was observed after transfection of
AdiNOS as a peroxynitrite footprint. Indeed, lipopolysaccha-
ride-induced NO generation results in an increase in oxidative
stress in the rat liver and Kidney and is inhibited by iNOS
inhibitors.®*

In summary, the present studies demonstrate that overex-
pression of iNOS in the RVLM elicits hypertension by
activating the sympathetic nervous system, and these effects
might be mediated by an increase in oxidative stress in the
RVLM. An increase in iNOS expression levels occurs in
some pathophysiological states, such as hypertension, heart
tailure, and endotoxin shock, and in aging.2>2%4! Thus, it is
conceivable that the increase in INOS expression levels in the
brain, particularly in the RVLM, occurs in those conditions,
thereby modulating centrai sympathetic outflow resulting in
blood pressure changes.
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Extracorporeal Cardiac Shock Wave Therapy Markedly
Ameliorates Ischemia-Induced Myocardial Dysfunction in
Pigs in Vivo

Takahiro Nishida, MD; Hiroaki Shimokawa, MD; Keiji Oi, MD; Hideki Tatewaki, MD;
Toyokazu Uwatoku, MD; Kohtaro Abe, MD; Yasuharu Matsumoto, MD;
Noriyoshi Kajihara, MD; Masataka Eto, MD; Takehisa Matsuda, PhD; Hisataka Yasui, MD;
Akira Takeshita, MD; Kenji Sunagawa, MD

Background—Prognosis of ischemic cardiomyopathy still remains poor because of the lack of effective treatments. To
develop a noninvasive therapy for the disorder, we examined the in vitro and vivo effects of extracorporeal shock wave
{SW) that could enhance angiogenesis. ‘

Methods and Results—SW treatment applied o cultured human umbilical vein endothelial cells significantly upregulated
mRNA expression of vascular endothelial growth factor and its receptor Flt-1 in vitro. A porcine model of chronic
myocardial ischemia was made by placing an ameroid constrictor al the proximal segment of the left circumflex
coronary artery, which gradually induced a total occlusion of the arlery with sustained myocardial dysfunction but
without myocardial infarction in 4 weeks, Thereafter, extracorporeat SW therapy to the ischemic myocardial region (200
shots/spot for 9 spots at .09 mJ/mm?) was performed (n=8), which induced a complete recovery of left ventricular
ejection fraction (51%2% to 62+2%), wall thickening fraction (13%£3% to 30*3%), and regional myocardial blood
flow (1.020.2 to 1.420.3 mL - min™' - g~') of the ischemic region in 4 weeks (all P</0.01). By contrast, animals that
did not receive the therapy (n=8) had sustained myocardial dysfunction (left ventricular ejection fraction, 483% to
48+ 1%; wall thickening fraction, 13+2% to 9+2%) and regional myocardial blood flow (1.0£0.3 0 0.6£0.1 mL -
min~' - g”"). Neither arrhythmias nor other complications were chserved during or after the treatment. SW treatment of
the ischemic myocardium significantly upregulated vascular endothelial growth factor expression in vivo,

Conclusions—These results suggest that extracorporeat cardiac SW therapy is an effective and noninvasive therapeutic
strategy for tschemic heart discase. (Circulation. 2004;110:3055-3061.)

Key Words: angiogenesis m contractility m hibernation ® ischemia m regional blood flow

rognosis of ischemic cardiomyopathy without an indication

for coronary intervention or coronary artery bypass grafting
still remating poor because medication is the only therapy to treat
the disorder.' Thus, it is imperative that an effective and
noninvasive therapy for ischemic cardiomyopathy be developed.
Although no medication or procedure used clintcally has shown
efficacy in replacing myocardia! scar with functioning contrac-
tile tissue, it could be possible to improve the contractility of the
htbenating myocardium by inducing angiogenesis,

