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However, amlodipine showed no such reduction compared
with the ‘no treatment’ group (Fig. 4). In contrast, there were
no significant differences in the lipid profiles, systolic blood
pressure, and heart rates among the differently treated groups
of mice (Online Table 2). There were also no significant
differences in levels of multiple cytokines and chemokines
among the groups (Online Table 3).

4. Discussion

The present study demonstrated that treatment with a
newly developed CCB, azelnidipine, at 3 and 10 mg/kg atten-
uated the development of advanced atherosclerosis induced
by balloon injury and hypercholesterolemia in non-human
primates (cynomolgus monkeys).

To assess the clinical significance of our present find-
ing, the dose range of azelnidipine is important. We recently
reported that the Cmax Of azelnidipine at 3 and 10mg/kg
per day were 36 + 17 and 107 £ 17 ng/mL, respectively, in
cynomolgous monkeys [12]. The Cpax after oral adminis-
tration of 16 mg of azelnidipine to hypertensive subjects is
reported to be 48 + 19 ng/mL [10]. Therefore, it is reasonable
to consider that in regards to plasma concentrations (Crax ),
the 3 mg/kg dose is within a clinically relevant dose range,
and the 10 mg/kg dose is higher than the clinical dose range
(i.e. is a pharmacological dose range) in monkeys. Further-
more, we also reported that the dose of azelnidipine used in
the present study did not affect systemic arterial blood pres-
sure and heart rate in cynomolgus monkeys under conscious
conditions [12]. Therefore, it is suggested that the benefi-
cial effects of azelnidipine on atherosclerosis as observed in
monkeys were not due to its effects on serum lipids or arterial
blood pressure (Table 1).

To examine the mechanisms underlying azelnidipine’s
anti-atherosclerotic effects, we examined a representative
local oxidative stress marker with fluorescent dihydroethid-
ium staining in monkeys. Our data clearly showed that
azelnidipine at low and high doses nearly eliminated the
increase in the fluorescence (i.e. the increase in oxidative
stress) in neointima cells in atherosclerotic lesions. Sim-
ilar potent anti-oxidant effects of azelnidipine were also
reported by Jinno et al. [9], who showed that azelnidip-
inc prevented the increases in fluorescent dihydrocthidium
signals and NAD(P)H oxidase activity in the neointima
induced by cuff-induced vascular injury. Because the neoin-
tima usually consists of activated smooth muscle cells, the

Table 1
Serum MCP-1 levels in cynomolgus monkeys

Baseline (week 0) 24 weeks after treatment

Control 44 + 5 61 +5
Azelnidipine 3 mg/kg 46 + 4 47+ 5
Azelnidipine 10mg/kg 47 £ 4 37+4

Data are expressed as mean +S.EM. n=12.
" P<0.05 vs. baseline.

present data suggest that mediation of local oxidative stress
in neointimal smooth muscle cells is one of the major path-
ways by which azelnidipine exerts its anti-atherosclerotic
actions.

Because inflammatory and proliferative processes induced
by oxidative stress play a central role in atherogenesis [15],
we next used immunohistochemistry to examine the expres-
sion of MCP-1 and PDGF. We and others have demonstrated
that increased monocyte-mediated inflammation is associ-
ated with greater neointimal formation after stenting [16,17]
and that anti-MCP-1 gene therapy [18,19] or administration
of blocking antibody against the MCP-1 receptor markedly
reduces neointimal formation after vascular injury. In addi-
tion to inflammation, the proliferation of vascular smooth
muscle cells induced by PDGF plays a crucial role in
atherogenesis. Here, we found reduced MCP-1 and PDGF
immunoreactivity in the neointimal smooth muscle cells after
treatment with azelnidipine at 3 and 10 mg/kg. Normaliza-
tion of serum MCP-1 levels was also noted with azelnidipine
treatment. These data suggest that the anti-atherosclerotic
effects of azelnidipine might be attributable to the inhibi-
tion of oxidative stress-induced upregulation of MCP-1 and
PDGEF in the neointimal cells.

However, immunohistochemical analysis of the cellular
composition of the neointima showed that azelnidipine had
no effect on macrophage infiltration. We therefore hypothe-
sized that azelnidipine was having a direct effect on vascular
smooth muscle cells. The date presented here from vascular
smooth muscle cells in culture shows that azelnidipine sig-
nificantly inhibits PDFG-induced proliferation and migration
of vascular smooth muscle cells. In addition, this inhibitory
effect was associated with decreased PDGF-induced pro-
duction of MCP-1, We recently found that blocking MCP-1
partly inhibits PDGF-induced proliferation and migration of
vascular smooth muscle cells in culture (author’s unpub-
lished data, 2006). In addition, it was recently reported that
MCP-1 not only mediates monocyte-related inflammation,
but also mediates transformation, proliferation, and migra-
tion of vascular smooth muscle cells [20]. Collectively,
these data suggest that MCP-1 is involved in the mecha-
nism of azelnidipine’s inhibitory effects on PDGF-induced
proliferation and migration of vascular smooth muscle
cells.

To investigate whether the observed anti-atherosclerotic
effects are unique to azelnidipine, we therefore compared
effects of azelinidipine versus amlodipine in ApoE-KO mice.
Azelnidipine at 10mg/kg per day, but not amlodipine at
10mg/kg per day, reduced atherosclerotic plaque size after
8 weeks of a high cholesterol diet. Neither azelnidipine nor
amlodipine had any effect on hemodynamic parameters or
on blood lipid profiles, indicating that the observed differ-
ential effects between the two drugs are independent of any
effects on serum lipid levels or arterial blood pressure. Our
present data are not contradictory to previous articles show-
ing no definitive effects in atherosclerositic mice [21,22] or
monkeys [23]. The mechanism underlying the differential
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effects of these two CCBs is unclear, but may be related
to azelnidipine's high lipid solubility/high vascular affinity
[23]. Recently, Ma et al. reported that the inhibitory effect
of azelnidipine on iNOS-catalyzed NO production from vas-
cular smooth muscle cells in culture was greater than that
of amlodipine or nifedipine [24]. Moreover, azelnidipine
is reported to inhibit H2O;-induced production of 8-iso-
prostane from human arterial endothelial cells in culture to a
greater extent than other same class CCBs (amlodipine and
nifedipine) [25].

There are several caveats in interpreting the clinical sig-
nificance of our present study. First, although we have shown
anti-atherosclerotic effects of azelnidipine in non-human
primates, the experimental and clinical evidence for the
anti-atherosclerotic effects of CCBs remains controversial.
Recent clinical trials with CCBs did not directly address
the reduction of atherosclerosis and/or cardiovascular mor-
tality in patients with atherosclerotic vascular disease [26].
Second, it deserves mentioning that the vast majority of
patients with atherosclerotic vascular disease is not treated
with CCB alone, but with combination of CCB plus statin,
angiotensin receptor blockers and etc. [27]. In this regard,
recent reports shows a synergistic effects of CCBs and statin
etc. on progression of atherosclerosis. It is likely therefore
that clinical benefits of CCBs on atherosclerosis might be
overt in combination of other vasculoprotective drugs, such as
statins.

In conclusion, this study presents experimental evidence
that oral administration of azelnidipine at a clinically rele-
vant dose and at a pharmacological dose attenuates advanced
atherosclerosis in non-human primates. The beneficial effects
were associated with reduced local oxidative stress, reduced
MCP-1 and PDGF expression, and reduced smooth muscle
cell proliferation/migration in the neointima. Notably, the
anti-atherosclerotic effect seems to be unique to azelnidipine,
rather than a class-effect of CCBs in respect to our data with
ApoE-KO mice. These data in non-human primates suggest
potential clinical benefits of azelnidipine might be beneficial
as a “vasculoprotective CCB" in patients with atherosclerotic
vascular disease. Further clinical trials are needed to prove
this hypothesis.
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Abstract

We have previously demonstrated great benefit from anti-monocyte chemoattractant protein-1 (MCP-1) gene therapy by “systemic™ transfer
of an N-terminal deletion mutant of human MCP-1 (called 7ND) gene into skeletal muscle for treatment of restenosis and atherosclerosis.
However, recent evidence suggests that “local” gene transfer may be a clinically relevant approach. We therefore tested the hypothesis that
catheter-based adenovirus-mediated anti-MCP-1 gene therapy attenuates stent-associated neointima formation.

