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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
AdJINOS 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 AAINOS 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 AdiINOS
transtection were significuntly attenuated. Taken together,
these results suggest that oxidative stress in the RVLM is
increased in AdiNOS-transfected rats, and this increase might
contribute to the pressor response evoked by iNOS trunstec-
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 increused after transfection of AJiNOS. The
time course of the change in blood pressure wus consistent
with that of INOS protein expression fevels, 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 transter 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
NQOS. Microinjection of 1.-NMMA in rats transfected with
AdpBeal elicited the pressor response, suggesting that NO
produced by endogenous NOS in the RVLM, mainly nNOS,
decreases blood pressure. In contrast, microinjection of ami-
noguanidine into the RVLM in AdBgal-transfected rats did
not alter blood pressure, suggesting that endogenous iNOS in
the RVLM does not affect 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 sorta and heart and with
stroke-prone spontaneously hypertensive rats.”® HR did not
change despite the fact thut 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 iNOS in the present study are reversible, We
transtected iNOS bilaterally into the RVLM. If RVLM
neurons were iireversibly 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;~124748 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 eNQS 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, @ similar finding
wils obtained in the paraventricular nucleus of the hypothal-
amus®> and RVLM.'®

Recently, the contribution of NNCGS 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, A*-(L-iminoethyl)-L-lysine, or SMT, were used in that
study. The nNOS 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 ditferent 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. Qur results raise another possibility that NO pro-
duced by iNOS enhunces 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 suppott of this suggestion, nitrotyrosine
staining in the RVLM wus observed after transfection of
AdINOS as a peroxynitrite footprint. Indeed, lipopolysuccha-
ride-induced NO generation results in an increase in oxidative
stress in the rat liver and kidney and is inhibited by iINOS
inhibitors **

In summary, the present studies demenstrate 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 pathophysiologicul states, such as hypertension, heart
tuilure, and endotoxin shock, and in aging,2-2841 Thus, it is
conceivable that the increase in INOS expression Jevels in the
brain, particularly in the RYLM, occurs in those conditions,
thereby modulating central sympathetic outflow resulting in
blood pressure changes.
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Tahara, Nobuhiro, Hireshi Takaki, Atsushi Taguchi, Kazuhiro
Suyama, Takashi Kurita, Wataru Shimizu, Shunichi Mliyazaki,
Toru Kawada, and Kenji Sunagawa. Pronounced HR variability
after exercise in inferior ischemia: evidence that the cardioinhibitory
vagal reflex is invoked by exercise-induced inferior ischemia. Am J
Physiol Heart Cire Physiol 288: HIL79-HE 183, 2005, First published
October 21, 2004; doi:10.1152/ajpheart.00045.2004. —Potent  car-
dioinhibitory vagal reflex resulting in bradycardia and hypotension
hus been observed under particular conditions of transmural inferior
ischemia and its reperfusion, such as those ohserved with acute
infarction. However, whether exercise-induced ischemia with ST
depressions that is subendocardial and that might be recurrently
experienced in daily activities can evoke this reflex remaias unknown.
In patients with exercise-induced ST depressions due to either inferior
{right coronary artery stenosis (RCA). n = 52] or antertor ischemia
Uleft anterior descending artery stenosis (LAD), n = 51|, we evaluated
postexercise vagal activity (from 0 to 6 min) by the time constant of
heart rate (HR) decay and HR variability by 30-s averages of the
absolute values of successive RR interval differences (ARR). Exercise
parameters were similur between groups. The time constant was
stightly but significantly shorter in RCA than LAD patients (79 + 24
vs5. 93 £ 295, P < 0.01). More significantly, ARR eurly after exercise
(0.5-2.5 min) was approximately twofold greater in RCA than LAD
patients (from +76 to +118%, P < 0.001), indicating pronounced
vagal activity stimulated by inferior ischemia. Revascularization pro-
longed the time constant (P << 0.05) and attenuated recovery ARR in
RCA patients (P << 0.05, n = 10) but did not change both parameters
in LAD putients (n = 12). As well as acute inferior infarction,
exercise-induced inferior subendocardial ischemia, which might re-
currently occur in daily activities, activates the cardioinhibitory reflex.
These new findings must be taken into account in interpreting vagal
activity in patients with coronary artery disease.

heart rate variability; vagus nerve; coronary artery disease

EXPERIMENTAL STUDIES in animals have demonstrated that exci-
tation of vagal sensory nerve endings from myocardial ische-
mia involving the inferoposterior wall ol the left ventricle
activates potert cardioinhibitory reflex resulting in bradycardia
and hypotension (7, 24). In humans, similar observations have
been made under particular conditions of severe transmural
inferior ischemia and its reperfusion, such as those that oceur
with myocardial infarction, vasospastic angina, or angioplasty
of the right coronary artery (12, 15, 21, 22, 28). For example,
in the first hour of the onset of acute myocardial infarction,
patients with inferior infarction oflen (~75%) show sinus
bradycardia and/or hypotension, which generally responds to
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intravenous administration of atropine. This observation con-
trasts with that in palients with anterior infarction, about 50%
of whom show sinus tachycardia and/or hypertension (15).
Despile these well-recognized clinical observations, Tittle
attention has been paid o the question as to whether this reflex
could be evoked by exercise-induced ischemia that is usually
subendocardial with the manifestation of ST depressions and
that might be recurrently expericneed during daily activities. It
it does occur in this condition, this hitherto-unrecognized
possibilily must be taken into account in the clinical interpre-
tation of vagal aclivity in patients with coronary artery discase
(CAD). Tt is widely accepted that the higher the estimated
measure of vagal activity, the better the patient status and the
prognosis according to various reports examining the ¢linical
significance of estimating vagal activity with the use of heart
rate (HR} variability (HRV) analysis from 24-h Holter record-
ing (1, 11, 13, 23a) or HR recovery after exercise testing (5, 18,
26). It is possible that vagal activity may be adversely aug-
mented under a certain pathological condition, i.c., in the
presence of inducible inferior ischemia, and that vagal estima-
tion may be erroncously interpreted in paticnts with inducible
inferior tschemia, In view of the diagnostic utility of exercisc
testing, the identification of the pronounced vagal activity
induced by cxercise may serve as an additive measure for
detecting and localizing the presence of inferior ischemia.
On the basis of these considerations, the present study was
designed to test the hypothesis that inferior ischemia, even that
evoked by physiological stress such as excrcise, may invoke
the cardicinhibitory reflex, which would in turn influence
postexercise HR decay and HRV through a reilex enhancement
of vagal activity. The postexercise condition may more readily
unmask this phenomenon than during exercise, because vagal
activity is physiologtcally depressed during exercise but mark-
edly reactivated aflter exercise (2, 20), although this reflex
should be activated both during exercise-induced ischemia and
alter postexercise reperfusion. Thus we compared HR decay
and HRV after exercise in patients with exercise-induced
inferior ischemia and those with anterior ischemia and then
evaluated the effects of revascularization on these parameters.

METHODS

Study popularion. From consecutive patients who underwent both
coronary angiography and conventional treadmill exercise ECG test-
ing within 3 wk for the evaluation of CAD, a total of 103 patients who
were documented to have either inducible inferior ischemia due to
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Table 1. Patient churacteristics

RCA LAD

] 52 51
Age, yr 60£10 63+8
Men/women, 1 457 {87135 45/6 (88/12)
Previous MI, n 25{48) 26(51)
LVEF, % 3311 52+9
Hyperension, » 30{58) 28(35)
Diabetes mellitus, n 16 (31) 18 (35)
Medicaiion

B-Blockers, n 21 {40) 23 {45)

Ca antagonists, s 30(58) 33(65)

Nitrates, n 34 (65) 30{5%h

Values are means = SD; a, no. of subjects. Values in parentheses are
percentages. RCA, right coronary artery stenosis; LAD, left anterior descend-
ing coronary artery stenosis; M1, myocardial infarction; LVEF, left ventricufar
ejection lraction by contrast left ventriculography.

right coronary artery (RCA) stenosis (n = 52, RCA group) or anterior
ischemia due to lett anterior descending artery (LAD) stenosis {(n =
51, LAD group) were earolled in the stedy in a prospective fashion
(Table 1). Significant coronary stenosis was defined as =>50% luminal
narrowing. All had significant exercise-induced ST segment depres-
sions on treadmill ECG. Fifty-one (50%) patients had previous myo-
cardial infarction. The majority (75%) had a single-vessel disease of
either RCA stenosis (69%) or LAD stenosis {84%). In 24 patients with
multiple vessel discase, exercise single-photon emission computed
tomographic thaliom-201 scintigraphy was performed to confirm that
exercise-inducible ischemia was exclusively localized 1o either the
inferior or anterior wall of the left ventricte. Exclusion criteria
included the presence of atrial fibritlation, frequent premature beats
(>5 beats/min) during the exercise test, and exercise-induced ST
segment elevations (=1.0 mm).