It recently has been suggested that shock wave (SW) could
enhance angiogenesis in vitro.2 SW is a longitudinal acoustic
wave, traveling with the speed in water of ultrasound through
body tissue. It is a single pressure pulse with a short
needle-like positive spike <1 us in duration and up to 100
MPa in amplitude, followed by a tensile part of several

microseconds with lower amplitude.? SW is known to exert
the “cavitation effect” (a micrometer-sized violent collapse of
bubbies inside and outside the cells)® and recently has been
demonstrated to induce localized stress on cell membranes
that resembles shear stress.* If SW-induced angiogenesis
could be reproduced in vivo, it would provide a unique
opportunity to develop a new angiogenic therapy that would
not require invasive procedures such as open-chest surgery or
catheter intervention. Therefore, the present study was de-
signed to examine the possible beneficial effects of SW on
ischemia-induced myocardial dysfunction in a porcine model
of chronic myocardial ischemia in vivo.

Methods

This study was reviewed by the Committee on Ethics in Animal
Experiments of Kyushu University and was carried oul under the
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Guidelines for Animal Experiments of Kyushu University and the
Law (No. 105) and Notification (No. 6) of the Japanese Govemment.

Effect of SW on Human Umbilical Vein
Endothelial Cells in Vitre

We purchased single-donor human umbilical vein endothelial cells
(HUVECS) (Clonctics, Walkersville, Md) and culured them in a
complete endothelial medium (EBM-2 BulletKit, Clonctics).
HUVECs were subcultured and used at passages 3 to § and were
maintained in EBM-2. Twenty-four hours before the SW treatment,
HUVECs {1xX10%) were resuspended in a 2-mL tube with EBM
(Clonetics). We treated the HUVECs with 500 shots of SW at 4
different energy levels (0 [conteol], 0.02, 0.09, 0.18, and 0.33
ml/mm?} and stored them for 24 hours in the same medium before
RNA cxtraction.

Ribonuclease Protection Assay

We analyzed equal amounts of mRNA by ribonuclease protection

assay by means of the RiboQuant multiprobe template (PharMin-
gen). Bricfly, we hybridized RNA overnight with a “P-labeled RNA
probe, which previously had been syathesized from the template set.
We digested single-stranded RNA and free probe by ribonuclease A
and Tl. We then analyzed protected RNA on a 5% denaturing
polyacrylamide gel. We analyzed several angiogenic factors, includ-
ing vascular endothelial growth factor (VEGF) and its receplor,
Jins-like tyrosine kinase (Fli)-1, and angiopoietin and its receplor,
tie-1, cither by means of an NIH image or by means of autoradiog-
raphy and subsequent quantification by densitometry (Alpha Inno-
tech). For quantification, we normalized the signals For each sample
of the blot with the corresponding signals of the housckeeping genes
GAPDH and L32,

Porcine Model of Chronic Myocardial Ischemia

A total of 28 domestic pigs (25 to 30 kg in body weight) were used
in this study. We anesthetized the animals with ketamine (15 mg/kg
IM) and maintained anesthesia with an inhalation of 1.5% isofluranc
for implantation of an ameroid constrictor, SW treatment, and
euthanization. We opened the chest, suspended the pericardium and
tke left atrial appendage, revealed the left circumilex coronary artery
(LCx), and put an ameroid constrictor around the proximal LCx to
gradually induce a total occlusion of the artery in 4 weeks without
causing myocardial infarction.¢ We also confirmed histologically
that no myocardial necrosis had developed in the present porcine
model (data not shown). This model is widely used to examine the
effect of an angiogenic therapy in the ischemic hibernating
myocardium,>¢

Extracorporeal Cardiac SW Therapy to Chronic
Ischemic Myocardium

On the basis of the in vitro experiment, we applied a low encrgy of
SW (0.09 mlmm2, =10% of the energy for the lithotripsy treat-
ment) to 9 spots in the ischemic region (200 shots/spot) with the
guidance of an cchocardiogram equipped within a specially designed

Figure 1. Extracorporeal cardiac SW therapy in
action in a pig chronically instrumented with an
ameroid constrictor. A, The machine is equipped
with a SW generator and in-line echocardiography.
The SW generator is attached to the chest wall
when used. B, The SW pulse is easily focused on
the ischemic myocardium under the guidance of
echocardiography (black arrow).