Bare metal stents were implanted in iliac arteries of cynomolgus monkeys fed a high cholesterol diet. Immediately after the stenting
procedure, normal saline or recombinant adenoviral vector containing LacZ or the 7ND gene was administered locally into the stenting
site through a Remedy channel-delivery catheter. Compared to saline infusion or LacZ gene transfer, 7TND gene transfer markedly reduced
inflammatory changes at an early stage and attenuated neointima formation after 4 weeks. This strategy also reduced the increased production
of pro-inflammatory and growth-promoting factors such platelet-derived growth factor. No systemic adverse effects of 7ND gene transfer
were detected. There were no significant differences in serum cholesterol levels among the three groups.

These data suggest that catheter-based adenovirus-mediated anti-MCP-1 gene therapy may be a clinically relevant and feasible strategy for

treatment of in-stent restenosis.
© 2006 Elsevier Ireland Ltd. All rights reserved.

Kevwords: Restenosis; Inflammation; Monocyte: Gene therapy: Catheter intervention

1. Introduction

There is ample clinical and experimental evidence sug-
gesting that inflammation plays a central role in the
pathogenesis of restenosis [1-3]. Recruitment and activa-
tion of monocyte/macrophages are a major histopathologic
finding after arterial injury. Because monocyte chemoattrac-
tant protein-1 (MCP-1) is a potent and specific chemokine
for monocytes [3-5], an anti-inflammatory strategy target-
ing MCP-1 and its receptor (CCR2) may be an appropriate
and reasonable approach for restenosis. We have previously
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devised a new strategy for anti-MCP-1 gene therapy, in which
plasmid cDNA encoding a mutant MCP-1 gene is transfected
into skeletal muscle [6]. This mutant MCP-1, called 7ND,
lacks N-terminal amino acids 2-8 and has been shown to
work as a dominant-negative inhibitor of MCP-1. This sys-
temic approach (intramuscular transfection of the genc) is
useful, because direct gene transfer into the injured arterial
wall is not necessary, and roles of MCP-1 can be investi-
gated under pathophysiological conditions in vive. With this
strategy, we have demonstrated that blocking MCP-1 signals
reduces neointima formation after balloon- and stent-induced
injury [7-10] and atherosclerosis [11,12] in animals, includ-
ing non-human primates. Roque et al. [13] reported that
CCR2-deficient mice display reduced neointimal hyperpla-
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sia after intraluminal arterial injury. Horvath et al. [14] have
demonstrated that blockade of the MCP-1 receptor (CCR2)
with anti-CCR2 antibody reduced neointimal hyperplasia by
40% alter stenting, by inhibiting monocyte infiltration in
monkeys.

It is becoming accepted that, rather than a systemic
approach, a local delivery strategy should be a reasonable
anti-restenotic therapy with minimal systemic adverse effects
[15]. Indeed, the development of drug-eluting stents (DES)
has had a major impact on in-stent restenosis. Their safety
and extreme effectiveness have been proven in a majority of
lesions, after more than a million DES implantations. How-
ever, currently marketed first-generation DES use sirolimus
or taxol as the drug that elicits nonspecific anti-proliferative
effects, not only on vascular smooth muscle cells, but also
other cell types such as endothelial cells. It is suggested
that impaired endothelial function and regeneration lead to
acceleration of restenosis and atherosclerosis, and to car-
diovascular events [16]. Thus, the first-generation DES still
have a number of limitations that include significant resteno-
sis rates in certain high-risk patients or lesions (bifurcation
lesions, small vessels, diabetes, etc.), delayed healing (exces-
sive late inflammation, proliferation, and fibrin deposition),
and a small number of cases of late in-stent thrombosis
[15,17-19]. In addition, it should be noted that 30-40%
of coronary atherosclerotic lesions may not be appropriate
for stenting, duc to small arteries or branch sites. There-
fore, catheter-based local gene transfer of relevant genes
may represent a clinically relevant and alternative approach
for treatment of restenosis beyond the first-generation DES
strategy.

Accordingly, this study was designed to investigate
whether blockade of MCP-1 by catheter-based adenovirus-
mediated local 7ND gene transfer is effective in attenuating
stent-associated neointima formation in non-human pri-
mates. To gain clinical significance for the results, we
used a non-human primate model of stent-associated neoin-
tima formation [7]. The Remedy channel-delivery catheter
was used for local delivery, because it is adopted for
human use, and thus relevant to the human interventional
setting.

2. Methods
2.1. Adenoviral constructs

Human 7ND cDNA was constructed by recombinant
polymerase chain reaction (PCR) using a wild-type human
MCP-1 cDNA (Dr. T. Yoshimura, National Cancer Insti-
tute) as a template, and inserted into the BamHI (5') and
Notl (3') sites of the pcDNA3 (Invitrogen) expression vector
plasmid [6]. Twenty four nucleotides encoding FLAG epi-
tope (DYKDDDDK) were added directly at the 3" terminus
of MCP-1 sequence. Adenovirus vectors encoding the 7TND
gene (Ade-7ND) or galactosidase gene (Ade-LacZ) were

generated by use of the Adenovirus Expression Vector Kit
(Takara) according to the manufacturer’s instructions.

2.2. Stent implantation and arterial gene transfer

The study protocol was reviewed and approved by the
Committee on Ethics on Animal Experiments, Kyushu Uni-
versity Faculty of Medicine, and the experiments were
conducted according to the Guidelines of the American Phys-
iologic Society. A part of this study was performed at the
Kyushu University Station for Collaborative Research.

Five-year-old adult male cynomolgus monkeys weighing
4-5 kg were fed laboratory diet containing 0.5% cholesterol,
starting 2 months before stent implantation. Monkeys were
anesthetized with ketamine hydrochloride (10 mg/kg IM) and
sodium pentobarbital (30 mg/kg IV to effect), and under-
went placement of a 3mm x [5mm stent in the external
iliac artery, as described previously [20]. Immediately after
stent implantation, the animals were randomly allocated to
the normal saline, Ade-LacZ, or Ade-7ND group. Saline
or adenovirus solution at amount of 2mL (1.0 x 10° pfu)
was locally infused through the Remedy channel balloon
catheter (Boston Scientific Inc.) [21]. The titer of ade-
novirus used in this study was below the inflammatory
threshold (1.6 x 10? pfu/body), as reported [22]. The Rem-
edy is a triple-lumen local delivery device, and consists of
a noncompliant angioplasty balloon surrounded by a set of
18-24 perforated channels (30 wm holes) [23]. These chan-
nels are directly connected to a separate infusion lumen,
allowing independent low-pressure drug delivery. The bal-
loon was inflated at 2atm support pressure, and infusion
of saline or virus solution was performed at 2atm over
2 min. Efficient and relatively safe percutaneous gene transfer
can reportedly be achieved without overt systemic toxic-
ity using this approach [23], which is adopted for human
use.

All monkeys were killed with a lethal dose of anesthesia 7
or 28 days after stenting for immunohistochemical and mor-
phometric analysis. All animals received aspirin 81 mg/day
and ticlopidine 100 mg/day until cuthanasia.

2.3. Morphometric and immunohistochemical analysis

Stented arterial sections were excised and fixed for
24 h with 95% ethanol and 1% acetic acid. Each segment
was divided into two parts at the center of the stent as
described [20]. The proximal part was embedded in methyl
methacrylate mixed with n-butyl methacrylate to allow for
sectioning through metal stent struts. Serial sections were
stained with elastica van Gieson and hematoxylin-eosin
(HE). To evaluate the in-stent neointima formation, areas of
internal elastic lamina, lumen, media, and neointima were
measured.

The distal part was used for immunohistochemical analy-
sis. After stent struts were gently removed with micro forceps,
the tissue was dehydrated, embedded in paraffin, and cut into
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5-pm thick slices. They were subjected to immunostaining
using antibodies against macrophage/monocytes (HAMS6,
Dako), endothelial cells (CD31, Dako), PDGF-B (Mochida),
[I.-13 (Endogen), CCR2 (Sigma), or with non-immune
mouse [gG (Zymed). Following avidin—biotin amplification,
the slides were incubated with diaminobenzidine and coun-
terstained with hematoxylin.

Morphometric analysis was performed by the use of a
microscope with a computerized digital image-analysis sys-
tem by a single observer who was blind to the treatment
protocol.

