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Abstract This study investigated whether vagal nerve stimu-
lation (VNS) leads to improvements in ischemic heart failure
via heart rate modulation. At 7+1 days post left anterior de-
scending artery (LAD) ligation, 63 rats with myocardial in-
farctions (MI) were implanted with ECG transmitters and
VNS devices (MI+ VNS, N=44) or just ECG transmitters
(M1, N=17). VNS stimulation was active from 14+1 days
to 8+1 weeks post MI. The average left ventricular (LV)
end diastolic volumes at 8+1 weeks were MI=672.40 pl
and MI+VNS=519.35 ul, p=0.03. The average heart
weights, normalized to body weight (+std) at 14+1 weeks
were MI=3.2+0.6 g*kg ' and MI+VNS=2.9+0.3 g*kg ',
p=0.03. The degree of cardiac remodeling was correlated
with the magnitude of acute VNS-evoked heart rate (HR)
changes. Further research is required to determine if the acute
heart rate response to VNS activation is useful as a heart fail-
ure biomarker or as a tool for VNS therapy characterization.
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Introduction

Vagal nerve stimulation (VNS) is being investigated as a po-
tential therapy for heart failure [1-4]. Pre-clinical studies have
shown that chronic VNS can blunt heart failure progression [1,
5-7]. However, whether the improvements in myocardial re-
modeling resulting from chronic VNS are related to the heart
rate responses evoked during VNS has not been elucidated.
Efferent vagus nerve fibers modulate heart rate directly through
innervation of the SA node, while afferent fibers modulate heart
rate centrally in the brain stem. The first chronic heart failure
study of VNS performed by Li et al. intentionally decreased
heart rate by approximately 10 % in rodents and found a 73 %
reduction in mortality [7]. Additionally, left ventricular (LV)
ejection fraction (EF) was increased, and LV volumes were
decreased by VNS applied via a closed loop system that
lowered heart rate in a canine microembolization-induced heart
failure (HF) model [6]. In contrast, Hamann et al. found similar
cardiovascular improvements in a canine microembolization-
induced HF model when applying VNS in an open loop man-
ner that did not alter heart rate [5]. The findings of Hamann
et al. suggest that acute heart rate reductions during VNS stim-
ulation may not be essential for the amelioration of heart failure
progression. However, it is unclear whether the benefits of
VNS are enhanced by the presence of VNS-evoked heart rate
changes. Using a post myocardial infarction (MI) rat model of
heart failure and an implanted VNS system, we further inves-
tigated the association between VNS-mediated heart rate
changes and heart failure progression.

Methods
Experimental Procedures

All animal experiments were performed in accordance with
the National Research Council Guide for the Care and Use of
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Laboratory Animals and approved by the Boston Scientific
Institutional Animal Care and Use Committee.

Male Sprague Dawley rats were randomized to MI
(N=161) or sham (N=4) procedures. Briefly, an incision
was made to create a small opening into the thoracic cavity
after which the exposed pericardium was completely opened.
A MI was then created by permanently ligating the left ante-
rior descending (LAD) coronary artery. In the sham group, the
identical surgical procedures were carried out except for the
ligation of the LAD. Fifty-five (34 %) of the rats died during
the first week after ligation. At 7+1 days, 63 rats had an
infarct affecting >35 % of the LV by visual estimation of
echocardiographic images (59 % of rats surviving 1 week)
and were randomized in a 13:5 ratio to receiving a VNS de-
vice (MI+ VNS, N=44) or not (MI-No Tx, N=17).
Forty-three rats had infarcts <35 % and were euthanized.
Two rats were euthanized due to a lack of available devices.
Infarct sizes were quantified by off-line measurement of the
percentage of the LV with akinesis or dyskinesis at the basal,
mid-ventricular (papillary muscle level), and apical levels.

