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Background: Reducing myocardial damage is a prerequisite to prevent chronic heart failure after acute
myocardial infarction (AMI). Although vagal nerve stimulation (VNS) has been repeatedly demon-
strated to have potent anti-infarct effect, technical difficulties have precluded its clinical application.
We developed a novel therapeutic strategy of intravenous VNS (iVNS) and examined whether iVNS
administered prior to coronary reperfusion in a canine AMI model reduces infarct size and prevents
heart failure.
Methods and results: In 35 mongrel dogs, we induced ischemia by ligating the left anterior descending cor-
onary artery and then reperfused 3 h later (I/R). We transvenously placed a catheter electrode in the supe-
rior vena cava and adjusted the stimulation intensity to a level that induced bradycardia but maintained
stable hemodynamics (continuous, 5.1 ± 2.1 V, 10 Hz). We administered iVNS from onset (iVNS-0, n =
7) or 90 min after onset (iVNS-90, n = 7) of ischemia until one hour after reperfusion. Four weeks after is-
chemia–reperfusion, iVNS markedly reduced infarct size (iVNS-0: 2.4 ± 2.1%, p b 0.05 and iVNS-90: 4.5 ±
4.5%, p b 0.05) compared with I/R control (I/R: 13.3 ± 2.5%), and improved cardiac performance and hemo-
dynamics. Atrial pacing (n= 7) to abolish iVNS-induced bradycardia significantly attenuated the beneficial
effects of iVNS.
Conclusions: Short-term iVNS delivered prior to coronary reperfusion markedly reduced infarct size and
preserved cardiac function one month after AMI. The bradycardic effect plays an important role in the ben-
eficial effect of iVNS. How other mechanisms contribute to the reduction of infarct size remains to be
studied.

© 2016 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Although advances in early coronary reperfusion therapy have
markedly reduced the short-term mortality of acute myocardial infarc-
tion (AMI) to less than 10% [1], 14.8–33.9% of AMI patients still develop
heart failure in the long term [2], and AMI remains the leading cause of
death in cardiovascular disease [3]. Since the size of the infarct after AMI
is themajor determinant of poor outcomes [4], therapies that reduce in-
farct size beyond early coronary reperfusion are needed to improve car-
diac performance and prevent the subsequent development of heart
failure in the long term.

Compelling preclinical evidence suggests that vagal nerve stimula-
tion (VNS)may be of value in the treatment of AMI. Calvillo et al. [5]. re-
ported that brief VNS during ischemia–reperfusion strikingly reduced
infarct size in a rat model of ischemia–reperfusion. Uemura et al. [6]
also reported that VNS during 3 days after coronary arterial occlusion
reduced infarct size and attenuated left ventricular (LV) dysfunction in
rabbits. Despite preclinical evidence showing the benefits of VNS for
AMI, this therapy has not been introduced into clinical settings. A
major reason is the lack of a technique that makes vagal nerve stimula-
tion easier and less invasive under clinical conditions. Thus, the purpose
of this investigation was to evaluate the use of an intravenous electrical
catheter to stimulate the right vagal nerve in a caninemodel of AMI as a
clinical applicable minimally invasive technique of intravenous VNS
(iVNS), and examine the effect of iVNS prior to reperfusion on cardiac
function, heart failure parameters, and infarct size at 4 weeks post-AMI.

2. Methods

2.1. Experimental protocol

Protocols are shown in Fig. 1.We randomly allocated 35 dogs to 5 groups: Sham [tho-
racotomy only, no left anterior descending coronary artery (LAD) occlusion or iVNS; n =
7], ischemia-reperfusion (I/R) (3-h ischemia followed by reperfusion, no iVNS; n = 7),
iVNS-0 (iVNS from time 0 of ischemia to 1 h after reperfusion; n = 7), iVNS-90 (iVNS
from90minof ischemia to 1 h after reperfusion; n=7), and iVNS-0+PM[iVNS and atrial
pacing (PM) from time 0 of ischemia to 1 h after reperfusion; n = 7]. Four weeks after is-
chemia–reperfusion,we evaluated cardiac function, parameters of heart failure and infarct
size in each dog. All 35 dogs survived until the end of the experiments four weeks after
sham operation or ischemia–reperfusion induction.