2.4. Blood cholesterol measurements

Plasma total cholesterol levels were determined with com-
mercially available kits (Wako Pure Chemicals).

2.5. Biochemical measurements

Plasma concentrations of human IL-8, TGF-B, and oxi-
dized LDL were measured using an ELISA kit (R &
D). To detect MCP-1 transgene expression indirectly, tis-
sue concentrations of human MCP-1 were also measured
by the use of an ELISA kit (R & D). Although we
avoided using high titers of adenovirus that may cause
inflammatory reactions [22], adenovirus vectors may cause
virus-rclated adverse effects or toxicity. To examine potential
systemic adverse effects, relevant biochemical markers were
measured.

2.6. Efficiency of adventitial gene transfer

The efficiency of arterial gene transfer was determined in
monkeys and rabbits. In monkeys, the expression of FLAG
protein in stented arteries after 7days of stenting were evalu-
ated by western blot analysis, as described previously [6]. In
brief, the same amount of extracted protein (25 g for each
experiment) was loaded for SDS-PAGE/immunoblot anal-
ysis using anti-FLAG M2 monoclonal antibodies (Sigma).
The regions containing MCP-1 proteins were visualized by
LAS-1000 (Fujifilm).

We also determined the expression of 7ND in rabbits,
as we reported previously [21]. Male Japanese white rab-
bits weighing 3.0-3.5kg were anesthetized and underwent
stent placement, and LacZ gene transfer was performed as
described above. The transfection efficiency was measured
4 days after LacZ transfection by X-gal staining of sections
from the target artery and calculated as follows: 100x (X-gal
positive cells/total number of cells in a section).

2.7. Statistical analysis

Data are expressed as the mean + S.E. Statistical analysis
of differences was compared by ANOVA and Bonferroni’s
multiple comparison tests. A level of P < (.05 was considered
statistically significant.

3. Results

3.1. Inhibitory effects of Ade-7ND gene transfer on
inflammatory and proliferative changes

Inflammatory (HAMS56-positive monocyte/macrophage)
and proliferative (PCNA-positive monocytes and medial
smooth muscle cells) changes became evident 7 days after
stenting in the stented arterial wall (Fig. 1). The 7ND
gene transfer reduced these inflammatory and proliferating
changes (Fig. 1).

3.2. Inhibitory effects of 7ND gene transfer on
neointima formation

As we previously reported [7], in-stent neointima forma-
tion was evident 28 days after stenting. Quantitative analysis
demonstrated a significant reduction of neointima formation
and % stenosis in the Ade-7ND group compared with the
saline and Ade-LacZ groups (Fig. 2). In contrast, there were
no significant differences in area of internal elastic lamina
among the three groups (Fig. 2).

Endothelial cell linings, monitored by CD31 immunore-
activity, were observed equally in the three groups (online
Table 1). There was no significant treatment effect on serum
cholesterol levels and body weight among the groups (online
Tables 2 and 3).

3.3. Inhibitory effects of 7ND gene transfer on tissue
expression of pro-inflammatory factors

Immunohistochemical staining performed 7 days after
stenting revealed increased immunoreactive PDGE-B,
VEGF, and CCR2 in cells in the neointima, smooth mus-
cle cells in the media, and in cells in the adventitia in the
saline and Ade-LacZ groups. These changes were reduced in
the Ade-7ND group (Fig. 3A).

We also measured serum concentrations of [L-8, TGF-3,
and oxLDL 7 days after stenting. 7ND gene transfer par-
tially but significantly reduced the increase in serum IL-8
and oxLDL concentrations. 7ND gene transfer did not affect
the increase in serum TGF-f3 levels (Fig. 3B).

3.4. No adverse effects of 7ND gene transfer

White blood cell counts, inflammatory markers, and bio-
chemical markers were measured (online Table 3). These data
show no systemic adverse effects of TND gene transfer.

3.5. Serum and tissue concentrations of MCP-1 plus
7ND

We could not find an MCP-1 ELISA kit that diller-
entiated between human and monkey MCP-1. Thus, this
“human MCP-1" ELISA kit detects both 7ND and native
monkey MCP-1. The tissue concentration of MCP-1 plus
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Fig. L. [nhibitory effects of 7ND gene transfer on local inflammation and proliferation, (A) Effect of the 7ND gene transfer on local inflammation (HAMS6-
positive monocyte/macrophages) 7 days after stenting. Asterisk (*) indicates stent strut sites. Bar =100 wm. (B) Summary of quantitative analysis (n =7 each).
Positive cell counts per section in the intima plus media (left) and in the adventitia (right) are shown. *# <0.01 vs. the saline or Ade-LacZ group. (C) Effect of
the 7ND gene transfer on local proliferation (PCNA-positive monocytes and medial smooth muscle cells) 7 days after stenting. (D) Summary of quantitative
analysis (n=7 each). Positive cell counts per section in the intima plus media (left) and in the adventitia (right) are shown. "P <0.01 vs, the saline or de-LacZ

group.

TND at 7 days after stenting was higher in stented artery was no signilicant dillerence in values between the saline
sites from the saline (120 &= 42 pg/mg protein) and Ade-LacZ and Ade-LacZ groups, we suggest that transfer of the LacZ
(132 £ 46 pg/mg protein) groups than in unstented normal gene did not affect the degree of MCP-1 production. Impor-
artery (24 £ 12 pg/mg protein), indicating increased produc- tantly, the tissue MCP-1+7ND levels were 2- to 3-fold
tion of MCP-1 from stented artery sites. Because, there higher in the stented artery sites from the Ade-7ND group
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Fig. 2. Inhibitory effect of 7ND gene transfer on in-stent neointimal formation. (A) lliac artery sections from the saline, the Ade-LacZ, and the Ade-7ND group
28 days after stenting, stained with elastic van Gieson. Bar =500 um. (B) Effect of 7ND gene transfer on intimal area, % stenosis, and [EL area 28 days after

stenting (n=7 each). "P <0.01 vs. the saline groups.

(564 + 128 pg/mg protein) than in those from the saline and
Ade-LacZ groups, indicating possible production of 7ND
from the transfected arterial sites as the result of transgene
expression.

3.6. Transgene expression in monkeys and rabbits

In monkeys, western blot analysis for FLAG protein
showed that FLAG/7ND protein was produced in stented
arteries (online Figure 1), We further examined, 4 days after
stent implantation and gene transfection in the rabbit iliac
artery, the expression of B-galactosidase was noted at the
Ade-LacZ-transfected site (Fig. 4). Nuclear staining for LacZ
was localized mostly in the intima and the lumenal side of
the media, and to a lesser extent in the adventitia. As reported
by other investigators [23,24], the transfection efficiency was
9.2+0.6% (n=4).

4. Discussion

This study reports, for the first time, that blockade of MCP-
1 by catheter-based adenovirus-mediated local gene transfer
of 7ND markedly reduced in-stent neointima formation
in non-human primates (cynomolgus monkeys). Transgene
expression was confirmed directly by FLAG/TND protein
expression after Ade-7ND transfer and X-gal staining of
stenting sites after Ade-LacZ transfer, and indirectly by mea-
suring arterial tissue concentrations of MCP-1 plus 7ND
after Ade-7ND transfer. Another important point is that the

magnitudes of inhibitory effects on in-stent neointima forma-
tion afforded by this local gene transfer strategy (neointimal
area in control and Ade-7ND groups: 2.8+ 0.3 mm? and
1.4 4+ 0.2 mm?, respectively) are greater than those afforded
by “systemic” gene transfer strategy in our previous study [7]
(neointimal areas in control and IND gene transfer groups:
3.2402mm? and 2.4+ 0.2mm?, respectively). No non-
specific inflammatory effects on in-stent neointima werce
detected in the Ade-LacZ group. Furthermore, our [ind-
ings in non-human primates may have clinical significance,
because many therapeutic strategies that have proven effec-
tive in reducing restenosis in nonprimate animal models have
failed to demonstrate substantial effect on human resteno-
sis. Although it is uncertain which animal model is most
appropriate for the evaluation of in-stent restenosis, non-
human primate models may have advantages over nonprimate
animal models, because, (1) vascular inflammatory and pro-
liferative responses to injury in non-human primates are
presumed to be closer to those in humans than other, non-
primate models and (2) the results of safety tests can be
applied to humans. Therefore, the use of non-human pri-
mates may allow us to evaluate the efficacy and safety of
therapies such as 7ND gene transfer on in-stent neointimal
formation in more reliable conditions. These findings sug-
gest that catheter-based adenovirus-mediated gene transfer
of 7ND is a feasible approach for treatment of restenosis,
with minimal potential systemic adverse effects.