C- T2

SW generator (Storz Medical AG) (Figure 1A). We were able 10
focus SW in any part of the heart under the guidance of echocurdi-
ography {Figure 1B). We applied SW to the ischemic myocardium in
an R-wave-triggered manner to avoid ventricular arthythmias, We
performed the SW treatment (n=8) at 4 weeks after the implantation
of an ameroid constrictor 3 times within 1 week, whereas animals in
the control group (n=8) received the same anesthesia procedures 3
times 4 week but without the SW trcatment. Because the SW
treatment only requires the gentle compression of the generator to the
chest wall, it is unlikely that this handling itself enhances angiogen-
esis in the ischemic myocardium.

Coronary Angiography and Left Ventriculography

After systemic heparinization (10 000 U/body), we pertormed coronary
angivgraphy and left ventriculography in a left oblique view with the use
of 2 cineangiography system {Toshiba Medical). We semiquantitatively
evaluated the extent ol cotluteral flow to the LCx by the graded Rentrop
score {0, no visible collateral vessels; 1, faint filling of side branches of
the main epicardial vessel without filling the main vessel; 2, partial
filling of the main epicardial vessel; 3, complete filling of the main
vessel).? We also counted the number of visible coronary arteries in the
LCx region, To compare the extent of collateral development at a given
time, we sclected the frame in which the whole left anterior descending
coronacy artery was {irst visualized,

Echocardiographic Evaluation

We performed epicardial echocardiographic studies at ameroid
implantation {baseline) and at 4 and 8 weeks after the implantation
of the constrictor (Sonos 5500, Agilent Technology). We caleulated
wall thickening fruction (WTF) by using the following Formula;
WTF = 100 x (end-systolic wall thickness — end-diastolic wall
thickness) /end-diastolic wall thickness, We measured WTF when
pigs were sedated, with and without dobutamine loading (15 pg -
kg™ - min~') Dobutamine was infused continuously from the ear
vein, and WTF was measured after the hemodynamic condition was
stabilized (in =3 minuics).

Measurement of Regional Myocardial Blood Flow
We evaluated regional myocardial blood flow (RMBF) with colored
microspheres (Dye-Trak, Triton Technology) at ameroid implanta-
tion (baseline) and at 4 and 8 weeks after implantation.® We injected
microspheres through the left atrium and aspirated a reference
arterial blood sample from the descending aorta at a constant rate of
20 mL/min for 66 seconds using a withdrawal pump. We extracted
microspheres from the leil ventricular (LV) wall and blood samples
by potassium hydroxide digestion, extracted the dyes from the
spheres with dimethylformamide (200 uL}, and determined their
concentrations by spectrophotometry * We calculated myocardial
blood flow (mL - min™' -+ g™') of the endocardial and epicardial lateral
LV wall (the LCx rcgion).

Analysis of Cardiac Enzymes
We measured serum concentrations of cardiac troponin T and
creatinine kinase (CK)-MB by using chemiluminescence immuno-
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assay before the SW treatment and at 4, 5 (2 hours after the SW
treatment), and 8 weeks after ameroid implantation.

Factor VIII Staining

We treated paraffin-embedded sections with a rabbit anti-factor VIII
antibody (N1505, Dako, Copenhagen, Denmark}, We counted the
number of factor VI-positive cells in the endocardial and epicardial
wall in 10 fields of the LCx region in cach heart at 400X
magnification.