2.2. Animals and surgical preparations

Experiments and animal care were approved by the Committee on Ethics of Animal Ex-
periments, KyushuUniversity Graduate School ofMedical Sciences, and performed strictly in
accordance with the 8th Edition of the Guide for the Care and Use of Laboratory Animals is
Fig. 1. Protocols of this study. Ischemia–reperfusion (I/R) model was produced by inducing isch
pacing (PM) was administered during ischemia until 1 h after reperfusion. Five groups were te
followed by reperfusion, no iVNS), iVNS-0 (iVNS from time 0 of ischemia to 1 h after reperfus
[iVNS and atrial pacing (PM) from time 0 of ischemia to 1 h after reperfusion]. At one mont
were evaluated in each dog.
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published byNational AcademyPress, 2011.Mongrel dogs (n=35, 15.6±1.8 kg)were pur-
chased from KBT Oriental, Co., Ltd. (Saga, Japan). Dogs were housed in individual cages in a
room maintained at a temperature of 20 °C and a light/dark cycle of 12/12 h. The dogs
were fed a commercial dog diet (PC 2; Oriental Yeast, Co., Ltd., Saga, Japan) once daily in
the morning and had free access to tap water. All dogs were acclimatized to the laboratory
environment for at least 7 days before being used in experiments.

After anesthesia induction by intravenous pentobarbital (25 mg/kg) and vecuronium
bromide (0.08mg/kg), the dogswere intubated and artificially ventilatedwith roomair to
maintain physiological pH and oxygen saturation. Anesthesia wasmaintained by continu-
ous isoflurane (1–2%) inhalation during the experiment. Body temperature was main-
tained between 37 and 38 °C. A catheter (5-Fr) was placed in the left femoral vein for
administering fluids. Arterial pressure (AP) was measured at the right femoral artery
using a fluid-filled catheter-transducer system (Model DX-200; Nihon Kohden, Tokyo,
Japan). The heart was exposed and the pericardium opened via a left lateral thoracotomy
at the 5th intercostal space.

2.3. Intravenous vagal nerve stimulation (iVNS)

For iVNS, we inserted a catheter with electrodes (Ablaze Fantasista MMcurve 4-mm
tip; Japan Lifeline Co., Ltd., Tokyo, Japan) from the right external jugular vein and advanced
to the superior vena cava (SVC) (Fig. 2). We connected a stimulator (SEN3401; Nihon
Kohden, Tokyo, Japan) to the catheter with electrodes and an electrical pad (Disposable
Pad for human infants P-513; Nihon Kohden, Tokyo, Japan) attached to the dorsal thoracic
region of the dog. We stimulated the vagal nerve continuously with rectangular pulses of
0.2-ms duration and 10 Hz. We up-titrated the intensity of iVNS to the maximum voltage
that did not reduce AP (5.1 ± 2.1 V).

2.4. Ischemia–reperfusion model

To induce ischemia, we ligated the major branches and the first diagonal branch of the
LADwith 3–0 silk suture. We also ligated the left circumflex coronary artery (LCX) branches
that apparently perfused the LAD area to minimize the effect of collateral arteries. After in-
ducing ischemia for 3 h,we reperfused the region by releasing all ligatures. One hour after re-
perfusion, we terminated the iVNS, removed the catheter electrode, and closed the chest by
suturingmuscles, subcutaneous tissues and skin. The animalswere allowed to recover. Intra-
venous cefazolin (20 mg/kg, iv) was given twice prophylactically before and 1 h after reper-
fusion. Carprofen (4.4mg/kg)was also administered subcutaneously 1 h after reperfusion for
postoperative analgesia.

2.5. Atrial pacing

We sutured a bipolar electrode to the right atrial appendage for cardiac pacing (EDP
20; NihonKohden, Tokyo, Japan). The pacing conditionwasfixed at atrial pacing and sens-
ing mode (AAI) with 0.9 ms pulse width and 3 V output. The pacing rate was determined
as the level that totally abolished iVNS-induced bradycardia.