It is well known that inflammatory changes (mono-
cyte recruitment and activation) induced by stent-induced
injury are critical in the pathogenesis of in-stent restenosis
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Fig. 3. Effects of 7ND gene transfer on immunohistochemical expression of PDGF-B, VEGF, and CCR2 and on plasma concentrations of [L-8, oxLDL, and
TGF-B. (A) Iliac artery sections from uninjured normal arteries, and those from the Ade-LacZ and Ade-7ND groups 7 days after stenting. They are stained
immunohistochemically for PDGF-B, VEGF, and CCR2. Asterisk (*) indicates stent strut sites. Bar = 100 pm. (B} Plasma concentrations of IL-8, oxLDL, and
TGF-B 7 days after stenting " P <0.05, **P <0.01 vs. uninjured normal control, ' P <0.05, "' P<0.01, vs. the saline group.

[3,25,26]. We and others have reported that (1) increased based Ade-7ND transfer reduced inflammation, the beneficial
monocyte-mediated inflammation correlates positively with effects of Ade-7ND transfer can be attributed to inhibi-
in-stent neointima formation [1,2] and (2) blockade of tion of MCP-1-mediated inflammation. It is also possible
MCP-1 reduces neointima formation after vascular injury that Ade-7ND transfer reduced in-stent neointima formation

[7-10,13,14]. Because, we demonstrated here that catheter- by inhibiting the proliferation of vascular smooth muscle
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Fig. 4. Gene transfer into rabbit iliac stented artery after local infusion of de-LacZ via the Remedy delivery catheter. (A) Macroscopic picture of lumenal
surface of the stented iliac artery staining with X-gal 4 days after transfection. Stented arterial segments were excised, cult longitudinally, and stained with
X-gal. (B) X-gal-stained aricrial cross-sections at low (right) and high (left) power of magnification. Asterisk (*) indicates stent strut sites, The bars indicate

400 pm (left) and 50 pm (right).

cells. Recent evidence suggests that vascular smooth mus-
cle cells have a functional MCP-1 receptor (CCR2) [27].
In this study, local 7ND gene transfer attenuated (1) the
appearance of proliferating smooth muscle cells and (2) the
increased expression of mitogens of vascular smooth mus-
cle cells (PDGF, VEGF, oxLDL) after stenting. Interestingly,
local 7ND transfer reduced increased expression of CCR2
and IL-8, suggesting the presence of a positive-feedback
loop to enhance inflammation and proliferation once vascular
response to injury began. Therefore, it is possible that local
7ND gene transfer might reduce in-stent neointima formation
by inhibiting inflammation, proliferation of vascular smooth
muscle cells, or both.

In contrast, 7ND gene transfer did not affect endothelial
regeneration, suggesting that the 7ND gene transfer may not
impair the healing process of endothelial cells in stented arte-
rial wall. This point may be an advantage of our approach
over currently marketed first-gencration DES. The Cypher
(sirolimus) and Taxus (paclitaxel) stents impair regeneration
of endothelial cells after stenting [28], and this may lead
to impaired healing of the stented arterial wall. Hence, we
presume that speciflic blockade of MCP-1-mediated signals
in monocytes and smooth muscle cells, as described here
using catheter-based local transfer of the 7ND gene, may
provide a promising therapeutic strategy for restenosis with
low potential toxicity.

In regard to clinical applicability, the potential systemic
toxicity of catheter based adenovirus-mediated gene transfer
deserves discussion. We demonstrated here that catheter-
based adenovirus-mediated 7ND gene transfer induced no

detectable inflammatory or immune reactions. We have pre-
viously reported that intramuscular systemic transfer of
plasmid cDNA encoding the 7ND gene is nontoxic and safe
in non-human primates [8,10,29], rabbits [7], rats [10], and
mice [8]. In addition, mice lacking MCP-1 or CCR2 display
no serious health problems. Furthermore, several protocols
for adenovirus-mediated gene therapy have been in clinical
trials, which reported no systemic adverse effects when the
clinical trial protocol was performed properly. Overall, these
toxicity data support the notion that this mode of gene therapy
can be applied to human patients.

In conclusion, these data suggest that catheter-based
adenovirus-mediated anti-MCP-1 gene therapy may be aclin-
ically relevant and feasible therapeutic strategy for treatment
of in-stent restenosis. If this mode of treatment is proven to be
effective and safe, it could be used as an independent therapy
for high-risk lesions, small vessels, or recurrent restenosis
resistant to currently marketed DES. It could also be used
as an alternative therapy beyond the first-generation DES
strategy.
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Harada M, Honjo H, Yamazaki M, Nakagawa H, Ishiguro YS,
Okuno Y, Ashihara T, Sakuma [, Kamiya K, Kodama L. Moder-
ate hypothermia increases the chance of spiral wave collision in favor
of self-termination of ventricular tachycardia/fibrillation. Am J
Physiol Heart Circ Physiol 294: HO00-H000, 2008. First published
; doi:10.1152/ajpheart.00986.2007.—In car-
diac arrest due to ventricular fibrillation (VF), moderate hypothermia
(MH, 33°C) has been shown to improve delibrillation success com-
pared with normothermia (NR, 37°C) and severe hypothermia (SH,
30°C). The underlying mechanisms remain unclear. We hypothesized
that MH might prevent reentrant excitations rotating around func-
tional obstacles (rotors) that are responsible for the genesis of VF. In
two-dimensional Langendortf-perfused rabbit hearts prepared by
cryoablation (n = 13), action potential signals were recorded by a
high-resolution optical mapping system. During basic stimulation
(2.5-5.0 Hz), MH and SH caused significant prolongation of action
potential duration and significant reduction of conduction velocity.
Wavelength was unchanged at MH, whereas it was shortened signif-
icantly at SH at higher stimulation frequencies (4.0-5.0 Hz). The
duration of direct current stimulation-induced ventricular tachycardia
(VT)/VFs was reduced dramatically at MH compared with NR and
SH. The spiral wave (SW) excitations documented during VT at NR
were by and large organized, whereas those during VT/VF at MH and
SH were characterized by disorganization with frequent breakup.
Phase maps during VT/VF at MH showed a higher incidence of SW
collision (mutual annihilation or exit from the anatomical boundaries),
which caused a temporal disappearance of phase singularity points
(PS-0), compared with that at NR and SH. There was an inverse
relation between PS-0 period in the observation arca and VT/VF
duration. MH data points were located in a longer PS-0 period and a
shorter VT/VF duration zone compared with SH. MH causes a
modification of SW dynamics, leading to an increase in the chance of
SW collision in favor of self-termination of VT/VF.

optical mapping; ventricular fibrillation

SUCCESSFUL USE OF THERAPEUTIC hypothermia after cardiac arrest
in humans was described in the late 1950s as a procedure to
improve the clinical outcomes but then almost abandoned
because of uncertain benefits and difficulties with its use (17).
[t was demonstrated in 2002 by two prospective randomized
trials that the induction of therapeutic hypothermia in patients,
who had been resuscitated after cardiac arrest due to ventric-
ular fibrillation (VF), increased neurological recovery and
reduced mortality (2, 12a). This has led to recent guideline
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recommendations that all unconscious adult patients with spon-
taneous circulation after out-of-hospital cardiac arrest should
be cooled to 32-34°C for 12-24 h when the initial rhythm was
VF (1). In experiments using swines with induced VF, Bod-
dicker et al. (3) demonstrated that defibrillation success of
electrical shocks and resuscitation outcomes were significantly
improved under moderate hypothermia (MH, 33°C) compared
with normothermia (NR, 37°C) and that the benefit of MH was
larger than severe hypothermia (SH, 30°C) (3). The underlying
mechanisms of this amelioration are not well understood.
Temperature-dependent amelioration of ischemic myocardial
injury may contribute to the beneficial effect of hypothermia
for resuscitation, but this does not explain an advantage of MH
over SH (10). Defibrillation success or failure depends on the
balance between shock-induced extinction and the generation
of such rotors (9). We hypothesized that MH may have sub-
stantial effects on the rotor dynamics in favor of its termination.
To test this hypothesis, we investigated temperature-dependent
modification of spiral wave (SW) dynamics in a perfused
two-dimensional (2-D) layer of rabbit ventricle by using our
custom-made, high-resolution optical action potential mapping
system.