Clinical characteristics, including age, sex. prevalence of prior
infarction, left ventricular ejection fraction (by contrast left ventricu-
lography), and drug regimens. were quite similar between the two
groups (Table 1). B-Blockers, calcium antagonists, and nitrates were
taken in 44 (43%). 63 (019), and 63 (62%) patients, respectively. No
patient was aking digitalis at the time of the study. Drug regimens
were neither aftered nor stopped for the exercise test. The study
protocol was approved by the ethics committee of our institution. All
patients gave informed consent to participate in the study,

Exercise test. Conventional symptom-limited or submaximal (up to
90% age-predicted maximum HR) graded treadmill exercise testing
was performed using a commercially available treadmill system
(Formula; Esaote, [faly) equipped with an analog-to-digital converter
and hard disk according to our protocol (23), being similar to the
moditied Bruce protocol. ECGs in fead Va, aVy. and Vs were
continuously monitored from rest through the recovery period. Arte-
rial blood pressure was measured at rest, at the end of each stage, peak
exercise, and at 1, 2, 4, und 6 min after exercise by a sphygmoma-
nometer. Throughout the test, eight leads of the ECG, including lead
L II, and V_q, were continuously digitized at 500 Hz (12 bity and
stored on a computer hard disk for subsequent analysis. The standard
12-lead ECGs were hardcopied at rest, at the end of each stage, at
peak exercise, immediately after exercise, and at every minute of the
recovery period. A significant ST segment depression was defined by
the following criteria: 1) a horizontal or downsloping ST segment
displacement at I point = 0.1 mV and 2} an upsloping ST segment
displacement at 80 ms after } point = 0.15 mV in at feast three
consecutive beats at pesk exercise.

Assessment of revascilarization effects. In 22 patients who subse-
quently received successful revascularization, we repeated the exer-
cise test within 1 mo atter the procedure. Eighteen patients received
successtul percutaneous transluminal coronary angioplasty either on

PRONQUNCED HR VARIABILITY IN INFERIOR [SCHEMIA

the RCA (n = 8) or LAD (s = 10). Coronary artery bypass gratt surgery
was undertaken in the other four patients (RCA n = 2, LAD # = 2).

On the basis of consideration that a higher attainment of peak HR
resulting trom increased exercise capacity after the intervention (i.e.,
different exercise time) and its possible influences on vagal activity
would make it ditficult to estimate the true etfect of revascularization
on postexercise HR analysis, the exercise test after revascularization
was terminated at the same exercise duration as that before the
revascularization, Drug regimens were also kept constaat.

Data analysis. Off-line analysis was performed on a personal
computer using our custom-made software. We first determined the
beat-by-beat RR intervals throughout the test from rest to recovery
period by detecting the peak of R wave deflections. In patients with
premature beats, we corrected RR intervals by linear interpolation
with the previous and following beats,

Using the time series of RR intervals during recovery periods of 6
min, we computed the time constant of HR decay. We fitted the HR
data to a monoexponential curve (HR = A + Be™", where A and 8
are constants, ¢ is the elapsed time after peak exercise, and 1 is the time
constant of recovery) by nonlinear [east-squares vegression analysis.
We then estimated the time course of HRV by time-domain and
frequency-domain analysis as follows. Instead of parameters such as
the standard deviation of the average interval between normal beats,
which is substantially influenced by dynamic changes in overall trend,
serial changes in HRV were assessed by 30-s averages of the absolute
values of successive beat-to-beat differences in the RR interval
(ARR). Serial changes in HRV were also evaluated by 30-s averages
of the beat-to-beat percent changes [absolute successive differences
relative to instantuneous RR interval (% ARR)) to eliminate the effect
of the individual variation in HR.

Power spectral analysis of RR iaterval changes was also performed
by fast Fourier transformation. We serially computed the spectrum of
RR interval data of I-min duration with 50% overlapping of each
segment (0~1 min, 0.5=1.5 min, ...., 4.5-5.5 min, 5-6 min; 11|
segments in all). The linear trend in the data was subtracted from the
data set in each segment. A Blackman-Huris window was applied to
reduce spectral leakage. .

Statistical analvsis. Data are presented as means *= SD. Seriul
changes in varizbles were evaluated by repeated-measures ANOVA
followed by Scheffe’s test for intergroup and intragrotp comparisons.
Student’s unpaired and paired f-tests, linear regression analysis, mul-
tiple linear regression analysis, and y -analysis were used when
applicable. A P value of <<0.05 was considered statistically significant.

RESULTS

All excrcise tests were completed without any unfavorable
cvenls or scrious complications. Exercise test parameters in-
cluding exercisc duration, resting and peak HR, resting and
peak systolic blood pressure, the maximum magnitude of ST
scgment depression, and the occurrence of exercise-induced
angina were consistently similar between the RCA and LAD
groups (Table 2). Only peak HR tended to be lower in the RCA

Table 2. Exercise test results

RCA LAD

Exercise time, s 507=159 497*133
HR, beats/min

Resting 65%12 6511

Peak 126+22 [35+%2
SBP, mmHg

Resting 12913 130=18

Peuk 158224 t60*+20
ST depression, mm -2.0=08 —-1.7*1s
Angina, n 22/30 2526

Values are means + SD. HR. heart rawe; SBP, systolic blood pressuse; n, no,
ol subjects.
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Fig. 1. Time course of systolic blood pressure (fop) and heart rate |HR, in
beats/min {bpnt); batrort] in right coronary artery (RCA) stenosis (closed
circles) and left anterior descending artery (LAD) stenosis (open cireles)
patients, No differences were observed in either parameter, Values are ex-
pressed as means = SD.

group (126 * 22 beats/min) than in the LAD group (135 = 21
beats/min), but this difference did not reach statistical signifi-
cance.

Postexercise systolic blood pressure and HR, There was no
significant difference between the groups with respecet to post-
exercise systolic blood pressure and HR at 1, 2, and 4 min of
recovery (Fig. 1)

Postexercise HR decay and HRV. Shown in Fig. 2 ure
representative examples of the Lime series of beat-by-beat HR
and absolute value ol the successive RR interval changes
throughout the exercise test. A paticnt with RCA stenosis (Fig.
2, feft) showed a transient increase in RR variability soon altler
the termination of cxercise, whereas such findings were not
observed in a paticnt with LAD sienosis (Fig. 2, righr). The
time constant was shorter in the former (92 s) than in the latter
{112 s).

When pooled data were compared between the two groups,
the time constant of postexercise HR decay was slightly but

H1181
40"“5“)
3 r
5 20
T rrﬁ’i"'[‘ﬁ‘ﬁ‘ﬁ
b

% ARR

0 1 2 3 4 5 6
Time in Recovery (min)
Fig. 3. Comparisons of the HRV time course expressed by ARR (A) and
absolute successive differences relative o instamancous RR interval {9 ARR;
B). Clused cireles depict the RCA stenosis group, and open circles depict the
LAD stenosis group. Values are expressed as means = SD. *P < 0.01, RCA
stenosis patients vs. LAD stenosis patients.

signilicantly shorter in RCA than LAD paticnts (79 = 24 vs.
93 = 29 s, P < 0.01). More significantly, postexercise HRV
expressed by ARR (average over every 30 s) early alter
exercise was markedly greater in RCA than LAD patients [or
a period of 1.0-2.5 min (P < 0.001 for all; Fig. 3A). %ARR
was similarly greater in RCA patients than in LAD patients in
the same period of 1.0-2.5 min after exercise (P << 0.001 lor
1.0-2.0 min and P < 0.01 for 2.5 min; Fig. 38).