2.6. Assessment at 4 weeks after ischemia–reperfusion

2.6.1. Echocardiographic analysis
At 4 weeks after ischemia–reperfusion, we performed echocardiography in conscious

dogs using a sector probe with 1–5 MHz extended operating frequency range (Phillips
iU22/S5–1 Transducer; Philips NV, Amsterdam, Netherland). The conscious dog was
emia for 3 h followed by reperfusion. Intravenous vagal nerve stimulation (iVNS) or atrial
sted: Sham (thoracotomy only, no ischemia–reperfusion and no iVNS), I/R (3-h ischemia
ion), iVNS-90 (iVNS from 90 min of ischemia to 1 h after reperfusion), and iVNS-0 + PM
h after ischemia–reperfusion, cardiac function, heart failure parameters and infarct size

erve stimulation prior to coronary reperfusion in a canine ischemia-
g/10.1016/j.ijcard.2016.10.074
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Fig. 2. Cine images of intravenous vagal nerve stimulation (iVNS), and hemodynamic
changes in response to iVNS. (A) (B) Cine images show an effective vagal nerve
stimulation site in supra vena cava (SVC) from anteroposterior view (A) and right
lateral view (B). (C) Hemodynamic response to iVNS. HR decreases immediately after
initiating iVNS, while arterial pressure does not change significantly. HR, heart rate; AP,
arterial pressure; MAP, mean arterial pressure.
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positioned in dorsal recombency on a sling frame (DFH1PU and DFC1PU, Bio Research
Center Inc., Nagoya, Japan). Left ventricular end-systolic volume (LVESV), end-diastolic
volume (LVEDV) and ejection fraction (LVEF) were measured on two-dimensional echo-
cardiograms using the modified Simpson's rule [7].

2.6.2. Hemodynamic analysis
Four weeks after ischemia–reperfusion, all dogs were anesthetized by pentobarbital

sodium (6.25 mg/kg) and vecuronium bromide (0.08 mg/kg), and artificially ventilated.
5-Fr sheathswere placed into the right femoral artery tomeasure AP and bilateral femoral
veins to administer pentobarbital sodium (2.5 mg/kg/h) and saline (1–2ml/kg/h as need-
ed). A 6-Fr Millar catheter was inserted from the right common carotid artery into the LV
to measure LV pressure, and fluid-filled catheters were placed directly into both atria to
measure right (RAP) and left atrial pressures (LAP).

2.6.3. The pressure–volume relationship of LV
Two pairs of 2-mm ultrasonic microtransducer crystals (Sonometrics, London, Ont.,

Canada) were implanted in the endocardium of the LV to measure the anterior–posterior
Table 1
Changes in heart rate (HR) and mean arterial pressure (MAP) before, during and after in-
travenous vagal nerve stimulation (iVNS).

HR (bpm) Baseline I-180 min R-60 min

Sham (n = 7) 129 ± 9 126 ± 5 132 ± 10
I/R (n = 7) 122 ± 23 160 ± 6 * 159 ± 15
iVNS-0 (n = 7) 132 ± 19 108 ± 17 † 155 ± 15
iVNS-90 (n = 7) 135 ± 11 114 ± 18 † 161 ± 20
iVNS-0 + PM (n = 7) 135 ± 15 154 ± 4 *‡ 158 ± 15

MAP (mmHg) Baseline I-180 min R-60 min

Sham (n = 7) 111 ± 10 111 ± 4 113 ± 14
I/R (n = 7) 114 ± 13 114 ± 13 108 ± 11
iVNS-0 (n = 7) 98 ± 16 93 ± 18 103 ± 24
iVNS-90 (n = 7) 115 ± 10 112 ± 12 108 ± 10
iVNS-0 + PM (n = 7) 106 ± 8 101 ± 14 105 ± 13

Baseline, before induction of ischemia; I-180 min, 180 min after onset of ischemia; R-
60 min, 60 min after start of reperfusion. Sham (thoracotomy only, no ischemia–reperfu-
sion and no iVNS); I/R (3-h ischemia followedby reperfusion, no iVNS), iVNS-0 (iVNS from
time 0 of ischemia to 1 h after reperfusion), iVNS-90 (iVNS from 90min of ischemia to 1 h
after reperfusion) and iVNS-0+ PM [iVNS and atrial pacing (PM) from time 0 of ischemia
to 1 h after reperfusion]. Data are expressed as mean ± SD.
* p b 0.05 versus Sham, † p b 0.05 versus I/R, ‡ p b 0.05 versus iVNS-0.
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(short axis, DSA) and base–apex (long axis, DLA) dimensions with Sonomicrometer system
and Sono Lab (Sonometrics, London, Ont., Canada) as described previously [8,9]. Briefly, the
anterior crystal was implanted at the bifurcation between the major LAD and the second di-
agonal branch, and the posterior crystal at the opposite LV wall. The basal crystal was im-
planted just under the left atrial appendage, and the apical crystal at the LV apical cap.
The left ventricular volume (LVV) was calculated by the modified ellipsoid formula:
LVV = (π/6) × DSA × DSA × DLA [8,9,10]. Left ventricular pressure-volume relationship was
plotted. We obtained multiple pressure-volume loops by inferior vena cava occlusion [8,
10] and determined the slope of the end-systolic pressure-volume relationship (end-systolic
elastance; Ees) [11].