METHODS

Experimental model. The protocol was approved by the Institu-
tional Animal Care and Use Committee at Nagoya University. Exper-
iments were performed in hearts from Japanese White rabbits of both
sexes weighing ~1.7-2.0 kg (n = 13). The experimental model is
essentially the same as reported previously (26). In brief, rabbits were
anesthetized with pentobarbital sodium (~10-15 mg/kg), and the
hearts were rapidly removed. The isolated hearts were continuously
perfused on a Langendorff apparatus with modified Krebs-Ringer
solution equilibrated with 95% 0,-5% CO, to maintain pH at ~7.3-
7.4. Complete atrioventricular (AV) block was produced by ligation
of His bundle. Two-dimensional epicardial layer of ventricular myo-
cardium (1.0 = 0.2 mm thick) was created by cryoprocedure. At the
end of experiment, the thickness of surviving cpicardial myocardium
was confirmed by staining the heart with 2,3,5-triphenyltetrazolium
chloride. This model has an advantage over intact three-dimensional
(3-D) heart to visualize the SW reentry on the epicardial surface.

High-resolution optical mapping. The optical mapping system used
in this study is similar to that described previously, except lor
inducing the upgraded digital video camera (26). After endocardial
freezing, the hearts were stained with a voliage-sensitive dye.
4-{ B-[2-(di-n-butylamino)-6-naphthyl]vinyl }pyridinium. To mini-
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mize motion artifacts, 15 mM 2,3-butanedione monoxime (BDM) was
added unless otherwise specified. Bipolar electrograms were recorded
through widely spaced electrodes to monitor the whole ventricular
excitations. The signals were filtered from 1.5 to 1,000 Hz and digitized
at 1,000 Hz.

The hearts were illuminated with bluish-green light-emitting di-
odes; the emitted fluorescence was recorded with a solid-state image-
sensing digital video camera (Fastcam-Max, Photron, Japan) to ac-
quire 10-bit grayscale images from 256 X 256 sites simultancously at
a speed of 1,000 frames/s. The images acquired (30 x 30 mm)
covered the anterolateral surface of the left ventricle (LV). Each
acquisition lasted for 2-10 s.

To reveal the action potential signal, the background fluorescence
was subtracted from each frame and low-pass spatial filtering was
applied. Action potential configuration was analyzed after the appli-
cation of a five-point median filter to the spatially averaged data, and
the data were then normalized to the range of the maximum and the
minimum values in the respective 800-frame sample. A time point at
10% depolarization in the upstroke phase and a time point at 90%
repolarization in its repolarization phase were identified for cach
action potential signal, and the interval was measured as action
potential duration at 90% repolarization (APDy,). Wave-front tail
dynamics during ventricular tachycardia (VT)/VF were visualized by
connecting the 10% depolarization points in the action potential
upstrokes as the wave front (red) in the recording area and by
connecting the 90% repolarization points at the wave tail (green). The

wave propagation pattern during VT/VF was quantified with the aid of

the phase-mapping methods described by Gray et al. (12). Phase
singularity (PS) was defined as the point at which all phascs con-
verged.

Myocardial cooling of heart. The heart was sequentially cooled
tfrom 37°C (NR) to 33°C (MH), and then to 30°C (SH) by controlling
temperature of the perfusate and thermoregulated water chamber. The
target temperature was decided in accordance with the in vivo exper-
imental study by Boddicker et al. (3). We confirmed in pilol experi-
ments of five rabbit hearts that the surlace temperature of LV frec wall
monitored by thermography (TVS-200 Nippon Avionics, Tokyo) was
kept homogeneous al the respective target temperature (Fig. 1), and
the effects of cooling on the basal electrophysiological properties
reached a steady state at ~ 10 min. The cooling-induced changes were
reversible upon rewarming to NR.

Experimental protocels. Steady-state APD and its distribution were
measured under constant stimulation (S1) from the LV apex at basic
cycle length (BCL) of 200-400 ms. Effective refractory period (ERP)
was estimated at the LV apex by a standard extrastimulus (S1-52)
protocol at BCL of 400 ms. Steady-state conduction velocity (CV)
was measured under S1 stimulation at the center of LV free wall at
BCL of 200-400 ms. A monopolar electrode made of platinum wire

(diameter, 0.5 mm) was used for stimulation. The pulses applied were
2 ms in duration and 1.2 times the diastolic threshold for S1 and twice
the diastolic threshold for S2.

CV was measured in a square (24 X 16 mm) around the stimulation
site at the center of the LV free wall. The longitudinal and transverse
directions (LD and TD) of propagation were determined from the
activation maps elicited by S1 stimulation. The long and short axes of
the CV measurement square were set parallel to LD and TD, respec-
tively. CVs in LD (CVp) and TD (CV+) were calculated from the
slope of a linear least-square fit of the activation time plotted against
the distance.

We used the dynamic pacing method to characterize the restitution
properties of APD and CV (15). With regard to APD, the LV apex
was initially paced at a BCL of 500 ms, and the BCL was progres-
sively shortened in steps of 10-100 ms. A minimum of 60 stimuli
were delivered at a given BCL. APD restitution at a site of 3 mm
distant from the stimulation site on the anterior LV free wall was
analyzed. The APDyo of the last two paced action potentials was
measured, and the differences >5 ms was defined as APD alternans.
The BCL was shortened until either a 2:1 block or higher-order
periodicity occurred. The APD restitution curve was constructed by
plotting APDgp against the preceding diastolic interval, and the curve
was fitted to a single exponential function (ORIGIN 7.0, Microcal
Software, Northampton).

To evaluate the CV restitution, the center of the LV free wall was
initially paced at a BCL of 700 ms, and the BCL was progressively
shortened in steps of 10-200 ms. A minimum ol 60 stimuli were
delivered at a given BCL. CVy, and CVr in the 24 X 16 mm? around
the stimulation site were measured for the last 10 excitations from the
time-distance plots and then averaged. The restitution curves ol CV
and CVq plotted as a function of BCLs were fitted to a single
exponential function, and they were characterized by measuring
“breadth™ and “depth™ (5). The breadth was defined as the BCL range
corresponding to CV recovery of 90% or less. The depth was defined
as the CV range between the minimum value and 90% recovery.

VT/VF resulting from SW excitation was induced by modified
cross-lield stimulation. Eighteen S1 stimuli at a BCL ol 400 ms were
applied to the LV apex through a pair of contiguous bipolar clec-
trodes. A 10-ms monophasic rectangular pulse of constant voltage
(10-20 V) was generated by a direct current (DC) power unit and
delivered from the unit through a 6,700-pF capacitor connected to a
power MOS-FET switch. A pair of Ag-AgCl paddle clectrodes (7 mm
in diameter) was placed on the lateral surface of both ventricles for the
DC stimulation (DS2) to induce an electrical filed in a direction
roughly perpendicular to the SI excitation from the apex (26). The
S1-DS2 coupling interval was shortened progressively in 10-ms steps
to cover the whole vulnerable window of the final S1 excitation at the
respective temperature (from 100 ms longer than ERP until reaching

40°C
35°C
b 30°C

25°C

Fig. |. Thermography images of a heart at normothermia (NR, 37°C), moderate hypothermia (MH, 33°C) and severe hypothermia (SH. 30°C). The temperature
images recorded by thermography are shown as color gradients, ranging from red (40°C) o light blue (25°C)
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the loss of ventricular capture). The sequence was repeated in each
heart at three stages of DS2 intensity (10, 15, and 20 V). The
incidence of VT/VFs was presented as percentage of the episodes over
the number of DS2 applied.

Statistical analysis. Group data were expressed as means = SD.
Statistical comparisons were performed by ANOVA with multiple
comparison, f-test, or x* test when appropriate. Differences were
considered significant when the probability value was <(0.05.