Figurc 4, top, shows serial changes in the power spectrum of
RR intervals in the recovery period analyzed in the same two
patients shown in Fig. 2. As can be seen, unlike the paticnt with
LAD stenosis (Fig. 4, right), the patient with RCA stenosis
(Fig. 4, left) showed substantial amounts of power spectra in
the frequency range between ~0.30 and 0.60 Hz. When these
data were pooled (Fig. 4, botten), tolal power within the
lrequency range between 0.25 and 0.60 Hz (corresponding Lo
the respiratory rates after exercise) was signilicantly higher in
the RCA group than in the LAD group in the four time window
segments early after exercise, i.e., 0.5-1.5 min, 1.0-2.0 min,

EUE : 200
S ; :
£ H
@ Start
g ~J 100
e
5
- ¢ y : : ; 0 . . Fig. 2. Representative trends of beat-by-beat HR (rop) and
absolute values of successive heat-to-beat differences in the RR
200 200 interval (ARR; borrom) from rest 1o recovery in a patient with
- RCA stenosis (Jefty and in a paticnt with LAD stenosis (righr).
§ A teansient increase in HR variabifity (HRV) can be seen soon
£ Exerclse Recovery Exercise Recovery after exercise in the patient with RCA stenosis.
- 0 —_— 100 —»
=4
o
<]
P
o 1 I [}
0 s 10 13 20 0 5 10
Time (min) Time (min)
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—_— s,
Fig. 4. Top: representative data of power spectrum analysis of 4-5min = =
HRY obtained in the same 2 paticnts showa in Fig. 2 (feft, RCA Sbmin P> .
stenosis patient; right, LAD stenosis patient). Horizontal lines
depict the frequency {in Hz). The data series of power spectrum 0.2 s 0 02 o5
for [ min are shown serially from the top (0-1 min) downward
with time of recovery (overlapping 30 s). The spectral compo- §
nent of RR intervals for each segment is shown as the square  Time Past Exercise RCA LAD
root of the power (ie, .amplnude). Bottom: poled data of ctmin B
power spectrum analysis in the RCA stenosis group (left; n =
523 and LAD stenosis group (right: n = 51). -2min L
2dmin N
3utmin oo e
mia b
4+5min
S-6min
0.2 0.5 Lo 0.2 05

1.5-2.5 min, and 2.0-3.0 min (P < 0.005 for the first 3
segments and £ << 0.02 for 2.0- to 3.0-min segment).

Figure 5 shows scatierplots of ARR at 1.5 min (60-90 s)
versus the time constant for all patients. There was a relatively
close relationship (r = —0.50, P < (.001) between these
parameters. When ARR at 1.5 min (6090 s) for cach patient
was plotted separately in RCA and LAD patients (Fig. 0), the
prevalence of pronounced HRV (exceeding 12 ms) was much
more frequently found in RCA patients (38%) than in LAD
patients (16%, P < 0.001). Subgroup analysis of RCA patients
showed that those with enhanced HRV were significantly
younger (58 = Il vs. 64 = 8 yr, P < 0.0H) and had a
significantly lower HR at rest (61 £ 10 vs. 70 = 12 beats/inin,

Lo {Frequency, Hz)

There was no significant difference with respect o sex, left
ventricular ejection fraction, the use of cardiovascular drugs
(B-blockers, calcium antagonists, or nitrates), prevalence of
previous myocardial infarction, history of diabetes mellitus,
exercise time, magnilude of ST depression, occurrence of
exercise-induced angina, or resting ARR level. When multiple
linear regression analysis that included clinical, angiographic,
and exercisc variables was used in the overall population, age
(P = 0.02), resting HR (P = 0.04), and peak exercise FIR (P =
0.02) together with the location of ischemia (P < 0.0001) were
independently associated with ARR (60-50 s).

P < 0.01) and peak HR (117 = 19 vs, 139 & 18 beats/min, {msce)
P < 0.01) compared with those without this phenomenon. 80
(msec) -
30
60 [
[ ]
r=-0.50 g .
60 bl .
2 p<0.0M g .
" . - S
= . S 40 .
% 40 . ;
t =
o <
[+ o
< 5 b 20 Doo
o [«]
5300
0 ' EAS
0 50 160 150 200 0
LAD

Time constant (sec)

Fig. 5. Graph showing the relationship between ARR (60-90 5) and the time
constant. Closed circles, RCA stenosis patient; vpen circles, LAD stenosis
paticnt.

Fig. 6. Scatterplots off ARR at 60-90 s plotted separately for each patient in
the RCA (lefr) and LAD (right) stenosis groups. Proncunced HRV (defined as
ARR =12 ms; dolted ling) was observed in 58% of RCA stenosis patients,
whereas it was found in 16% of LAD stenosis patients (P << 0.001).
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PRONOUNCED HR VARIABILITY IN INFERIOR ISCHEMIA

Effects of revascularization on postexercise HR decay and
HRYV. In either the RCA or LAD patient group, HR at both rest
and the end of exercise were not significantly different belore
and after revascularization (note that the second test was
terminated at the same duration as was achieved at the first
test). In RCA patients, HR at 1 and 2 min of tecovery were
significantly higher (both P < 0.05) after than before revascu-
larization, whereas no such significant difierences were ob-
served in LAD paticnts.

After revascularization, in RCA patients, ARR carly afler
exercise was significantly attenuated (from 22 = 14109 * 5
ms for 60-90 s, from 25 = 120 11 £ 5 ms for Y0-120s, and
from 27 £ [3to 13 % 5 ms for 120150 s, all P < 0.05; Fig.
7). The time constant was concordantly prolonged (from 73 =
211096 % 305, P <0 0.05). Both parameters in RCA patients
changed toward the same level as those in LAD patients, in
whom both parameters remained unchanged alter the revascu-
larization procedure. There was no significant difference in
systolic blood pressure at any time point in both RCA and LAD
patient groups.

DISCUSSION

Although potent cardioinhibitory vagal reflex stimulated by
inferior ischemia (the so-called Bezold-Jarisch reflex) has been
recognized under particular conditions of transmural ischemia
in animal and human studies (7, 12, 15, 21, 22, 24, 23),
whether excrcise-induced transient subendocardial ischemia
could evoke this reflex has received little attention and has not
been previously examined. The present study indicated that
exercise-induced inferior ischemia with ST depressions reflect-
ing subendocardial ischemia, which might be recurrendy ex-
petienced in duaily activities, activates the cardioinhibitory
reflex as evidenced by a faster postexercise HR decay and more
pronounced HRV in RCA patients compared with LAD pa-
ticats. In addition, removal of inlerior ischemia by revascular-
izatfon prolonged the time constant and reduced pronounced
HRYV in the early recovery in RCA patients, whereas revascu-
larization did not signiticantly change these paramelters in LAD
patients. These findings, indicative of the direct role of “local-
ized inferior ischemia™ on the appearance of this phenomenon,
support the validity of our hypothesis that transmural scvere
ischemia is not a prerequisite for the manifestation of this
reflex.

Estimation of vagal activity. Numerous previous studics
have indicated the clinical importance of estimating the vagal
activity regulating the cardiovascular system in patients with

H1183

heart discase by noninvasive methods such as HRV analysis (1,
I, 13, 23a) and baroreflex scnsilivily mcasurements with
phenylephrine injection (3, 13, 14). After a report of Imai et al.
(10} demonstrating that the rate of HR decay after exercise is
a function of the reactivation of vagal activity, recent studics
have shown the postexcrcise HR fall is a useful marker for
predicting mortality in subjects with suspected CAD (5, 18,
26). In the present study, to assess the dynamic changes in
vagal activity, serial HRV analysis during recovery was con-
ducted by calculating ARR and %ARR every 30 s along with
the evaluation ol the HR decay (time constant). As a result,
both HRV parameters in RCA paticnts markedly increased
from 0.5 to | min of recovery, remained rather constant up to
2.5 min, and thereafter decrcased neatly to the level of those in
LAD patients, The group dilference was more striking com-
pared with that of the time constant. The characteristic over-
shooling of the HRV parameters suggests a transicntly en-
hanced vagal activity as a “reperfusion reflex” after the reso-
lution of exercise-induced ischemia, In agreement with its
observed time course, Irequency analysis also revealed a tran-
sient augmentation of power spectrum of RR intervals in
high-frequency ranges early after exercise, supporting the va-
lidity of reperfusion-stimulated vagal overactivation,

It should be of importance that, in the present study, the
cxercise duration after revascularizalion was matched to that
before the procedure. This is because a higher level of excretse
intensity, as a consequence of the removal of critical stenosis,
would alter the postexcreise autonomic activity, possibly mak-
ing it difficult to estimate the direct effects of revascularization.