All surviving rats were implanted at 7+1 days post MI
with ECG transmitters (TA10CA-F40, Data Sciences Interna-
tional, St. Paul, MN). Rats randomized to receive VNS also
received a fully implantable small animal VNS system. The
system consisted of two circular platinum electrodes, each
0.75 mm in diameter, set on opposing inner walls of a 5-mm
segment of silicone tubing with an inner diameter of 0.75 mm.
Each electrode was independently connected to 0.001" coiled
wire that was strung through another segment of biluminal
silicone tubing and connected to a pulse generator. The VNS
cuff was placed around the cervical vagus nerve and secured
with a suture. A strain relief cuff was placed around the VNS
cuff as well as the carotid artery and secured with a suture.
Appropriate lead placement and system functionality were
confirmed by an ability to induce respiratory and heart rate
responses with stimulation. The VNS system was turned off
after implant testing until the start of the therapy window at 14
+1 days post MI. The VNS stimulation had the capacity to be
programmed with a magnet to no output or to 0.2-ms duration
electrical pulses of between 50 and 250 microAmps at 20 Hz
for 10 s of every minute (each 60 s period was called a trial;
1440 trials=1 day). The VNS was activated at 14+1 days
post MI and up titrated, with ECG monitoring, until overt
changes in heart rate were observed or to 250 microAmps
when no heart rate changes were acutely observable.

Data Collection and Analysis

At 7+1 days, 81 weeks, and 14+1 weeks post MI, the
animals were weighed and echocardiographic images were
collected. At 8+1 weeks, VNS stimulation was turned off,
and at 1441 weeks post MI, the rats were euthanized, hearts
were weighed, and the length of the right tibia was measured.
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Continuous heart rate (HR) signals r(f) were extracted from
the ECGs by detecting R-peaks (supplementary materials):

r(t) =

ti—tiv1

vtiStSIH_l

where #;s are R-peak times. r(¢f) was then sampled at 0.1 s and
low pass filtered at 1 Hz (averaging at 1 s) using a two-pole
forward-backward Butterworth filter to remove high frequen-
cy noise. Each HR value (at every 0.1 s) was then converted
into a percentage change by subtracting the mean HR of the
corresponding trial (60 s) and normalizing by the mean HR of
the corresponding trial then multiplying by 100. A Z-score
was produced in similar fashion, by subtracting the mean
HR of the corresponding trial and normalizing by the standard
deviation of the corresponding trial. Three-dimensional heat
maps were then produced by assigning each 0.1-s period to a
pixel that was colored according to the percent change or
Z-score, with red color indicating a high value and a blue color
indicating a low value. Each trial was considered to have a
discernible VNS-evoked HR increase or decrease when the
10-s average Z-score for the period surrounding the maximum
and minimum Z-scores for that trial was less than —1 or greater
than 1. The values exceeding +1 were considered
“significant” because we estimated that noise in Z-scores to
be correlated up to 1 s. Therefore, a 10-s averaged Z-score

value has a standard deviation of 115:; =0.32.

All results were presented as mean and 95 % confidence
interval (95 % CI) unless otherwise indicated in the text.
Ninety-five percent confidence intervals were calculated by
subtracting and adding two standard errors (£2*SE). ¢ tests
(unequal variance) and paired # tests were used for computing
statistical significance. All analyses were done in Matlab
R2014a (Mathworks, Natick MA).

Results
MI Creation and Device Implantation

Sixty-one rats with significant MIs were enrolled in the study
(Fig. 1). The infarct sizes were similar for the MI (30+9 %
mean+std, N=17) and MI+ VNS (32+5 % mean=+std,
N=36) groups (p=0.43). Six rats died on the table during
the VNS system implantation, one died while being monitored
post surgery, and one was found dead in its cage 4 days after
the surgery. There were no perioperative deaths in the groups
receiving the telemetry devices alone (i.e., the MI and sham
MI groups). The rats that died perioperative had similar sized
infarcts (34 +6 % mean+std, N=8, p=0.37) when compared
to the survivors. No evidence of myocardial damage was ob-
served in the sham MI group.
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Fig. 1 Flow diagram illustrating the progress of all animals through the study