2.6.4. N-terminal-pro brain-type natriuretic peptide analysis
We collected serum samples before induction of anesthesia, and performed enzyme-

linked immunosorbent assays (ELISA) for N-terminal pro-brain-type natriuretic peptide
(NT-proBNP) (Cardiopet® proBNP; IDEXX Laboratory, Inc., Tokyo, Japan).

2.6.5. Infarct size assessment and LV weight
At the conclusion of the experiment, we arrested the heart by injecting potassium

chloride.We excised the heart and dissected the left atrium, right atrium and right ventri-
cle from the LV.Wemeasured LVweightwith an electric balance (UX220H, Shimadzu Cor-
poration, Kyoto, Japan). Then,we cut the LV into 4 slices perpendicular to the long axis and
incubated the slices in 1% triphenyltetrazolium chloride (TTC) at 37 °C for 15 min. We
photographed each slice, and traced and measured both the infarct area and the whole
LV area using an image processing program (Image J®; NIH, Bethesda, MD, USA) [12].
We presented infarct size (%) as the sum of the infarct areas in 4 slices normalized by
the sum of whole LV areas in the same 4 slices.

2.7. Data analysis

We digitized time-series data at 200 Hz with a 16-bit analog-to-digital converter
(Power Lab 16/35; ADInstruments, USA) and stored on a dedicated laboratory computer
system. Data are presented as mean ± standard deviation (SD). All dates were evaluated
by one-way factorial analysis of variance (ANOVA). Tukey–Kramer test was used for post-
hoc comparisons. Datawere analyzedusing statistical software (Ekuseru-Toukei 2013; So-
cial Survey Research Information Co. Ltd., Tokyo, Japan). Differences were considered sig-
nificant when p b 0.05.

3. Results

3.1. Changes in heart rate and arterial pressure before, during and after
iVNS

In instrumented dogs, iVNS immediately reduced heart rate (HR)
without changing mean AP (MAP) (Fig. 2). Table 1 shows the changes
in HR and MAP before, during and at the end of iVNS. As might be ex-
pected, iVNS produced an approximately 30% reduction in HR during
the ischemia period in the iVNS-0 and iVNS-90 groups compared to I/
R group (p b 0.05).Whereas, HRwas significantly increased above base-
line during ischemia in the I/R and iVNS-0+ PM groups. By 1 h after re-
perfusion, HR was not different among the five groups. MAP was not
significantly different among the experimental groups at any timepoint.

3.2. Echocardiogram at 4 weeks after ischemia–reperfusion

Four weeks after ischemia–reperfusion, we performed echocardiog-
raphy in the conscious state (Fig. 3). Comparedwith Sham, I/R increased
LVEDV but not significantly. Because I/R significantly increased LVESV
compared to Sham, I/R decreased LVEF. LVEF was significantly higher
in both iVNS-0 and iVNS-90 compared with I/R (Sham: 63 ± 3%,
iVNS-0: 64± 6%, iVNS-90: 60± 5%, vs. I/R: 48± 6%; p= 0.0007), indi-
cating improvement of LV systolic function by iVNS. On the other hand,
iVNS-0 + PM did not change LVEF compared with I/R (iVNS-0 + PM:
53 ± 5% vs. I/R: 48 ± 6%; p = 0.45). Moreover, iVNS-0 + PM also did
not change LVEDV or LVESV, compared with I/R.