Cardioinhibitory reflex activated by exercise-induced ische-
mia, To the best of our knowledge, no previous study has been
systematically conducted to evaluate the possible role of exer-
cise-induced ischemia with ST depressions on this reflex phe-
nomenon. Miller et al. (16) reported on seven patients who
developed sinus deceleration during exercise testing, all of
whom had angiographically documented RCA lesions. The
authors speculated the role of Bezold-Jarisch reflex in this
mechanism and stated that the prevalence of deceleration
during exercise appears to be very low, which is in agreement
with our experiences in the exercise laboratory. Sinus deceler-
ation during exercise may be an extreme example caused by an
ischemia-mediated reflex (4, 6).

Thus this rellex phenomenon js presumably operative during
exercisc-induced ischemia as well as during postexercise reper-
{usion; however, we locused on postexercise HR dynamics for
the following reasons. Because vagal activity is physiologi-

Fig. 7. Changes in the HRY (ARR) time
course alter revascularization in the RCA
(efr; w = 52) and LAD (right; n = 51)
stenosis groups. Open circles depict the val-
ues before the procedure, and closed circles
depict the values after the procedure. Values
are cxpressed as means £ SD, *P < 005,
belore vs. after revascularization.
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cally attenuated in proportion to the increase in exercise inten-
sity, this reflex might be masked during exercise. In contrast,
potent reactivation of vagal nerve activity afler exercise may
accclerate the appearance of this reflex under a higher vagal
condition after exercise. In practice, several cases among RCA
paticnts showed a pronounced HRV and marked impairment of
HR increase even during exercise indicative of the operation of
this reflex during exercise; however, we also found a markedly
rapid HR decay and more profound increase in HRV during
recovery almost without exception.

The physiological implication of this reflex, namely, what
role this reflex may play, is unknown. The possibility that the
rellex cardioprolectively works thorough the reduction in myo-
cardial oxygen demand or that the resultant high vagal tone
prevents the development of serious ventricular arrhythmias is
of interest (9, 19); however, there are lew available data to
support this so far. .

Pronounced HRV alter exercise (defined as ARR > 12 ms)
was observed in 58% of RCA patients but in only 16% of LAD
patients. These prevalences are very similac to those during the
observation of the “bradycardia-hypotension” pattern observed
in patients carly after acute inferior and anterior myocardial
infarction, respectively (27). The difference probably indicates
that the vagal nerves involving this reflex arc preferentially
distributed in the inferior area but some mounts of fibers are
distributed in the anterior area of the left ventricle.

In RCA patients, none of the ¢linical, angtographic, and
exercise parameters differed between patients with and without
this phenomenon except in regard Lo age, resting HR, and peak
HR. All of these three parameters were independently associ-
ated with HRV carly alter exercise in our multiple regression
analysis. Vagal activity is known Lo be strongly associated with
age and resting HR. Thus it is suggested that the presence or
absence of this phenomenon would depend on the basal level
of vagal aclivity rather than other paramelers such as severity
of ischemia or the presence of previous myocardial infarction.

Clinical implications, The findings demonstrated in the
present study should provide a new insight into the interpreta-
tion of estimated vagal activity in patients with CAD. Tt is
widely accepted that autonomic imbalance, i.e., vagal with-
drawal and cocxisting sympathette activation, is associated
with poor prognosis and pathophysiology in various lypes of
heart disease (25). In other words, we believe that the higher
the vagal activily, the better the patient prognosis and status.
However, present data suggest that this is nol necessarily the
case in some patients under certain conditions. For example,
studies using Holter recordings showed that a considerable
number of patients with documented CAD frequently experi-
ence episodes of transient myocardial ischemia in their daily
life (17). In such patients, transient enhancement of HRV
provoked by inferior ischemia may olten oceur, leading to an
erroncous interpretation of HRV. In addition, there are several
studies (3, 18, 26) that related a poor prognosis 1o attenuated
HR recovery after exercise Lesting on the assumption that a fall
in HR recovery immediately afler exercise is a function of
vagal rcactivation. These findings might be true in the overall
population; however, it should be noted that a rapid HR
decrease after exercise may occur under a pathological condi-
tion through an ischemia-mediated cardioinhibitory reflex.
HRV measures might be affected not by the patient status but
by the prescnce of inferior ischemia.

PRONOUNCED HR VARIABILITY IN INFERIOR ISCHEMIA

We did not analyze postexercise parameters in subjects
without CAD. This is because they should be capable of
exercising far longer than our patients with cxercise-induced
ischemia, which may considerably influence the postexercise
vagal activity. At present, we can consider that the vagal
overactivalion after exercise may be useful in predicting the
presence of inferior ischemia when significant cxercise-in-
duced ST depressions are observed. It may also be useful in
patients after angioplasty of RCA diseuse to predict restenosis
or 1o confirm the therapeutic effects.

Study limitations. It is generally considered that anterior
ischemia is more deleterious than inferior ischemia in terms of
hemodynamics, leading to a more severe aulonomic impair-
ment, i.e., a more depressed vagal activity in LAD paticnts.
Thus the observed differences in vagal activity between the
groups might be caused not only by the cardioinhibitory reflex
evoked by inferior ischemia but also by the differences in
hemodynamic impairment. For this reason, we cvaluated the
changes in vagal parameters (time constant and ARR} after
revascularization and found that these parameters were signil-
icantly altered in RCA patients but not in LAD patients. This
strongly supports the notion that the differcnces in estimated
vagal activily between the groups arc determined primarily by
the presence or absence of inferior located ischemia. Never-
theless, we cannot completely exclude the possible contribu-
tion of the ditferent sympathetic tone between the groups,
because anterior located ischernia, although rare, can stimulate
this reflex.

In conclusion, as well as transmural myocardial ischemia
with ST elevations such as that occutring with acute inferior
myocardial infarction, exercise-induced transient inferior sub-
endocardial ischemia with ST depressions, which might be
recurrently experienced in daily activities, activates cardioin-
hibitory reflex by stimulating vagal nerve endings in humans,
This hitherto-unknown findings must be taken into account in
the estimation of vagal tfunction conducted in various clinical
selings, especially when evaluating patients with CAD,
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Essential Role of Vascular Endothelial Growth Factor and
Flt-1 Signals in Neointimal Formation After
Periadventitial Injury

Qingwei Zhao, Kensuke Egashira, Ken-ichi Hiasa, Minako Ishibashi, Shujiro Inoue, Kisho Ohtani,
Chunyan Tan, Masabumi Shibuya, Akira Takeshita, Kenji Sunagawa

Objective—Vascular endothelial growth factor (VEGF) is upregulated afier arterial injury. Its role in the pathogenesis of
neointimal formation after periadventitial injury, however, has not been addressed.

Methods and Results—Expression of VEGF and its receptors but not that of placental growth factor markedly increased
with the development of neointimal formation in hypercholesterolemic mice after cuff-induced periarterial injury.
Transfection with the murine soluble Flt-1 (sFlt-1) gene to block VEGF in vivo in mice inhibited early inflammation
and later neointimal formation. The sFit-1 gene transfer did not affect plasma lipid levels but attenuated increased
expression of VEGF, Flt-1, Flk-1, monocyte chemoattractant protein-1, and other inflammation-promoting factors. Mice
with Flt-1 kinase deficiency also displayed reduced neointimal formation.