VNS Impact on Post-MI Qutcomes

In the MI+ VNS arm, there was an 8 % (3/36) mortality for
animals from the start of the VNS therapy to the study
completion at 14 weeks post MI (Fig. 1). The mortality
rate was 6 % (1/17) for the corresponding period in the
MI-only group. No sham animals died. There was a signif-
icant loss of cardiac function in the rats with MIs relative to
the sham controls, with evidence of progressive LV
remolding over the 14-week study period (Fig. 2). The
average LV end diastolic volumes for the sham and MI
groups at 8+ 1 weeks were 272.2 and 672.4 ul, and at 14
+1 weeks, they were 271.2 and 702.7 pl, respectively.
Consistent trends for smaller LV volumes suggest that the

remodeling response was blunted in the MI+ VNS group
compared to the MI group. At the end of the VNS stimu-
lation period (8 +£1 weeks), the MI+ VNS group’s average
LV end diastolic volume was 519.4 ul (p=0.03 vs. MI),
and at the end of the study (14+1 weeks), it was 586.4 ul
(»p=0.06 vs. MI; Fig. 2). This was supported by signifi-
cantly smaller heart weights when normalized to tibia
lengths (Fig. 2d) and to body weights (mean+std:
MI=3.2+0.6 g*kg ', MI+VNS=2.9+0.3 g*kg ',
p=0.03; sham 2.6+0.1 g*kg "). Body weights were sig-
nificantly smaller in the MI+ VNS group when compared
to the sham and MI groups at baseline, §, and 14 weeks
post MI (Table 1); however, the percent of body weight
gain was not significantly different between groups.
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VNS Impact on Heart Rate

VNS evoked an acute heart rate response that was temporally
associated with the stimulation pattern (10 s on 50 s off). The
response however was variable, and in the course of minutes
to hours, the response to the fixed stimulation pattern appeared
to change in magnitude and direction (i.e., the heart rate in-
creased and decreased relative to the mean). In order to better
visualize and quantify the HR responses, continuous ECG
data was collected from 1 week post MI until the end of the
study at 14 weeks. Using the ECG data, R wave peaks were
detected, R-R times calculated, and Z-scores were used to
transform the individual data points into normalized scores
based on the population’s mean and standard deviation.
Three-dimensional plots of heart rate changes and Z-scores
from representative MI and MI+ VNS rats are shown in
Fig. 3. From these figures, two types of acute VNS effects
are observable. First, there was a lowering of heart rate which
lasted for approximately 10 s, and next, there was a transient
increase in heart rate.

VNS-evoked heart rate changes were recognizable in 34 of
35 rats. The magnitude of the acute VNS heart rate lowering
effect decreased from an average reduction of 31.5+10.7 bpm
after VNS start to a reduction of 13.6+ 6.3 bpm per trial at the
end of'the fifth week after the start of VNS (p<0.001; Fig. 4a).
On the other hand, the average magnitude of the acute heart
rate increase was smaller but more constant (8.9+2.8 bpm per
trial at the start vs. 6.3 £2.1 bpm per trial at the end of the fifth
week after VNS initiation, p=0.002; Fig. 4b). When VNS was
turned off at the conclusion of the stimulation period, the acute
HR effects were immediately lost. The shoulders seen in
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Fig. 4a, b are due to averaging over VNS ON periods of
variable length (43+1.9 days). A discernible heart rate de-
crease was detected in an average 33.8+7.9 % of the 1-min
trials with VNS turned on while a discernible heart rate in-
crease was detected in an average 18.7+2.8 % of the trials
with VNS turned on (Fig. 4c). Discernible decreases and in-
creases were detected, but not temporally aligned, in 4.5 to
11 % of the trials in the MI and sham groups (Fig. 4c).