RESULTS

Basal electrophysiological properties. Representative changes
in APD under constant stimulation (BCL, 400 ms) are shown
in Fig. 2A; APDy, values in the entire mapping area are
displayed as color gradients (left), and action potential signals
obtained from 16 sites covering 18 X 18 mm? are superim-
posed (right). Figure 2B summarizes the temperature-depen-
dent changes in APDyy values. When APD alternans was
induced at shorter BCLs, the shorter and longer APDgq values
were averaged. Cooling to 33°C (MH) and 30°C (SH) resulted
in an almost homogeneous prolongation of APD. APDy, values
at a BCL of 400, 250, and 200 ms were increased significantly
by 11-30% at MH and by 13-43% at SH. The dispersion of
APDyy among the 16 recording sites at BCL of 400 ms was
slightly increased from 18 £ 3 ms at NR to 22 * 4 ms at MH
(not significant) and 25 *= 6 ms at SH (P < 0.05 vs. NR). ERP

S5mm

CV; (cmis)

BCL (ms)

Fig. 2.

at 400 ms was increased in parallel with APDyy, from 149 *
18 ms at NR to 182 = 17 ms at MH (P < 0.05 vs. NR) and to
203 £ 23 ms at SH (P < 0.05 vs. NR).

[n experiments to examine conduction properties, the
isochrones of activation front exhibited a smooth, symmet-
ric, elliptical pattern; the long axis corresponded to the fiber
orientation of subepicardial cardiac muscle. MH and SH
caused significant reduction of both CVy and CV in steps
(Fig. 2C). The reduction of CVs at SH was enhanced at
shorter BCLs, and the enhancement was more prominent in
CVr than in CV_ (Fig. 2C), giving rise to an increase of the
anisotropic ratio (CV/CV+) at a BCL of 200 ms from 1.9 =
0.3 for NR to 2.1 * 0.6 for MH (not significant) and to
3.5 £ 1.6 for SH (P < 0.05 vs. NR).

We estimated wavelength (WL = APDyy, X CV) during
constant pacing (Fig. 2D). At a BCL of 400 ms, both WL and
WLy at MH and SH were significantly longer than those at NR.
In contrast, at BCL of 250 and 200 ms, WL and WLy at SH
were significantly shorter than those at NR and MH.

We used the dynamic pacing method to characterize the
restitution properties. The maximal APD restitution slopes at
MH and SH were larger than that at NR (see supplemental Fig.
1A and supplemental Table 1; note: all supplemental material
may be found with the online version of his article). With

%

17 2

*t E

4 5

A

200 250 400
BCL (ms)

Busal electrophysiological properties. A: action potential duration at the 90% polarization (APDw) in the recording area (anterolateral surface of left

ventricular free wall) under constant stimulation from apex [basic cycle length (BCL) of 400 ms]. A, left: APDu, color gradient maps, ranging from red (shortest)
to blue (longest). A. righr: superimposed action potential signals (BCL, 400 ms) recorded [rom the 16 sites covering 18 % 18 mm area (white dots in the left-end
map). B: APDyo at BCL of 200. 250, and 400 ms (means = SD, n = 6). C: conduction velocity in longitudinal (CV, : rop) and transverse (CV 2 bottom) dircctions
at BCL of 200, 250, and 400 ms (means * SD, n = 6). 2 wave length during longitudinal (WL, :
200, 250, and 400 ms (means = SD. n = 6). *P < 0.05 vs. 37°C; £ < 0.05 vs. 33°C

tep) and transverse (Wl bottom) propagation at BCL of
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regard to CV restitution, the breadth and depth (5) were
unchanged or increased slightly at MH, whereas they were
increased largely by two- to threefold at SH (supplemental Fig.
I B and supplemental Table 1).

VT/VFs induced by DC stimulation. The VT/VFs induced in
I3 hearts by DS2 were categorized into two types in terms of
their duration: /) nonsustained, lasting =5 beats and <30 s and
2) sustained, lasting =30 s (Fig. 3A). In terms of ECG mor-
phology (distant bipolar electrogram), VT was categorized into
monomorphic type and polymorphic type. In the present ex-
periments, polymorphic VT lasting =30 s was defined as VF.
AtNR, 71 VT/VFs were induced by 241 DS2s (total incidence,
29%}): 59 (83%) were nonsustained (46 monomorphic and 13
polymorphic), and 12 (17%) were sustained (all monomor-
phic). At MH, 108 VT/VFs were induced by 289 DS2s (total
incidence 37%): 107 (99%) were nonsustained (all polymor-
phic VTs), and 1 (1%) was sustained (VF). At SH, 89 VT/VFs
were induced by 203 DS2s (total incidence 449%): 78 (88%)
were nonsustained (all polymorphic VTs), and 11 (12%) were
sustained (all VFs). There were no significant differences
among the three temperature conditions in the average intensity
of DS2 to induce VT/VFs (16.0 = 3.7 at NR, 15.2 = 3.9 at
MH, and 14.8 = 3.8 V at SH, P = 0.14). Thus, although the
total incidence of VT/VFs was increased in steps by cooling
(Fig. 3A), the relative incidence of sustained form over the total
VT/VFE episodes was decreased dramatically at MH (P <
0.001) (Fig. 3B).

Dynamics of SW excitation. Optical images of excitation
during VT/VF were analyzed in 10 hearts exhibiting visible
SWs at NR as well as at MH and SH. At NR, some forms of
SW excitation (single-loop or figure-eight reentry) were doc-
umented in 17 episodes (59%) of 29 VTs available for image
analysis. The remaining 12 VTs showed one-way propagation
of wave fronts traversing the observation area. At MH and SH,
multiple SW excitations were always (100%) documented in
32 and 46 VT/VF episodes, respectively.

Figure 4 shows representative isochrone maps. In the record
at NR (Fig. 4A), a clockwise rotation of wave front around a
line of functional block (FBL, ~3.0 mm) can be seen at a cycle
length (CL) of 146148 ms. The circuit was stable for >30 s
and exhibited a small meandering. Distant bipolar electrogram
(ECG) showed monomorphic ventricular excitations. Action

A

potential signals (sites a-d) showed regular configurations
with no isoelectric segments, and there were clear double
potentials on the FBL (site ¢) as reported previously (26).
Figure 48 shows activation patterns during a short polymor-
phic VT (lasting for 5 s) at MH. SWs changed their circuits in
a beat-to-beat manner with CLs varying from 153 to 224 ms. In
beat i, there were two reentry circuits. In the upper region, a
wave front coming down from the base faced a long FBL,
giving rise to its extension toward the center to maintain the
clockwise rotation. In the lower region, a wave toward the right
margin was divided into two pathways of counterrotation
around a long tortuous FBL. The upper limb of this lower
circuit shared a common pathway with the lower limb of the
upper circuit. The lower circuit ended by collision at the
opposite side of the FBL. In beat ii, a single clockwise rotation
remained around a Y-shaped FBL. In beat iii, double circuits
appeared again around two long L-shaped FBLs. The wave
fronts finally terminated by collision (sites ¢ and ¢). The action
potentials recorded from the circuits showed substantial beat-
to-beat variation, and some of them had very long durations.
Figure 4C shows more complex activation patterns during
VF (lasting =30 s, CL varying from 124 to 216 ms) at SH. In
beat i, a wave front of counterclockwise rotation passed
through between two curved FBLs near the apex and then
merged with another wave front coming down from the left
upper region, resulting in two wave fronts of opposite direc-
tion. In beat ii, the opposite wave fronts created an additional
very-long FBL, and several wave fronts coexisted around three
FBLs. In beat iii, the multiple wave fronts merged with each
other around the center, giving rise to a labyrinth associated
with collision (site d). The action potential signals recorded
from the circuits showed tremendous beat-to-beat changes.
The modification of SW dynamics by cooling was investi-
gated more extensively by phase mapping analysis. AtNR, SW

excitations terminated spontaneously when the two PSs of

opposite chirality collided with each other (mutual annihila-
tion) or when the PS collided against an anatomical boundary
(AV groove), but the chance was rare as reported previously

(26). At MH, the chance of collision was increased because of

large meandering and further generation of new PSs. Figure 5A
shows SW extinction patterns in the final beat of a VT episode
(the same experiment as in Fig. 4B8). A PS of clockwise rotation

vy}

20

15 7

60 - [] Nonsustained
W Sustained
50
N . . . ‘ &~
Fig. 3. Incidence and duration of shock-in-  ~
duced ventricular tachycardia (VT)/ventricular lf 40 -
fibrillation (VF). A: total incidence of VI/VEs >
induced by direct current (DC) stimulation ;
(DS2) in 13 hearts at 37°, 33°, and 30°C. The T 34 |
VT/VFs were categorized into 2 types: non- o
sustained (=5 beats, <30 s), and sustained S
(=30 s). B: percentage of sustained VI/VFEs £ 55 |
over total VT/VFs, k=)
o
s
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0