Conclusions—Inflammatory changes mediated by VEGF and Flt-1 signals play an important role in the pathogenesis of
neointimal formation after cuff-induced periadventitial injury. VEGF might promote neointimal formation by acting as
a proinflammatory cytokine. (Arterioscler Thromb Vasc Biol. 2004;24:2284.2289.)

Key Words: remodeling m growth substances m inflammation w arteriosclerosis m gene therapy

Ncointimal formation is a major cause of restenosis after
coronary intervention.!? Vascular endothelial growth
factor (VEGF) and its receptors {(VRGFR-1: Flt-1, VEGFR-2:
Flk-1) are upregulated in vascular inflammatory and prolif-
erative disorders such as atherosclerosis and restenosis.>-¢
VEGF is thought to protect the artery from such disorders by
inducing endothelial regeneration and improving endothelial
function.” VEGF gene transfer or administration of its protein
induces endothelial regeneration and attenuates neointimal
formation after endothelial injury.™® VEGF is reported to
inhibit leukocyte infiltration through hemeoxygenase-1.10
There is still considerable debate, however, over the role of
VEGF in the development of neointimal formation after
injury.!'-'2 Emerging evidence suggests that VEGF causes or
promotes the development of atherosclerosis or neointimal
formation after injury. VEGF induces migration and activa-
tion of monocytes,'* adhesion molecules,'* or monocyte
chemoattractant protein-1 (MCP-1)'5 through its receptor
Flt-1. Moreover, administration of VEGF protein to hyper-
cholesterolemic animals enhances atherogenesis by inducing
monocyte infiltration and activation.'s In addition, VEGF
might promote migration of vascular smooth ‘muscle cells
though Flt-1,'"7-% Angjogenesis inhibitors are shown to reduce

intimal neovascularization and plaque growth in hyperlipid-
emic mice.!®

One major reason for the inconsistent reports regarding the
role of VEGF might be because there are no selective VEGF
ivhibitors tested. The only known endogenous VEGF inhib-

{tor is a soluble form of the VEGF receptor-1, Flt-1 (sFlt-1),20

This isoform is mainly expressed by vascular endothelial
cells and can inhibit VEGF activity by directly sequestering
VEGF and by functioning as a dominant-negative inhibitor2¢
We and others previously demonstrated that intramuscular
transfection of the sFlt-1 gene blocks VEGF signaling and
thus quenches VEGF activity in’ vivo.2!-22 Therefore, sFlt-1
gene transfer can be used as an inhibitor against VEGF and its
receptors (Flt-1, Flk-1). In addition, Flt-1 tyrosine kinase—
deficient mice can be used to determine the role of Flt-1
signals.23

In this study, we investigated the role of VEGF and Fli-1
signals in the pathogenesis of neointimal formation after
cuff-induced periadventitial injury in hypercholesterolemic
mice. Several animal models for evaluation of necintimal
formation after injury have been reported, including balloon
injury, wire injury, chemical injury, and cuff injury, among
others. The ideal animal model for human neointimal forma-
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tion is uncertain. The cuff model was chosen because cuff
placement in the presence of hypercholesterolemia offers the
advantage of inducing reproducible site-controlled neointimal
formation and stenosis.?*25 In addition, the cuff-induced
injury triggers vascular inflammation and induces neointimal
lesions that are partly similar to the restenotic and atheroscle-
rotic lesions observed in humans.?425 Qur present data pro-
vide direct evidence suggesting that inflammatory changes
mediated by VEGF and Fit-1 signals play an important role in
the pathogenesis of neointimal formation after cuff-induced
periadventitial injury.

Methods

Expression Vector

The 3.3-kb mouse sFlt-1 gene was obtained from a mouse lung
cDNA library?6 and cloned into the BamHI{(5") and NotI(3') sites of
the eukaryotic expression vector plasmid cDNA3 (Invitrogen).

Experimental Animals

The study protocol was reviewed and approved by the Committee on
Ethics for Animal Experiments, Kyushu University Faculty of
Medicine, and the experiinents were conducted according to the
Guidelines of the American Physiological Society. A part of this
study was performed at the Kyushu University Station for Coltabo-
rative Research.

Apolipoprotein E-deficient (apoE-KQ) and wild-type mice (8 to
10 weeks old, n=35 to 9 each group} with a genetic background of
C57BL/6) were purchased from The Jackson Laboratory (Bar
Harbor, Me) and fed with commercial standard chow. Placement of
cuff and gene transfer were performed as previously described.2l-27 A
nonconstrictive polyethylene cuff (1.5 mm long; PE20, 0.38-mm
inner diameter, 1.09-mm outer diameter) was placed loosely around
the left femoral artery. Either empty plasmid or sFli-1 plasmid (300
12/100 L PBS) was injected into the right femoral muscle using a
27-gauge needle immediately and 10 days after cuff placement. To
enhance transgene expression, these animals received electropora-
tion at the injected site immediately after injection.2t.2>-2° [t has been
shown that electroporation-mediated gene transfer is uwseful to
introduce genes into muscle tssues in vivo with no serious tissue
injury.*® To determine the role of flt-1 signals, Flt-1 tyrosine
kinase—deficient mice with a genetic background of C57BL/6] were
used.2?

In Vivo Matrigel Plug Assay

An in vivo matrigel plug assay was used to determine the effect of
sFlt-1 gene transfer on VEGF activity.2127 Matrige! matrix alone
(300 pL} or mixed with recombinant VEGF protein (100 ng/mL)
was injected subcutaneously into the flanks of C57BL/6] mice. The
matrigels were then removed 7 or 14 days after injection, and
angiogenesis and inflammation were examined by histopathologic
analysis.

Histopathology, Immunohistochemistry,

and Morphometry e

Mice were anesthetized with pentobarbital, and the femoral artery
was harvested, fixed overnight in 3.7% formaldehyde in PBS, and
paraffin-embedded.?? Serial cross sections (5 pm thick) throughout
the entire length of the cuffed femoral artery were used for
histological analysis. Cryosections were made from 2 mice in each
condition. All sections were routinely stained with hematoxylin-
eosin or van Gieson. Mac-3 (PharMingen) staining was used to
detect monocytes/macrophages, and CD3 (Santa Cruz Biotechnol-
ogy) was used for T cells. Proliferating cell nuclear antigen (PCNA,;
Santa Cruz Bictechnology) was used to detect vascular proliferation.
An antibody against von Willebrand factor (vWF; Sigma Chemical
Co) was used to mark endothelial cells, Antibodies against VEGF
(Santa Cruz Biotechrology) and placental growth factor (PIGE;
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R&D Systems Inc) were also used. Indirect immunofluorescence
double-staining with matched primary and fluorescein-conjugated
secondary antibodies was used to stain for colocalization with VEGF
receptors in smooth muscle cells or monocytes as follows: Rabbit
anti-mouse Fit-1 (Santa Cruz Biotechnology), rabbit anti-mouse
Flk-1 (Santa Cruz Biotechnology), rat anti-mouse Mac-3, anti-a-
smooth muscle actin (a-SMA; Boehringer Mannheim Corp), anti-
rabbit IgG conjugated with fluorescein isothiocyanate or thodamine,
and anti-rat 1gG conjugated with fluorescein isothiocyanate or
rhodamine (Santa Cruz Biotechnology).

Ten equally-spaced cross sections were examined in all mice to
quantify intimal lesions. Using image analysis software, the total
cross-sectional medial area was measured between the external and
internal elastic lamina; the total cross-sectional intimal area was
measured between the endothelial cell monolayer and the internal
elastic lamina,

Plasma Measurements

Plasma total cholestercl and triacylglycerol levels were determined
with commercially available kits (Wako Pure Chemicals). Plasma
concentrations of sFlt-1, VEGF, and PIGF were rieasured by the use
of ELISA kit (R&D Systems Inc).