Real-Time Polymerase Chain Reaction

To examine the effect of SW treaunent on the ischemic myocardium
in vivo, the animals with an ameroid constrictor were euthanized |
week after the SW treatment. Total RNA was isolated from rapidly
frozen ischemic LV wall (LCx region) alter 3 SW treatments and
was reverse transcribed. Quantification of VEGFE and its receptor
FFli-1 was performed by amplification of ¢cDNA with an ABI Prism
7000 real-time thermocycler,

Waestern Blot. Analysis for VEGF

We performed Western blot analysis for VEGF. Western blot
analysis for VEGF was performed with and withoul 3 SW treat-
ments, Three sections from the ischemic LY wall (LCx region) were
measured. The regions containing VEGF proteins were visualized by
electrochemiluminescence Western blotting luminal reagent (Santa
Cruz Biotechnology). The extent of the VEGF was normalized by
that of B-actin.
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Figure 2. SW treatment upregulated mRBNA expression of VEGF
(A) and Fit-1 (B8} in HUVECs in vitro with a maximum effect
noted at 0.09 mJ/mm?, Results are expressed as mean=SEM
{(n=10 each).
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Figure 3. Extracorporeal cardiac SW therapy enhances coronary angiogenesis in vivo. A and C, Four weeks after the implantation of an
ameroid constrictor, LCx was totally occluded and was perfused via collateral vessels with severe delay in both the control group (A)
and the SW group (before SW therapy) (C). B and D, Four weeks after the first coronary angiography, no significant change in coronary
vessels was noted in the control group {B), whereas a marked development of visible coronary vessefs was noted in the SW group (D).
E and F, Four weeks after the first coronary angiography, no significant increase in the Rentrop score (E) or visible coronary arteries
from LCx {F) was noted in the control group, whereas increased Rentrop score and a marked development of visible coronary vessels
were noted in the SW group, Results are expressed as mean=SEM {h=8 each).
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Figure 4. Extracorporeal cardiac SW therapy improves ischemia-induced myocardial dysfunction in vivo. A and C, Four weeks after the
implantation of an ameroid constrictor, LV wall motion of the LCx (pesterolateral) region was reduced in both the control {A} and the
SW group (before the SW therapy) (C). B and D, Four weeks after the first left ventriculography, no significant change in LV wall motion
was noted in the control group (B), whereas marked recovery was noted in the SW group (D). E, The SW therapy normalized left ven-
tricular ejection fraction in the SW group but not in the ¢ontrol group. Results are expressed as mean+SEM (n=8 each).

Statistical Analysis

Results are cxpressed as mean®SEM. We determined statistical
significance by analysis of variance for mulliple comparisons. A
value of P<0.05 was considered to be statistically significant.

Results

Effect of SW on mRNA Expression of YEGF and
Fit-1 in HUVECs

SW treatment significantly upregulated mRNA expression of
VEGF and its receptor Flt-1 in HUVECs, with a maximum
effect noted at G.09 ml/mm* (Figure 2).

Effects of Extracorporeal Cardiac SW Therapy on
Angiogenesis and Ischemia-Induced

Myocardial Dysfunction

Four weeks after ameroid implantation, coronary angiogra-
phy demonstrated a total occlusion of the LCx, which was
perfused via collateral vessels with severe delay in both the
control (Figure 3A) and the SW groups (Figure 3C). At 8
weeks after ameroid implantation (4 weeks after SW ther-
apy), the SW group (Figure 313), but not the control group
(Figure 3B), had a marked development of coronary collateral
vessels in the ischemic LCx region, an increased Rentrop
score (Figure 3E), and an increased number of visible
coronary arteries in the region (Figure 3F). Similarly, at 4
weeks, left ventriculography demonstrated an impaired left

ventricular ejection fraction in both groups (Figure 4A, 4C,
and 4E), whereas at 8 weeks, left ventricular ejection fraction
waus normtalized in the SW group but remained impaired in
the control group (Figure 4B, 4D, and 4E).