There was no significant difference in the rolling average
HR between the MI and sham animals (Fig. 4d). However, the
MI+ VNS group showed a sharp (52.8 bpm) decrease in the
rolling average HR during the first 1.2 days following the start
of VNS followed by an increase over 3.9 days. The MI+ VNS
group’s HR elevation was sustained for the duration of the
VNS period (average AHR=13.17+13.51 bpm, p=0.06
with respect to MI) and then decreased to rates that were
similar to the MI and sham groups after discontinuing the
VNS. No correlation was found with the MI+ VNS group’s
rolling average heart rate and the magnitude of the acute
changes in HR that were observed when VNS was turned on
and off during each trial (rolling average HR and magnitude of
decrease »=0.18, p=0.29 and rolling average HR and mag-
nitude of decrease ¥=0.10, p=0.54).

Associations Between Acute Heart Rate Response
and Chronic Heart Failure Endpoints

Finally, we sought to determine if the degree of
anti-remodeling benefit was related to the magnitude of
VNS-evoked HR changes. When rats in the MI+ VNS group
were dichotomized by their degree of pathologic cardiac



J. of Cardiovasc. Trans. Res. (2016) 9:67-76

71

Table 1 Average body weights

Body 1 week post 8 weeks post 14 weeks post 1- to 8-week 1- to 14-week
weight MI (grams) MI (grams) MI (grams) increase (%) increase (%)
Sham 245+19 507+95 613 +£105 206 +£29 249 +£26

MI 231+24 500+79 599 £98 21627 258 +£32
MI+ VNS 222+16 * 455+£53 F 547 +£48 * ** 20616 247 £22

*p<0.05 vs. sham; **p <0.05 vs. MI; all values mean + standard deviation

remodeling (< or >300 pl of end diastolic volume (EDV)
increase), significant differences in the magnitude of the
evoked responses were seen (Fig. 5). The average
VNS-evoked HR changes were greater when the rats
remodeled more (25.9+14.6 decrease and 9.8+4.6 bpm in-
crease per trial) and then when the rats remodeled less than
300 pl (11.5£6.9 bpm decrease and 5.5+2.1 bpm increase,
mean=+2*SE). The magnitude of the VNS-evoked HR chang-
es, either an increase or decrease, showed significant positive
correlations with the 1 to 14-week change in EDV (Fig. 5c, d).
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Fig. 3 VNS effects on heart rate. (a—d) Representative heart rate data
from a rat receiving VNS (MI+ VNS group). VNS was active for 10 s of
every minute from day 8 to 51 of the ECG recording. (e—h)
Representative heart rate data from a rat not receiving VNS (MI group).
(a, e) Visual representation of the percent change in heart rate. Blue color
indicates and heart rate that is lower than the mean and red indicates a
heart rate above the mean. (b, f) Blue colors indicate a low Z-score with a
value below the mean (i.e., heart rate decrease) and red colors indicate a

The rolling average heart rates did not differ between those
with more or less remodeling (Fig. 5f; »<0.19, p>0.29).

Discussion

The outcomes of this study are consistent with the seminal
work of Li et al. who, with a similar experimental design,
reduced post-MI remodeling and improved long-term survival
with vagal stimulation [7]. Importantly, our disease model was
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high Z-score with a value above the mean (i.e., heart rate increase). (¢, g)
Heart rate as a function of time calculated by averaging over the entire 60-
s cycle of a trial (green line), averaging during the periods with a low Z-
score (blue line) and averaging during periods with a high Z-score (red).
(d, h) The magnitude of the acute decreases (blue) and acute increases
(red) relative to the average HR over the 60-s cycle of a trial. Note, the
lines are layered from top to bottom (red, blue, and green, respectively)
and that the bottom lines are obscured by the top lines