RT-PCR and RNAse Protection Assay

RNA was prepared from the pooled samples (5 to 7 arteries for 1
sample).?' First-strand DNA was synthesized using reverse tran-
scriptase with random hexamers from 1 pp total RNA in a 20-uL
reaction volume according to the manufacturer’s protocol (GeneAmp
RNA polymerase chain reaction Kit; Perkin-Elmer). Primers vsed
for amplification of VEGF were 5'-GGA TCC ATG AACTTT CTG
CT-3' and 5'-GAA TTC ACC GCC TCG GCT TGT C-3" with
expected sizes of 654, 582, and 450 bp for the 3 VEGF isoforms
(VEGF 188, 164, and 120, respectively). Primers for PIGF were
57-CCC ACA CCC AGC TCA CGT ATT TA-3' and 5'-TCC CCT
CTA CAT GCC TTC AAT GC-3'. Primers for Flk-1 were 5'-ACT
GCA GTG ATT GCC ATG TTC T-3' and 5'-GCT CAT CCA AGG
GCA ATT CAT-3'. Primers for the internal control, B-actin, were
5'-ATG GAT GAC GAT ATC GCT-3" and 5'-ATG AGG TAG
TCT GCT AGG T-3' with an expected product of 550 bp.

RNAse protection assays were performed using 5 g total RNA
with 2 custom template sets according to the manufacturer’s protocol
(PharMingen).??

Statistical Analysis

Data are expressed as the mean=SE. Statistical analysis of differ-
ences was compared by ANOVA. Post hoc analyses were performed
using Bonferroni correction for multiple comparison tests. P<<0.05
was considered to be statistically significant.

Results
In Vivo Matrigel Plug Assay in ApoE-KO Mice

Seven days after injection of matrigel, there were significant
angiogenic (number of CD31-positive cells per mm?) and
inflammatory (number of Mac3-positive cells per mm?)
reactions in the matrigel plugs containing recombinant VEGF
protein compared with matrigel alone. Soluble Flt-1 gene
transfer but not injection of an empty plasmid suppressed
both the angiogenic and inflammatory reactions to VEGF to
a level similar to that of matrigel plugs without VEGF (Figure
I, available online at http://atvb.ahajournals.org). This sup-
pression of angiogenic and inflammatory reactions to VEGF
was noted on day 14 but not on day 21 of sFit-1 gene transfer
{data not shown).
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Figure 1. Gene expression VEGF, Fit-1, Flk-1, and PIGF in
cuffed femoral artery. A, Time course of VEGF mRNA levels (RT-
RCR) and expression of arterial VEGF and S-actin mRNA after
cuff placement. mRNA levels were assessed at the indicated
times. This is a representative assay from 5 separate experi-
ments. B, Densitometric analysis of data in A. Expression of
VEGF mRNA in each sample was normalized by g-actin mRNA
expression in the same sample. N=5 for each bar. "P<0.01 vs
control intact artery. C, Gene expressions of Flt-1, Flk-1, PIGF,
and VEGF (RT-PCR) in femoral arteries before or 7 days after
cuft placement/sFlt-1 gene transfer, "P<0.01 vs intact control.
D, Plasma levels of sFit-1, PIGE, and VEGF 7 days after cuff
placement in 4 animal groups: (1) untreated control, {2) mice
with cuff alone, (3) cuff+empty plasmid, and (4) cuff+sFit-1 plas-
mid. N=6 for each. *P<0.01 vs control group.

Gene Expression and Immunoreactivity in
ApoE-KO Mice
The mRNA levels of 2 VEGF isoforms (188 and 164)
markedly increased after cuff placement, whereas they were
undetectably low in control intact artery (Figure 1A and 1B).
Peak expression was observed on day 7. VEGF 121 mRNA
was undetectable before and after cuff placement. Gene
expression of Fit-1, Flk-1, VEGF, and PIGF was also in-
creased on day 7 (Figure 1C). Plasma concentrations of
sFlt-1, VEGF, and PIGF were measured on day 7 in several
groups of animals (Figure 1D). Plasma sFlt-1 was increased
in sFlt-1 transfection group. There was no significant change
in plasma VEGF nor in PIGF among groups (Figure 1D).
Immunohistochemical staining indicated that compared
with faint staining in the control artery, VEGF increased in
the vicinity of inflammatory lesions (mononuclear cell infil-
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Figure 2. Immunostaining of VEGF, Fit-1, Flk-1, and PIGF in
cuffed femoral artery. A, Cross sections of intact or cuffed femo-
ral arteries were stained immunohistochemically against VEGF,
VEGF receptor 1 (Fit-1), VEGF receptor 2 (FIk-1), of VWF 7 and
21 days after cuff placement in empty plasmid group. Immunc-
histochemical sections of cuffed arteries on day 21 in sFlt-1
group are also shown. Black lines indicate internal and external
elastin laminas. L indicates lumen. Scale bar=50 um. B, Immu-
nohistochemical staining of PIGF in femoral arteries before or
after cuff placement/sFit-1 gene transfer. Black lines indicate
internal or external elastin laminas. L indicates Jumen. Scale
bar=50 um.

tration} in the intima and adventitia on day 7 and in cells of
3 layers of cuffed artery on day 21 (Figure 2A). The
endothelial layer, as detected by vWF staining, was preserved
before and after cuff placement (Figure 2A). No detectable
increase in PIGF staining was observed before and after cuff
placement (Figure 2B). ’ .

Both Flk-1 and Flt-1 were undetectable, except in endo-
thelial layers in conirol intact arteries, but both were in-
creased in the intima, media, and adventitia 7 and 21 days
after cuff placement (Figure 2A). Compared with Flt-1
staining, Flk-1 staining was less impressive on day 7 but was
apparently noted on day 21. To localize VEGF receptors,
immunoflucrescent double-staining was performed (Figure
3). On day 7, a-SMA-positive cells in the media and
neointima expressed little Flk-1, whereas they did express
Fli-1 (Figure 3A). Also, some a-SMA-positive cells in the
adventitia (possibly adventitial myofibroblasts) expressed
Flt-1. Mac-3 positive cells recrujted to the neointima, media,
and adventitia expressed VEGF and Flt-1. On day 21, most
a-SMA-~positive cells in the neointima and media expressed
VEGF and its receptors (Figure 3B).

Time Course of Development of Neointimal
Hyperplasia in ApoE-KO Mice

As published, 24273132 within 7 days of cuff placement,
mononuclear leukocytes, most of which were Mac3-positive
monocytes, were recruited into the adventitia, media, and
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Figure 3. Immunofluorescence double-staining of VEGF recep-
tors, monoceytes, and a-SMA in cuffed femoral artery. A, Micro-
graphs of cuffed femoral arteries doubly stained with Flt-1
(VEGF-R1, green) and a-SMA (red), with Flk-1 (VEGF-R2, green}
and o-SMA (red}, and with Mac-3 (green} and Flt-1 (VEGF-R1,
red) 7 days after cuff placement. Scale bar=50 pm. B, Micro-
graphs of cuffed femoral arteries doubly stained with Fit-1
(VEGF-R1} and «-SMA, Flk-1 {VEGF-R?2) and «-SMA, and VEGF
and a-SMA in the cuffed femoral arteries 21 days after cuff
placement. Single fluorescence-positive cells were stained
green or red, whereas double-positive cells were stained yellow.
White lines indicate external elastin laminas. L indicates lumen.
Scale bar=50 um,

intima (Figure 3). After 7 days, neointimal lesions developed
and became thick over time (Figure 4A). Monocyte infiltra-
tion declined spontanecusly and o-SMA-positive cells ap-
peared predominantly in the neointima. On day 21, signifi-
cant neointimal formation with luminal stenosis developed
(Figure 4A). Endothelial staining with vWF antibody showed
that no significant neointimal neovascularization was ob-
served during the course of experiments (Figure 2A).