3.3. Hemodynamics and NT-proBNP at 4 weeks after ischemia–reperfusion

Table 2 shows the hemodynamics at 4 weeks after ischemia–reper-
fusion. All data were acquired under anesthesia. HR and MAP were
not significantly different among groups. Intravenous VNS reduced LV
end-diastolic pressure (LVEDP) and LAP significantly compared with I/
R, indicating improvement of pulmonary congestion. The maximum
erve stimulation prior to coronary reperfusion in a canine ischemia-
/10.1016/j.ijcard.2016.10.074
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Fig. 3. Echocardiographic measurements at 4 weeks after ischemia–reperfusion. Left ventricular end diastolic volume (LVEDV), left ventricular end systolic volume (LVESV) and left
ventricular ejection fraction (LVEF) were measured on two-dimensional echocardiograms using modified Simpson's method. Experimental groups are as described in Fig. 1. In both
iVNS-0 and iVNS-90, LVEF was higher than that in I/R. LVEF in iVNS-0 + PM was lower than that in iVNS-0. Data are expressed as mean ± SD. *p b 0.05 versus Sham, †p b 0.05 versus
I/R, ‡p b 0.05 versus iVNS-0 group.
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time derivative of LV pressure (Max +dP/dt) tended to decrease in
iVNS-0 and iVNS-90 compared with I/R, but the differences were not
significant. The negative peak derivative of LV pressure (Min −dP/dt)
was higher in I/R than in Sham, and lower in iVNS-0 than in I/R.

Fig. 4 presents the pressure-volume analysis. Compared with I/R,
iVNS-0 and -90 significantly increased LV Ees which is a load insensitive
index of LV contractility, while iVNS-0+ PM did not (Sham: 13.5± 3.7,
I/R: 4.0 ± 0.7, iVNS-0: 15.4 ± 5.9, iVNS-90: 10.7 ± 3.3 and iVNS-
0 + PM: 7.3 ± 1.6 mmHg/ml; p b 0.05 for iVNS-0 and iVNS-90 vs. I/R).

Serum levels of NT-proBNPweremeasured as an index of severity of
heart failure (Fig. 5). The levels were significantly higher in I/R than in
Sham (I/R: 3712 ± 1142 vs. Sham: 945 ± 618 pmol/L, p b 0.05). Intra-
venous VNS groups (iVNS-0, −90 and iVNS-0 + PM) significantly de-
creased NT-proBNP compared with I/R (iVNS-0: 1330 ± 471, iVNS-90:
1377 ± 444, iVNS-0 + PM: 2000 ± 1076 pmol/L vs. I/R: 3712 ±
1142 pmol/L; p b 0.05).

3.4. Infarct size and LV weight analysis

As shown in Fig. 6, iVNS-0markedly reduced infarct size bymore than
80% comparedwith I/R, and iVNS-90 also significantly reduced infarct size
even though the treatment started 90 min after ischemia (infarct size:
iVNS-0: 2.4 ± 2.1%, iVNS-90: 4.5 ± 4.5% vs. I/R: 13.3 ± 2.5%; p b 0.05).
In contrast, iVNS-0 + PM significantly attenuated the anti-infarct effect
of iVNS (iVNS-0 + PM: 9.8 ± 4.4% vs. iVNS-0: 2.4 ± 2.1%; p b 0.05), sug-
gesting that the bradycardic effect of VNS may play an important role in
Table 2
Hemodynamics at 4 weeks after ischemia–reperfusion.

Sham
(n = 7)

I/R
(n = 7)

HR, bpm 149 ± 14 133 ± 14
MAP, mmHg 126 ± 27 108 ± 13
LVEDP, mmHg 4.6 ± 2.4 16.8 ± 6.4⁎

Max +dP/dt, mmHg/s 3108 ± 1121 1778 ± 195⁎

Min −dP/dt, mmHg/s −4460 ± 946 −2382 ± 349⁎

LAP, mmHg 5.7 ± 1.4 15.3 ± 4.9⁎

RAP, mmHg 2.9 ± 1.3 5.5 ± 1.2

HR, heart rate; MAP, mean arterial pressure; LVEDP, left ventricular end-diastolic pressure; Max
ative peak derivative of left ventricular pressure; LAP, left atrial pressure; RAP, right atrial pres
*p b 0.05 versus Sham, †p b 0.05 versus I/R.
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protection against ischemic injury. LV weights were not significantly dif-
ferent among groups (Sham: 87.6 ± 7.3g, I/R: 77.3 ± 10.9g, iVNS-0:
85.4 ± 10.0g iVNS-90: 78.3 ± 4.5g, and iVNS-0 + PM: 72.0 ± 9.2g;
p= 0.05).