Effects of Extracerporeal Cardiac SW Therapy on
Regional Myocardial Function and Myocardial
Blood Flow '

We serially measured WTF of the LCx region (lateral wall of
the LV) by epicardiac echocardiography. At 4 weeks, we
observed a significant reduction in WTF (%) in both groups
(13=2 in the control group and 13=3 in the SW group;
Figure 5A). At 8 weeks, however, the SW treatment markedly
improved WTF in the SW group (30£3) but not in the control
group (9=2) under control conditions (Figure 5A). Under
dobutamine-loading conditions, which mimicked exercise
conditions, WTF was further reduced at 4 weeks after the
ameroid implantation in both groups (16=3 in the control and
18+2 in the SW groups), however, at 8 weeks, WTE was
again markedly ameliorated only in the SW group (31 %2) but
not in the control group (16x4) (Figure 5B).

At 4 weeks, RMBF in the endocardium and epicardium
(mL - min™" - g™') was equally decreased in both groups
(1.0+£0.3 and 0.920.2 in the control group and 1.0%0.2 and
0.9*0.2 in the SW group, respectively). The SW treatment
again improved RMBF in the endocardium (0.6%0.1 in the
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Figure §. Extracorporeal cardiac SW therapy improves regional
myocardial function in vivo. SW therapy induced a complete
recovery of WTF of the ischemic lateral wall under control con-
diticns (A} and under dobutamine {DOB) loading conditions (B).
Results are expressed as mean+SEM (n=8 each).

contro! group and {.4*0.3 in the SW group, £<X0.03; Figure
6A) as well as in the epicardium (0.7%0.2 in the control
group and 1.5%0.2 in the SW group, P<0.03; Figure 6B).

Effects of Extracorporeal Cardiac SW Therapy on
Capillary Density and YEGF Expression in the
Ischemic Myocardium

Factor VIIl staining showed that the number of factor
VIil-positive capillaries was increased in the SW group
compared with the control gronp (Figure 7A and 7B).
Quantitative analysis demonstrated that the number of capil-
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Figure 6. Extracorporeal cardiac SW therapy improves RMBF in
vivo. SW therapy significantly increased RMBF, assessed by
colored microspheres in both the endocardium (A} and the epi-
cardium (B}, Results are expressed as mean+SEM (n=8 each).
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laries was significantly higher in the SW group in both the
endocardium (840%26 in the control group and 1280*45 in
the SW group, P<0.05; Figure 7C} and the epicardium
(820%30in the control group and £200x22 in the SW group,
P<0.05; Figure 7D). RT-PCR analysis and Western blotting
demonstrated a significant upregulation of VEGF mRNA
expression (8.0x6 in the control group and 32*8 in the SW
group, P<0.05; Figure 8A) and protein expression (2.23-fold
increase in the SW groups, P<0.05; Figure 8B) after the SW
treatment to the ischemic myocardium in vivo,

Side Effects of Extracorporeal Cardiac

SW Therapy

All animals treated with the SW therapy were alive and
showed no arrhythmias as assessed by 24-hour Holter ECG
during and after the treatment {(n=3; data not shown). There
also was no myocardial cell damage as assessed by serum
concentrations of CK-MB (ng/mL); the values before the SW
treatment and at 4, 5 (2 hours after the SW treatment), and 8
weeks after the ameroid implantation were 5.0+0.6, 6.2x0.5,
55202, and 7.120.9 in the control group and 5.1+0.2,
7.7x0.6,6.1 0.6, und 6.4*0.4 in the SW group, respectively
(n=6 each). The serum concentrations of troponin T were not
detected in most cases in both groups. No significant differ-
ences were noted in hemodynamic variables (eg, heart rate or
blood pressure) between the 2 groups {duta not shown).

Discussion

The novel finding of the present study is that the extracorpo-
real cardiac SW therapy enhances angiogenesis in the ische-
mic myocardium and normalizes myocardial function in a
porcine mode] of chronic myocardial ischemia in vivo. To the
best of our knowledge, this is the first report that demon-
strates the potential usetulness of extracorporeal cardiac SW
therapy as a noninvasive treatment of chronic myocardial
ischemia.