10 1
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Spiral wave (SW) excitations during DC stimulation-induced VT/VFE. A: isochrone maps ol 3 consccutive activations during sustained monomorphic VT

at 37°C (4-ms intervals, blue lines for earlier wave fronts, green lines for later wave fronts). Clockwise rotation around a line of functional block (FBL, yellow)
in the anterior left ventricular free wall was repeated at a cycle length (CL) of 146 to 148 ms. A-C, rep: distant bipolar electrogram (ECG) during the VT. A-C,
right: optical action potential signals from 5 sites (sites a—e in the isochrone map of bear iii). B: isochrone maps of 3 activations during nonsustained polymorphic
VT at 33°C. Single or multiple SW excitations circulated around FBLs with marked beat-to-beat variations (CLs varied from 153 to 224 ms). C: isochrone maps
of 3 activations duning sustained VF at 30°C. Multiple SWs circulated around more complex FBLs with tremendous beat-to-beat variations (ClLs varied from
124 1o 216 ms). All the records of A-C were obtained from the same heart. Numbers on the white dotted arrows in isochrone maps (8 and €) indicate the

connection of respective activation waves.

(PS1) moved back and forth in the middle upper region of LV
(4,570-4,592 ms). A pair of new PSs of opposite chirality
(PS2 and PS3) was then generated (4,592 ms) due to front-tail
interactions (supplemental Fig. 2A4). The distance between the
two PSs initially increased and then decreased, culminating in
mutual annihilation. After considerable meandering, PS1 was
finally pushed out of the AV groove (supplemental movie 1).
The trajectories of three PSs were plotted on 2-D (x-y) axes
(Fig. 58) as well as on 3-D (x-y-time) axes (Fig. 5C).

Figure 6A shows four sequential phase maps of a VF episode
(the same experiment as in Fig. 4C). There were six PSs at
2,232 ms. A pair of counterrotating PSs in the central region
(PS1, PS2) approached each other to a very close distance
(2,250 ms) and then separated without mutual annihilation, and
the sequence was repeated (supplemental Fig. 28 and movie 2).
Figure 68 illustrates trajectories of the 11 PSs in 2-D (x-y)
axes. PS4, PS5, and PS6 were pushed out of the observation
area after meandering. Two pairs of counterrotating PSs (PS3-
PS11 and PS9-PS10) dissipated at last by mutual annihilation.
PS1, PS2, PS7,.and PS8 survived the period. Figure 6C shows
3-D time-space (x, y) plots of the trajectories of PS1 and PS2.

The distance between PS1 and PS2 was plotted against time in

Fig. 61. The two PSs approached each other twice to a distance

of ~0.5 mm but survived without annihilation. This behavior
contrasts with the SW dynamics at MH, causing mutual anni-
hilation easily.

We compared the closest distunce (D.) between a pair of

counterrotating PSs constructing figure-eight reentry without
mutual annihilation at MH and SH. Average values of D, at SH
were significantly less than those at MH (0.5 = 0.2 vs. 1.3 £
0.6 mm,n = 6, P < 0.05).

PS dynamics and VI/VF termination. We analyzed the PS
dynamics more quantitatively to elucidate their roles in per-
petuation and termination of rotors. Figure TA, left, shows
representative changes in PS number during 2,000 frames (2 s)
of VT/VF episodes. At NR, the number of PSs was normally 1
and, rarely, increased to 2 for short periods. At MH and SH, the
number of PSs increased frequently to ~2-8, resulting in an
increase of average PSs/2 s. Pooled data are summarized in
Fig. 7A, right.

In Fig. 7A, left, it was also evident that temporal PS dissi-
pation from the observation area (PS-0 period) occurred more
frequently at MH than at NR and SH. Such temporal PS

dissipation would favor spontaneous termination of VT/VF

depending on rotors. We, therefore, plotted the duration of 78
VT/VF episodes at MH and SH against the respective total

AJP-Heart Cire Physiol « VOL, 294 « MAY 2008 » www_ijpheart.org
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Fig. 5. Self-termination of SW reentry at 33'C. A 4 snapshots of phase maps ol the final beat of a short polymorphic V1 episode (the same experiment as in
Fig. 48). Phase singularitics (PSs) are indicated by circles (white for clockwise rotation; black for counterclockwise rotation). A pair ol new PSs (PS2 and PS3)
were peneriated front a SWoexcitation circulating around PST via front-tail interactions causing breakup (#). PS2 and PS3 ternminated soon by mutual annthilation,
whereas PST terminated by collision with atrioventricular (AV) groove alter meandering. £ trajectories of the 3 PSs on two-dimensional (2-1) (1. v) axes (red

for clockwise rotation: blue for counterclockwise rotation), €
mdicates AV groove.

PS-0 period/2 s (Fig. 78). There was an inverse relation
between the two parameters. MH data points were located in a
longer PS-0 period and shorter VT/VF duration zone compared
with SH.

Spatial excitable gap during SW excitation. The basal elec-
trophysiological data at short BCLs (200-250 ms) showed that
WLs at SH were significantly shorter than those at MH and NR
(Fig. 2D). This seems to suggest that WLs during rotation of
SW at SH are short, allowing a relatively wide excitable gap.
During SW reentry. however, both APD and CV are influenced
by wave-front curvature, which increases progressively toward
the rotation center (19). We, therefore, estimated the spatial
excitable gap (SEG) of SW by measuring an area circum-
scribed by wave front, wave tail, and an arc of a certain radius
(distance) from the SW tip. Representative results are shown in
Fig. BA. At NR, there was a dynamic variation of SEG during
a single rotation; the value at 0.5 mm from the rotation center
ranged from 0.11 to 0.43 mm-~. SEG of SW at MH showed a
similar variation, although the measurements did not cover a
full rotation due to meandering of the circuit. SEG of SW at SH
was characterized by a less variation with a larger minimal
value (0.27 mm* at 0.5 mm). Figure 88 compares the minimal
SEG (SEG,,,i,) of six hearts (for a distance at 0.5 mm). SEG,,ia
at SH was significantly larger than those at NR and MH for a
distance of 0.5-1.0 mm, whereas there were no significant

AP -Heart Cire Physiol « VOU 294« MAY 2008 +

trajectories of the 3 PSs plotted on space (v y) and time axes. The halt-tone wall oa the lelt

differences among the three temperatures for a distance = 2.0
mm (1.8 = 0.9 at NR, 1.3 = 0.4 at MH, and 2.0 * 0.6 mm* at
SH, for a distance of 2.0 mm, P = 0.12). This behavior at SH
would help SWs form small circuits and coexist without
mutual annihilation.

DISCUSSION

The major findings in the present study are as follows. First,
MH and SH caused a significant prolongation of APD and a
reduction of CV; WL was unchanged at MH, whereas it was
shortened at SH at higher stimulation frequencies. Second, the
duration of VT/VFs was reduced dramatically at MH compared
with that at NR and SH. Third, SWs were destabilized at MH
and SH with different behaviors; those at MH were character-
ized by more frequent collisions, leading to longer temporal
disappearance of PSs (PS-0) in favor of self termination,
compared with those of SH.