4. Discussion

4.1. Vagal nerve stimulation using intravenous catheter with electrodes

Although there is preclinical evidence that VNS has beneficial effects
on myocardial infarction and subsequent cardiac remodeling, effective
implementation of this method as a treatment modality in acute AMI
setting has been hampered by technical difficulties. Thus, the goal of
this study is to develop a transvenous delivery system to stimulate
vagal nerve electrically as a clinically feasible approach.

In this report, we investigated a less invasive method to stimulate
the vagal nerve running behind the SVC using an intravenous electrical
catheter. This concept of implementing VNS using a transvenous ap-
proach has been proposed by several investigators. Schauerte et al.
[13] stimulated the vagal nerve with a multipolar electrode catheter in
the SVC or coronary sinus, and showed the negative chronotropic and
dromotropic effects of VNS for the diagnosis and treatment of supraven-
tricular tachycardia. In addition, Kox et al. [14] examined the anti-
inflammatory effect of VNS in humans using an eight-electrode catheter
placed in the internal jugular vein at the C5-C7 spinal level. Although
the study failed to demonstrate the anti-inflammatory effect of VNS,
iVNS-0
(n = 7)

iVNS-90
(n = 7)

iVNS-0 + PM
(n = 7)

141 ± 31 145 ± 12 146 ± 13
108 ± 7 109 ± 40 114 ± 22
4.2 ± 1.6† 5 ± 2.8† 7.6 ± 1.5†
2968 ± 1234 2710 ± 571 2045 ± 482
−3966 ± 1630† −3201 ± 571 −2505 ± 398⁎

4.8 ± 1.1† 6.5 ± 1.8† 7.1 ± 1†
1.8 ± 1.1† 3.2 ± 2.3 3.7 ± 2.5

+dP/dt, the maximum time derivative of left ventricular pressure; Min−dP/dt, the neg-
sure. Experimental groups are as described in Table 1. Data are expressed as mean ± SD.

erve stimulation prior to coronary reperfusion in a canine ischemia-
g/10.1016/j.ijcard.2016.10.074

http://dx.doi.org/10.1016/j.ijcard.2016.10.074


Fig. 4. Pressure-volume analysis at 4 weeks after ischemia–reperfusion. Experimental groups are as described in Fig. 1. (A) Representative pressure-volume relationship of left ventricle
(LV) in I/R (dotted line) and iVNS-0 (solid line). In iVNS-0, the pressure-volume loops shifted leftward comparedwith I/R. (B) The end-systolic pressure–volume relationship (ESPVR) and
the volume axis intercept (V0) were determined by the inferior vena cava occlusion method. The end systolic elastance (Ees) was defined as the slope of ESPVR. Intravenous vagal nerve
stimulation (iVNS-0 and iVNS-90) significantly increased Ees compared with I/R. Ees in iVNS-0 + PMwas lower than that in iVNS-0. Data are expressed as mean ± SD. *p b 0.05 versus
Sham, †p b 0.05 versus I/R, ‡p b 0.05 versus iVNS-0 group.
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the results showed the feasibility and safety of transvenous VNS and its
substantial effect of reducing HR. As shown in Fig. 2C and Table 1, iVNS
rapidly decreased HR as previously reported [15] with a sustained re-
duction in HR (−30%) between 2.5 (iVNS-90) and 4 h (iVNS-0).

In addition, alternative methods of VNS have been reported. Im-
plantable VNS devices have been developed for patients with epilepsy
[16] and heart failure [17–22]. Although these devices provide vagal
nerve stimulation, they are impractical, if not unfeasible, for AMI be-
cause they require prior implantation of electrodes and devices. Phar-
macological parasympathetic stimulation has also been reported. Li
et al. [23] reported that donepezil, a choline esterase inhibitor, activated
the parasympathetic system and improved long-term survival in rats
with chronic heart failure. However, the impact of pharmacological
stimulation on AMI in reducing infarct size remains to be studied.
Taken together, we believe that iVNS is one of the most practical and
safe methods to stimulate vagal nerve in AMI settings.
Fig. 5. N-terminal pro-brain-type natriuretic peptide (NT-proBNP) levels at 4 weeks after
ischemia–reperfusion. Experimental groups are as described in Fig. 1. NT-proBNP level
was significantly higher in I/R than in Sham, while the levels were significantly lower in
iVNS-0, iVNS-90 and iVNS-0 + PM than that in I/R. Data are expressed as mean ± SD.
*p b 0.05 versus Sham group, †p b 0.05 versus I/R group.
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4.2. Effect of short-term iVNS during acute phase of AMI on infarct size and
prevention of heart failure