Extracorporeal Cardiac SW Therapy as a Novel
Strategy for Ischemic Cardiomyopathy

Because of the poor prognosis of ischemic cardiomyopa-
thy,”¥ it is crucial to develop an alternative therapy for
ischemia-induced myocardial dysfunction. To accomplish
effective ungiogenesis, it is mandatory to upregulate potent
angiogenesis ligands, such as VEGF, and their receptors.®!?
Furthermore, in the clinical setting, the goal for the treatment
of ischemic cardiomyopathy should include not only en-
hancement of angiogenesis but also recovery of ischemia-
induced myocardial dysfunction. In the present study, we
were able to demonstrate that SW treatment (1) normalized
global and regional myocardia! functions as well as RMBF of
the chronic ischemic region without any adverse effects in
vive, (2) increased vascular density in the SWetreated region,
and (3) enhanced mRNA expression of VEGF and its
receptor Flt-1 in HUVECs in vitro and VEGF production in
the ischemic myocardium in vivo. Thus, SW-induced upregu-
lation of the endogenous angiogenic system may offer a novel
and promising noninvasive strategy for the treatment of
ischemic heart disease.
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A major advantage of the extracorporeal cardiac SW therapy
over these 2 strategies is shown by the fact that it is quite
noninvasive and safe, without any adverse effects. If necessary,
we could repeatedly treat patients (even outpatiznts) with SW
therapy because no surgery, anesthesia, or even catheler inter-
vention is required for the treatment. This is an important factor
in determining the clinical usefuiness of angiogenic therapies in
patients with ischemic cardiomyopathy. Thus. the extracorporeal
cardinc SW therapy appears to be an applicable and noninvasive
treatment for ischemic heart disease. Indeed, the SW rreatment
itself already has been clinically established as an effective and
safe reatment for lithotripsy and chronic plantar fasciitis,'>'®
Our present results indicate that SW therapy, at ~10% of the
energy needed for lithotripsy treatment, is effective for in vivo
angiogenesis in the tschemic heart,

Mechanisms for SW-Induced Angiogenesis

When a SW hits tissue, cavitation (2 micrometer-sized violent
collapse of bubbles) is induced by the first compression by
the positive pressure part and the expansion with the tensile
part of a SW.* Because the physical forces generated by
cavitation are highly localized, SW could induce localized
stress on cell membranes, as altered shear stress affects
endothelial cells.'”” Recent reports have demonstrated the
biochemical effects of SW, including hyperpolarization and
Ras activation,’ nonenzymatic nitric oxide synthesis.! and
induction of stress fibers and intercellular gaps.® Although
precise mechanisms for the SW-induced biochemical effects
remain 10 be examined. these mechanisms may be involved in
the underlying mechanisms for SW-induced angiogenesis.
Indeed, Wang et ai?' reported that SW induces angiogenesis
of the Achilles tendon-bone junction in dogs.

We were able to demonstrate that the SW treatment upregu-
lated mRNA expression of VEGF and its receptor Flt in
HUVEGs in vitro and VEGF expression in the ischemic myo-
curdium in vivo. Because the VEGF-Flt system is essential in
initiating vasculogenesis and/or angiogenesis,?* this effect of SW
could explain, at least in part, the underlying mechunisms for
SW-induced angiogenesis. it should be noted. however, that we
showed only the upregulation of VEGF and Flt and that the
effect of SW on signal transduction after receptor-ligand inter-
action still remains © be clarified. In addition, we need to fully
elucidate.the mechanisms for the SW-induced complete recov-
ery of ischemia-induced myocardial dysfunction, although the
increased myocardial blood flow caused by the SW weatment
appears to play a primary role for the improved myocardial
function. Further studies are required to determine the precise
molecular mechanism for SW-induced angiogenesis and recov-
ery of myocardial function.

In summary, we were able to demonstrate that noninvasive
extracorporeal cardiac SW therapy effectively increases
RMBF and normalizes ischemia-induced myocardial dys-
function without any adverse effects. Thus. extracorporeal
cardiac SW therapy may be an effective, safe, and nontnva-
sive therupy for ischemic cardiomyopathy.
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