Cooling-induced changes in the basal electrophysiological
properties. The temperature-dependent prolongation of APD
and the reduction of CV in response to cooling are the well-
known properties of cardiac muscle. More than several mech-
anisms are involved in the APD prolongation, Voltage-clamp
studies have indicated that the major factor 1s a decrease in the
delayed rectifier K= current (/) with a temperature coefficient

wWww g pheart.ong
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Fig. 6. Coexistence of multiple SW excitations at 30°C. A: 4 snapshots of phase maps during an episode of sustained VF (the same experiment as i Fig 40)

Eleven PSy were recognized i the observation arca (white tor clockwise rotation: black tor counterclockwise rotation). #: trajectories of the 11 PSs on 2-D (v

v) axes. Some of them were pushed out ol the observation arca after meandering (PS4, PS5, and PS6) or dissipated by mutual annihilation (PS3-PS11, und

PS9-PS10). but others (PS1, PS2, PS7, and PS8) survived the period. C: trajectories ol the 2 PSs (PS1 and PS2)

in the central dotted square were plotted on

space (. v) and time axes (red for clockwise rotation: blue for counterclockwise rotation). 12 temporal change in the distance between PST and PS2. *Closest

distance

(Q0) of 4.4 (14). The decrease of /¢ is the result in part of its
delayed activation (14). Delayed inactivation of L-type Ca®’
current (Qyo of 2.3) and a decrease of inward rectifier K'
current (Q¢ of 1.5) contribute as well to the APD prolongation
(6, 14). A decrease of time-independent outward current has
also been described (14). The reduction of CV is most likely
explained by a decrease of Na™ current availability via its
temperature-dependent slowing of activation/inactivation ki-
netics (Qo of —3) (13). A reduction of gap junction conduc-
tance (Qq of 1.4) by cooling may also contribute to the CV
reduction (4).

Destabilization of rotor dynamics: undesirable or benefi-
cial? Hypothermia caused temperature-dependent destabiliza-
tion of SW dynamics. This may be attributed in part to a
steeper slope of APD restitution engaged with increased depth
and breadth of CV restitution, which is known to cause an
enhancement of wave-front tail interactions (25). Nevertheless,
we cannot rule out other factors affecting SW stability: those
include short-term cardiac memory, electrotonic current, and
intracellular Ca®* cycling (24). The effect of cooling on these
latter factors remains to be quantified. In any case, an increased
dynamic instability would favor the generation of functional
reentry. Our results are consistent with this prediction since the
total incidence of VT/VFE elicited by DC stimulation was
increased in steps from NR to MH and SH.

AJP-Heart Cire Physiol - von
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Another consequence of enhanced dynamic instability 15 the
destruction of existing waves, promoting sell-termination of
VT/VF. The mechanisms of SWs termination by an interaction
with other waves were first demonstrated by Davidenko et al.
(8). In a theoretical study on myocardial tissue model of finite
size, Qu (20) has demonstrated that an increase of dynamic
instability created by steep APD restitution slope promotes
wave breaks, maintaining fibrillation, but it also causes the
waves to extinguish, facilitating spontaneous termination of
fibrillation. They showed three ways by which a wave sell-
terminates: /) two waves can annihilate each other it their tips
collide, 2) a wave can run into a region of refractoriness from a
previous wave, or 3) a wave can move off a tissue boundary (20).

In the present study, the relative incidence of sustained
VT/VF over the total VT/VF episodes at MH was much less
than those at NR and SH, indicating considerable promotion of
self-termination at MH. In the phase maps, the average number
of PSs/2 s was increased in steps with cooling, reflecting a
more frequent generation of new SWs. However, the PS-0
period resulting from temporal dissipation of SWs wuas also
increased especially at MH. Therefore, the promotion of sell-
termination of VI/VFE at MH is explained most likely by an
increased dissipation of existing SWs, which offsets the in
creased generation of new SWs.

www ajpheart.org
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The dissipation of existing rotors at MH was the result of either
mutual annihilation of 2 PSs or a collision of PSs with the AV
groove after considerable meandering. Such dissipation of exist-
ing SWs was less frequent at SH. This may be the consequence of
substantial shortening of WL at SH, reflected in the less value of
the critical distance (1.) between a pair of counterrotating PSs
without mutual annihilation. Under constant stimulation at a long
BCL (400 ms), WLs at MH and SH were both increased com-
pared with NR, reflecting hypothermia-induced APD prolonga-
tion. At shorter BCLs (250 and 200 ms), however, WLs at MH
were similar to NR because of the concomitant decrease of CV;
WLs at SH were shortened significantly because of more pro-
nounced reduction of CV. In the SW excitations during VT/
VF, the SEGin at MH close to the rotation center (<=1 mm)
was comparable with NR, whereas the value at SH was
significantly larger than NR and MH, suggesting a substantial
shortening of WLs. However, the values at a distance = 2.0
mm did not differ among the three temperature conditions.
Smaller SEG,uia at a distance = 1 mm at NR and MH would
facilitate wave-front tail interaction just around the rotation
center, whereas larger SEG,,;, at SH would prevent it. How-

PS-0 Period (ms)

ever, these values would not affect the whole dynamics of SW
excitations at a distance = 2.0 mm. Wave-front tail interactions
at a distance away from the core, causing SW destabilization at
MH and SH, may be attributable to other factors, including
restitution kinetics, cardiac memory, or Ca®" dynamics (24).

In short, the hypothermia-induced enhancement of dynamic
instability may have dual effects: an increase of ventricular vul-
nerability on one side and a destruction of existing SWs by
collision on the other side. MH causing moderate dynamic insta-
bility without shortening of WLs would favor the latter effect,
whereas SH causing more extensive dynamic instability in asso-
ciation with significant shortening of WLs would compromise the
latter effect. Nevertheless, further experimental and simulation
model studies will be required to substantiate this interpretation.

Most previous studies in humans and animals have shown that
hypothermia is associated with increased susceptibility for ven-
tricular arrhythmias and VF (18, 23), and this effect has been
related to the slowing of conduction, a heterogeneous increase in
ventricular repolarization and the dispersion of refractoriness (21).
However, there is experimental evidence suggesting the antiar-
rhythmic therapeutic potential of hypothermia (7, 10). In pigs
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subjected o detibrillation shocks and cardiopulmonary resuscita-
tion tollow g unsupported VE, Boddicker et al. (3) showed that
the defibrillation success and subsequent resuscitation outcome
were improved by preexisting MH and SH. and the effect was
most remarkable at MH. Some unidentified mechanical,
abolic. or electrophysiological properties were suggested to he
involved in the beneticial effect of hypothermia i terms of
prevention ol refibrillation (3). [n the present study, « certain
modification of SW dynamics at MH could contribute t the in
vivo prevenuon of refibrillation tollowing DC shocks

mel-

Limitations. First, we investigated the temperature-dependent
alterations of DC stmulation-induced SW dynamics, and the
results have revealed a destabilization and an early termination of
SWexcnations at MH. This observation may not directly translate
1o the mechanisms of defibrillation, where many other tuctors are
mvelved (11 Second, the experiments were carried out using o
2-1y subepicardial Tayer of rabbit ventricular myocardium, Extend
g these results o 3-D hearts, especially in larger anmimals
including humans, 15 not straightforward. 15 there is sufticient
tsstie nuss, the chance of spontancous lermination ol rotors by
mutual

anatonucal - boundaries

would he reduced, whereas the enhancenient of wine breakup

annihifanion or collision with

P Ut Pl il S 00

A representabine changees

voand an are with aoed

ssticnated by measurin

ol SEG durme rotation of SWs, SEG was

i distance cradins) Trom the spirad upat T0-ms itesvals, AL e tromt-ta
abysis showed votation = L8O and were distant © =3 p) away trom any othe
ol (K8 i cred asterisks mdicate mnmmal values) B average values ol SEG
ach heart an the respectin e temperature (neans SEY. i, S [RNS

would increase the generation of new rotors in favor of V7V
perpetuadtion

heterogencitics m diseased hearts would also alter the spatial

Fhe greater structural discontinuities and functional

requireiments ol spontancous rotor ernunation. Finally, we used
BDM s an excitation-contraction uncoupler that is known to alie
onie currents, 1o reduce APD restitution slope and o affect
mtracellular Ca” dynamics (165, However, this does not seem to
mvalidate the present results, because the characteristic wempera
ture-dependent maodification of SWodynamics was preserved in
the absence of BDM (see supplemental Fig. 3). Despite these
lutations, the present study provides @ new perspective o
therapeutic potential of hypothermiua e the treatment of serious
recurrent VI/VIE (electrical storm).

NCRNOWLEDGMENTS

Wi thunk Prot, Jose Jalile ¢SURNY Syracuse. NY ) lor enocal read
manuscrpt. We abwo thaok e Kasno Nokasasa (Natonal Cardiova
Center. Sunta, Japan) tor theoretical alv i cotnply v the study
GRANTS

sarch Caant

ndd 1ok

\.\i“\\ L an

his sty woas supported by the Headih i Scienoe Ke

o Rescarch on NMedweal Devices tor Naaly zime Substitotinm