This study was designed to evaluate the effectiveness and feasibility
of short-term iVNS administered during acute AMI in mitigating subse-
quent development of heart failure. As shown in Figs. 3 to 6, iVNS ad-
ministered from the onset of ischemia and continued until one hour
after reperfusion (iVNS-0) markedly reduced infarct size by more than
80% compared with untreated ischemia–reperfusion models, and con-
sequently preserved normal LV function, thereby preventing the devel-
opment of heart failure 4 weeks later. Several preclinical investigations
have already reported that direct cervical VNSmarkedly reduced infarct
size in rat [5] and swine [24,25]models of ischemia–reperfusion. The ef-
ficacy of iVNS in our findings are consistent with the effects of VNS in
previous reports.

We also examined the effect of iVNS administered from 90min of is-
chemia and continued until one hour after reperfusion (iVNS-90) to
simulate clinical conditions. Although the efficacy tended to be inferior
to that of iVNS-0, iVNS-90 significantly reduced infarct size by 66% com-
pared with I/R and prevented the aggravation of cardiac function. The
optimal timing of VNS is an important issue to address for clinical appli-
cation. Shinlapawittayatorn et al. [25] reported that VNS provides signif-
icant cardio-protective effects even when initiated in the later phase of
ischemia, but not after reperfusion in swine I/R model. Recently,
Uitterdijk et al. [24] reported that VNS just prior to reperfusion
(5 min) limited reperfusion injury and infarct size in a swine model of
I/R. These findings suggest that earlier administration of VNS before re-
perfusion therapy may maximize its efficacy.
4.3. Contribution of HR reduction to the efficacy of iVNS in myocardial
infarction

The mechanisms of the beneficial effects of VNS have not been fully
elucidated. Reduction of HR by VNS decreases myocardial oxygen con-
sumption (MVO2) [26] and presumably contributes favorably to limit
infarct size. Meanwhile, many animal studies have suggested other fa-
vorable effects of VNS beyond HR reduction on ischemic and reperfu-
sion injuries, such as anti-inflammatory response through the efferent
erve stimulation prior to coronary reperfusion in a canine ischemia-
/10.1016/j.ijcard.2016.10.074
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Fig. 6. Infarct size assessment. Experimental groups are as described in Fig. 1. (A) Representative mid-level slices of the left ventricle (LV) in 4 groups, which were stained with
triphenyltetrazolium chloride. (B) Comparison of infarct sizes in 4 groups. Whole left ventricular (LV) area and the infarct area were traced and measured using an image analyzer.
Each infarct area was normalized by whole LV areas and expressed as percentage. Intravenous VNS significantly decreased infarct size compared with I/R, while iVNS-0 + PM did not
show any positive impact on infarct size. Data are expressed as mean ± SD. * p b 0.05 versus I/R group, † p b 0.05 versus iVNS-0 group.
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arm [6,27] and sympatho-inhibition via the afferent arm [28]. Among
these HR reduction is the most prominent physiological response of
VNS. Hence investigatingHR reduction as the principal beneficialmech-
anism of VNS on AMI is important, particularly in optimizing the stimu-
lation conditions of VNS. However, the contribution of HR reduction to
the efficacy of VNS in large animals remains unknown. To address this
issue, we verified the HR-dependent effect of iVNS using atrial pacing
that cancels the bradycardic effect (iVNS-0 + PM). HR in iVNS-
0 + PM was the same as that in I/R (Table 1). As shown in Figs. 3 to 6
and Table 2, iVNS-0+PM attenuated the significant reduction in infarct
size and other beneficial effects of iVNS, including the improved cardiac
function and prevention of heart failure.We speculate that the decrease
in MVO2 by iVNS-induced HR reduction may greatly affect infarct size.
The imbalance of oxygen supply and demand in themyocardium is fun-
damental to the pathophysiology of AMI [29], whichwould explainwhy
a decrease in MVO2 reduces infarct size [30,31]. Consistent with this
being the underlyingmechanism, Suga et al. [26] reported a linear rela-
tionship between reduction in HR and decrease in MVO2. In the present
study, we chose the maximal intensity of iVNS that did not affect AP. At
this intensity, iVNS reduced HR by approximately 30% compared with
no treatment. We also confirmed that iVNS at the same setting as in
this experiment reduced MVO2 by more than 40% in normal dogs (see
Supplemental materials). These results indicate that HR reduction
plays an important role in the beneficial mechanism of iVNS. How
other mechanisms contribute to the reduction of infarct size remains
to be studied.