Effects of Soluble Flt-1 Gene Transfer on
Cuff-Induced Neointimal Hyperplasia in

ApoE-KO Mice

As we previously reported,®” Mac3-positive monocytes/mac-
rophages and PCNA-positive cells were detected mainly in
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Figure 4. Histopathology of cuffed femoral artery, A, Time
course of cuff injury-induced neocintimal formation and effect of
sFlt-1 gene transfer. Micrographs of cross sections of control
{intact) and cuffed arteries stained with van Gieson Elastica on
days 3, 7, and 21 are shown. Scale bar=100 pm. B through D,
Effects of sFit-1 gene transfer on neointimal thickening (B), inti-
ma‘/media ratio (C), and % stenosis (D) 2% days after cuff place-
ment, *P<.0.01 vs cuff only and cuff+empty plasmid group.

the adventitia and intima. There was markedly less inflam-
mation (Mac3-positive cells} and proliferation (the PCNA
index) in sFlt-1-transfected mice than in empty plasmid-
transfected mice on day 7 (Figure I, available online at
http://atvb.ahajournals.org). There was no detectable change
in the number of CD3-positive T cells in empty plasmid or
sFlt-1-transferred mice (Figure II). The sFlt-1 gene transfer
significantly reduced neointimal formation (increases in neo-
intimal area, intima/media ratio, and luminal stenosis) 21
days after cuff placement (Figure 4A through 4D).

Because sFlt-1 gene transfer markedly reduced monocyte-
mediated inflammation, gene expression of a battery of
inflammatory cytokines, chemokines, and chemokine recep-
tors was examined by RNAse protection assays (Figure III,
available online at http://atvb.ahajournals.org) or by RT-PCR
(Figure 1C) 7 days after cuff placement. The sFh-1 gene
transfer did not affect gene expression of RANTES, macro-
phage inflammatory protein-lea, transforming growth
factor-3, macrophage inflammatory protein-2, and PIGF, but
prevented or attenuated the increased gene expression of
CCRI, interleukin-6, CCR2, MCP-1, Flt-1, CXCR2, eotaxin,
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vascular cell adhesion molecule-1, intercellular adhesion
molecule-1, Flk-1, and VEGF. The sFit-1 gene transfer
reduced increased immunostainings against VEGF, Flt-1, and
Flk-1, but did not affect staining against vWF (Figure 2A).

Time course of plasma concentrations of sFlt-1 after sFlt-1
gene transfer was determined. Plasma sFlt-1 levels before and
3, 7, and 14 days after sFlt-1 transfection were 467137,
10372132 (P<0.01 versus baseline), 927215 (P<<0.01),
and 64983 pg/mL (P<0.05, n=6 each), indicating that
sFlt-1 was released from the transfected muscle.

Plasma Lipid Levels in ApoE-KO Mice

Total cholesterol and triacylglycerol levels were 503%=11 and
38+6 mg/dL in the control group, 512+ 16 and 40%35 mg/dL
in the empty plasmid group, and 497x10 and 39+3 mg/dL. in
the sFlt-1 group, indicating that the observed effects of sFli-1
gene transfer were not caused by changes in serum lipid
levels.

Effects of Flt-1 Tyrosine Kinase Deficiency on
Neocintimal Hyperplasia

Wild-type and Fit-! tyrosine kinase—deficient mice were fed
a high-fat diet for 2 weeks, and cuff was placed as mentioned
above. Mice received a high-fat diet for an additional 3
weeks. Neointimal formation was noted 21 days after cuff
placement in wild-type mice. Compared with wild-type mice,
Flt-1 tyrosine kinase—deficient mice displayed reduced neo-
intimal formation (Figure 1V, available online at http:/
atvb.ahajournals.org). Total cholesterol levels at 5 weeks of
high-fat diet were 520*21 and 511+18 mg/dL in wild-type
and Flt-1 tyrosine kinase—deficient mice, respectively.

Discussion
This study is the first to demonstrate the essential role of
VEGF and Flt-1 signals in the development of neointimal
formation after cuff-induced periadventitial injury in hyper-
cholesterolemic mice. VEGF is conventionally thought to be
an endothelial cell-specific growth factor and to attenuate
vascular disease by inducing endothelial proliferation and
regeneration mainly through the endothelial type 2 receptor
Flk-1.7 Recent evidence, however, suggests that functional
Flt-1 and Flk-1 are expressed in injured arterial wall cells
other than endothelial cells. In this study, Flt-1, Flk-1, and
VEGF were increased in lesional monocytes and medial
smooth muscle cells at early stages and in neointimal and
medial smooth muscle cells at later stages. Flt-1 is demon-
strated to act as an important mediator of chemotaxis through
vascular cell adhesion molecule-1, intercellular adhesion
molecule-1, and MCP-1.13-15 We demonstrated’ that sFit-1
gene transfer reduced the early inflammatory and prolifera-
tive changes and thus attenuated the development of neoin-
timal formation. It is speculated, therefore, that VEGF might
cause inflammation (monocyte recruitment and activation}
and proliferation through Flt-1-mediated signals and thus
cause neointimal formation after cuff-induced periadventitial
injury. In addition, Flt-1 in smooth muscle cells is reported to
mediate migration and proliferation in vitro.183} An alterna-
tive interpretation is that VEGF directly caused migration and
proliferation of smooth muscle cells resulting in neointimal
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formation. In any way, our present finding of Flt-1 tyrosine
kinase—deficient mice suggests the involvement of Flt-1-
related signals in the pathogenesis of neointimal formation
after periadventitial injury.

Periadventitial inflammation has a major role in the patho-
genesis of cuff-induced neointimal formation.’32 To gain
insight into the mechanism of VEGF-mediated inflammation
and neointimal formation, we assessed gene expression of
various inflammatory genes. The sFlt-1 gene transfer attenu-
ated increased gene expression of inflammatory cytokines,
adhesion molecules, chemokines, and chemokine receptors.
Yamada et al** showed that MCP-1 is essential in VEGF-
induced angiogenesis, vascular leakage, and inflammation.
An essential role of MCP-1 in the development of neointimal
formation after arterial injury has also been reported.27-29.35.36
The sFli-1 gene transfer attenvated increased VEGF, Fik-1,
and Flt-1 gene expression, indicating that VEGF regulates its
activity by an autocrine loop mechanism within diseased
arterial wall cells, such as smooth muscle cells, endothelial
cells, and lesional monocytes. A positive feedback effect of
VEGF is supported by previous studies that demonstrated
enhanced VEGF production by monocytes through Flt-1
stimulation.3” Therefore, sFlt-1 gene transfer might attenuate
cuff-induced neointimal formation mainly by suppressing
inflammation (monocyte recruitment and activation).

This study has potentially significant clinical implications.
Blockade of VEGF by sFlt-1 gene transfer can be an
attractive anti-VEGF therapy for inflammatory vasculat dis-
ease and other inflammatory disorders. The efficacy of this
strategy for experimental tumor angiogenesis has already
been tested.?? Luttun et al*® recently reported that treatment
with anti-Flt-1 antibody attenuated the development of ex-.
perimental tumor angiogenesis, arthritis, and atherosclerosis.
One limitation of the present finding is that the pathogenesis
of neointimal formation after periadventitial injury differs
from that after endothelial injury/denudation and from that in
humans. The endothelial integrity is preserved in cuff-
induced periadventitial injury. For clinical application of our
findings to human vascular disease, future studies are needed
to examine the efficacy and safety of anti-VEGF strategy
with sFlt-1 in experimental atherosclerosis and restenosis.

In conclusion, inflammatory changes mediated by VEGF
and Flt-1 signals play an important role in the pathogenesis of
neointimal formation after cuff-induced periadventitial in-
jury. These data support the notion that VEGF promote
necintimal formation by acting as a proinflammatory cyto-
kine after cuff-induced periadventitial injury.
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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 vitre and vivo effects of extracorporeal shock wave
(SW) that could enhance angiogenesis,

Methods and Results—SW treatment applied to cultured human umbilical vein endothelial cells signilicantly upregulated
mRNA expression of vascular endothelial growth factor and its receptor Fli-1 in vitro. A porcine model of chronic
myocardial ischemia was made by placing an ameroid constrictor at the proximal segment of the lefl circumflex
coronary artery, which gradually induced a total occlusion of the artery with sustained myocardial dys{unction but
without myacardial infarction in 4 weeks, Thereafter, extracorporeal SW therapy to the ischemic imyocardial region (200
shols/spot for 9 spots at 0.09 mJ/mm?) was performed (n=8), which induced a complete recovery of lelt ventricular
ejection fraction (51£2% to 62+2%), wall thickening fraction (13%£3% to 30*3%), and regional myocardial blood
flow (1.0£0.2 10 14203 mL - min~' - ¢7') 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, 48+3% 10
48 % 1%; wall thickening fraction, 13%2% to 9x2%) and regional myocardial blood flow (1.0=0.3 w0 0.6=0.1 mL -
min~" - g™'). Neither arrhythmias nor other complications were observed during or after the treatment. SW treatment of
the ischemic myocardium significantly upregulated vascular endothelial growth factor expression in vivo.