Use of a β-blocker is a therapeutic option that is capable of modulat-
ing MVO2 by reducing HR and cardiac contractility [32]. In the
METOCARD-CNIC trial, early intravenous metoprolol before coronary
reperfusion in AMI patients with stable hemodynamics reduced infarct
size as measured by serum creatinine kinase and magnetic resonance
imaging [33]. Subsequently, metoprolol treatment resulted in higher
long-term LVEF and less severe LV systolic dysfunction at 6 months
after AMI, and fewer heart failure admissions during a median follow-
up of 2 years [34]. On the other hand, Chen et al. [35] reported that in-
travenous metoprolol significantly increased the risk of cardiogenic
shock especially in the acute phase of AMI. Since changing the intensity
of the stimulusmakes VNS capable of producing variable and reversible
modulation of HR depending on an individual's hemodynamic state, it
may be a superiormethod to drug therapy in terms of safe hemodynam-
ic management in the acute setting of AMI.
Please cite this article as: T. Arimura, et al., Intravenous electrical vagal n
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Although further device development and validation in animal
models are required, the present results are important basic findings
for further evaluation of the feasibility of applying iVNS to clinical use.
4.4. Limitations

This study has several limitations. First, we used a commercially
available electrical catheter intended for catheter ablation. Although
we were able to initiate iVNS within 15 min after venous puncture
and stimulate the vagal nerve continuously for 2.5 to 4 h in anesthetized
dogs, there is a need to develop a special device that allows easy detec-
tion of effective vagal nerve stimulation site, stable placement of elec-
trode in the SVC, and more prompt initiation of iVNS without delaying
the reperfusion therapy for clinical application.

Second, several cardio-protective effects of VNS beyond HR reduc-
tion have been reported, such as cholinergic anti-inflammatory effect
[27], inhibition of norepinephrine spill-over [36,37], inhibition of free
radical production [38,39], and inhibition of sympathetic nerve activity
via vagal afferent pathway [28]. Since these factors may contribute at
least in part to infarct size reduction and cardiac function improvement,
the particular role of each cardio-protective effect should be studied.

Third, the infarct size in this studywas smaller compared to previous
reports. Since our focus was to assess longer term cardiac function and
heart failure parameters, it was not appropriate to create extensive
myocardial ischemia in dogs because a large myocardial infarction fre-
quently evokes lethal ventricular arrhythmia and pumping failure lead-
ing to sudden cardiac death. With our protocol, all the dogs, including
those in I/R group, survived at the end of four weeks after AMI induc-
tion. The I/R group showed significantly reduced LV function and in-
creased NT-proBNP at 4 weeks compared with Sham, and iVNS
improved these parameters. Therefore, the general trend that iVNS re-
duces infarct size and prevents subsequent heart failure may remain
valid in clinical situations.

Fourth, in clinical settings, iVNS cannot be initiated at the onset of is-
chemic insult. Furthermore, although the iVNS procedure may take a
short time (10 min in our study), it inevitably delays reperfusion.
Whether the negative impacts of delayed iVNS delivery and delayed re-
perfusion can be overcome by iVNS remains to be studied. To address
these issues, further investigations of iVNS with clinically acceptable
protocols and insertion method are needed.
erve stimulation prior to coronary reperfusion in a canine ischemia-
g/10.1016/j.ijcard.2016.10.074
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5. Conclusions

In a caninemodel of ischemia–reperfusion, short-term iVNS delivered
prior to coronary reperfusionproduced abradycardic effect during thepe-
riod of ischemia which markedly reduced infarct size and preserved LV
function one month after ischemia–reperfusion. Transvascularly deliv-
ered VNS may be a new non-pharmacological therapeutic strategy and
contribute to improve the long-term survival in patients with AMI.
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