Conclusions—These resulls suggest thal extracorporeal cardiac SW therapy is an effective and noninvasive therapeutic
strategy lor ischemic heart disease. (Circulation. 2004;110:3055-3061.)

Key Words: angicgenesis m contractility m hibernation m ischemia m regional blood (low

rognosis of ischemic cardiomyopathy without an indication

for coronary intervention or coronary artery bypass grafting
still remains poor because medication is the only therupy 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 clinically has shown
efficacy in replacing myocardial scar with functioning contrac-
tile tissue, it could be possible to improve the contractility of the
hibernating myocurdium 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
bubbles 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 dystunction in a porcine model
of chronic myocardial ischemia in vivo.

Methods

This study was reviewed by the Commitice on Ethics in Animal
Experiments of Kyushu University and was carried out under the
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Guidelines for Animal Experiments of Kyushu University and (he
" Law (No. 105) and Notification {(No. 6) of the Japanese Governmenl.

Effect of SW on Human Umbilical Vein
Endothelial Cells in Vitro

We purchased single-donor human umbilical vein endothelial cells
(HUVECs) (Clonetics, Walkersville; Md) and culiured them in a
complete endothelial medium (EBM-2 BulietKit, Clonctics).
HUVECs were subcultured and used at passages 3 to 5 and were
maintained in EBM-2, Tweaty-four hours belore the $W treatment,
HUVECs (1x10%) were resuspended in a 2-mL tube with EBM
(Clonetics), We treated the HUVECs with 500 shots of SW m 4
different energy levels (0 [control], 0.02, 0.09, 9.18, and 0.35
ml/mm*) and stored them for 24 hours in the same medium before
RNA extraction.

Ribonuclease Protection Assay

We analyzed equal amounts of mRNA by ribonuclease protection
assay by means of the RiboQuant multiprobe template (PharMin-
gen). Briefly, we hybridized RNA ovemight with a “*P-lubeled RNA
probe, which previously had been synthesized from the template set.
We digested single-stranded RNA and frce probe by ribonuclease A
and T1. We then analyzed protected RNA on a 5% denaturing
polyacrylamide gel. We analyzed several angiogenic factors, includ-
ing vascular endothelial growth factor (VEGF)y and its receplor,
Jins-like tyrosine kipase (Fl1)-1, and angiopoictin and its recepior,
tie-1, either by meuns of an NTH image or by means of autoradiog-
raphy and subsequent quantification by densitometey (Alpha Inno-
teeh). For quantitication, we normalized the signals for each sample
of the blot with the corresponding signals of the housekeeping 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 ma/kg
[M) and maintained anesthesia with an inhalation of 1.5% isoflurane
for implantation of an ameroid constrictor, SW treatment, and
euthanization. We openced the chest, suspended the pericardium and
the left atrial appendage, revealed the left circumflex coronary artery
(LCx), and put an ameroid constrictor around the proximal LCx o
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 showa). This model is widely used to exaniine the
cffect of an angiogenic therapy in the ischemic hibernating
myocardium 56

Extracorporeal Cardiac SW Therapy to Chronic
Ischemic Myocardium

On the basis of the in vitco experiment, we applied a low cncrgy of

SW (0.09 m}/mm2, =10% of the encrgy for the lithotripsy treat-
ment) to 9 spots in the ischemic region (200 shotsfspol) with the
guidance of an echocardiogram cquipped 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-fine 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),

SW generator (Storz Medical AG) (Figure 1A). We were able to
focus SW in any part of the heart under the guidance ol echocardi-
ography (Figure [B). We applied SW to the ischemic¢ myocardium in
an R-wave-triggered manner to avoid ventricular arrhythmias, We
performed the SW treatment (n=8) at 4 weeks after the implantation
of an aimeroid constrictor 3 times within 1 week, whereas animals in
the control group (n=8) received the same anesthesia procedures 3
times a4 week but without the SW trealment. Because the SW
treatment only requires the gentle compression of the gencrator to the
chest wall, it is ualikely that this handling jtself enhances angiogen-
esis in (he ischemic myocardium.

Coronary Angiography and Left Ventriculography
Alter systemic heparinization (10 0} Urbody), we performed coronary
angiography and left ventriiculography in a left oblique view with the use
of a cincangiography system (Toshiba Medical). We semiyuantitatively
evaluated the extent of collateral flow to the LCx by the graded Rentrop
score (U, no visible collateral vessels; 1, faint fifling of side branches of
the main epicardiaf vessel without 13lling the main vessel; 2, partial
filling of the main epicardial vessel; 3, complete tilling of the main
vessel).” We alse 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 whele Icft anterior descending
coronary artery was first visualized,

Echocardiographic Evaluation

We performed epicardial cchocardiographic studies at ameroid
implantation (bascline) and at 4 and 8 weeks after the implantation
of the constrictor (Sonos 5500, Agilent Technology), We calculated
wall thickening fraction (WTF) by using the following formula
WTF = 100 X (end-systolic wall thickness — end-diastolic wall
thickness) fend-diastolic wall thickness. We measured WTTF when
pigs were sedated. wilh and without dobutamine loading {15 pg -
kg™ - min'). Dobutamine was infused continuously from the ear
vein, and WTF was measured afier the hemodynamic condition was
stabilized (in =5 minutes).

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 a1 4 und 8 weeks after implantation,s 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 60 scconds using a withdrawal pump. We extracted
microspheres from the left ventricular (LV) wall and blood samples
by potassium hydroxide digestion, extracted the dyes from the
spheres with dimethytformamide (200 pL), and determined their
concentrations by spectrophotometry.* We calculated myocardial
blood flow (mL - min™* + ") of the endocardial and cpicardial Tuteral
LV wall (the LCx region).

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 afler the SW
treatment). and 8 weeks after ameroid implantation.

Factor VIII Staining

We treated paraffin-embedded sections with a rubbit anti-factor ViII
antibody (N1505, Dako, Copenhagen, Denmark). We counted the
number of factor VIlI-positive cells in the endocardial and epicardiat
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 treatmem 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 LY wall (LCx region) afler 3 SW treatments and
was reverse transcribed. Quantification of VEGF and its receptor
Fli-1 was performed by amplification of ¢DNA with an ABI Prism
7000 real-time thermocycler.

Western Blot Analysis for VEGF

We performed Western blot analysis for VEGF. Western blot
analysis for VEGF was performed with and without 3 SW treat-
ments. Three sections from the ischemic LY wall (LCx region) were
measured. The regions contuining VEGT 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 mRNA expression of VEGF
{A) and Fit-1 (B} in HUVECS in vitro with @ 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 coronhary 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 contro! group (A)
and the SW group (before SW therapy} (C}. B and D, Four weeks after the first caoronary angiography, no significant changs in coronary
vessels was noted in the control group (B), whereas a marked development of visibfe coronary vessels 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+3EM (n=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 (posterolateral) 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 control group. Results are expressed as mean+=SEM (n=8 each).

Statistical Analysis

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

Results

Effect of SW on mRNA Expression of VEGF and
Flt-1 in HUVECs

SW treatment significantly upregulated mRNA expression of
VEGF and its receptor Flt-1 in HUVECs, with a maximum
effect noted at 0.09 mJ}/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 3D), 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, ut 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
was normalized in the SW group but remained impaired in
the control group (Figure 4B, 4D, and 4E).

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

We serially measured WTE 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
(13x2 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, WTF was
again markedly ameliorated only in the SW group (31 =2) but
not in the control group (164) (Figure 5B).

At 4 weeks, RMBF in the endocardium and epicardium
(mL - min~" - g”') was equally decreased in both groups
(1.02£0.3 and 0.9+0.2 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 (0.62=0.1 in the