@ Springer



72

J. of Cardiovasc. Trans. Res. (2016) 9:67-76

b
§A — Ml
b 2 40 Sham
°a
e
&3 20
s £

10

A ——

Fig. 4 Average VNS Effects. a

Rolling average magnitude of the 50
intra-trial heart rate decreases (a) - —

and increases (b) for the MI TS 40
+ VNS (blue), MI (red), and sham 6 @
(green) groups. (¢) Percent (mean g E 30
+2SE) of 1-min trials, during the 28 20
6-week stimulation period, with @ <
discernible HR decreases or r§“ 3 10
increases. Heart rate changes

were considered discernible when 0

the 10-s period surrounding the
peak decrease or increase had
sustained Z-scores that were less

than —1 or greater than 1, :j
respectively. (d) Rolling average 58 0.4
heart rates. The shaded regions E E
represent the £95 % confidence o @ 0.3
bounds of the mean. Note that the 5 %
circadian rhythms are filtered out B £ 0.2

cx

2 3 0.1

5 £

w 0

HR decrease

less severe and had less post-MI mortality than the original Li
et al. model. This enabled the investigation of VNS-meditated
heart rate changes and pathologic cardiac remodeling over a
longer period of time. We found that an inhibition of remod-
eling with VNS was not dependent on a sustained heart rate
reduction but was inversely related to the magnitude of the
acute VNS-evoked heart rate changes. Future work should be
done to determine if VNS-evoked heart rate changes may be
used as a heart failure biomarker or as a tool for VNS therapy
characterization.

The lack of a mortality benefit in the current study may be
due to differences with the experimental model. The post-MI
mortality in the current study was lower than that seen in the
seminal work of Li et al. [7] Our control group (MI) mortality
rate was 6 % (1/17) while the rate reported by Li et al. for the
corresponding period was 50 % (15/30) [7]. The mortality
rates in the MI+ VNS arms were 8 % (3/36) and 15 %
(3/22), respectively. Differences in animal vendors, animal
husbandry, surgical techniques and/or post-operative care
may have led to the mortality differences. The lack of mortal-
ity benefit, with VNS, in the current study may have been due
to chance associated with the low event rate. Alternatively, the
predominate mode of death in the current experimental model
may have been different (e.g., pump failure vs. arrhythmic
death) and less amendable to VNS treatment [8]. The out-
comes with both models are consistent with regard to the
impact of VNS on remodeling [7, 9].

A relationship exists between heart rate and outcomes after
an MI and for patients with heart failure [10]. Decreased heart
rates are also hallmarks of several successful heart failure
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interventions, such as beta-blockers [10]. Recently, the SHIFT
trial demonstrated that Ivabradine, a drug that selectively in-
hibits the /,ion current in the sinoatrial node and slows heart
rate, provides additional benefit to standard of care [11, 12]. Li
et al. reported a chronic heart rate reduction of ~40 bpm with
VNS and hypothesized that this improved cardiac efficiency
and protected the heart from remodeling [7]. Open-label VNS
clinical trials have also shown modest reductions in heart rates
and significant improvements from baseline in heart failure
status, quality of life, walk distance, and cardiac volumes
and function [4, 13]. The randomized controlled neurocardiac
therapy for heart failure (NECTAR-HF) did not demonstrate a
HR reduction or improvement in remodeling with VNS [2].
Results from pre-clinical experiments, however, suggest that
the benefit of VNS is not completely dependent on a heart rate
lowering effect. In a pacing induced heart failure model, VNS
attenuated LV remodeling despite a constant heart rate that
was maintained with ventricular pacing [14]. In addition,
Hamann et al. showed that VNS, in a microembolization ca-
nine model of heart failure, prevents remodeling in the ab-
sence of a VNS-evoked heart rate reduction [5]. The inhibition
of pathologic cardiac remodeling by VNS without a sustained
heart rate reduction in our current study also suggests a
bradycardia-independent benefit. For example, VNS may pro-
vide independent benefit in ischemic heart failure by modu-
lating inflammation [15, 16]. It however cannot be ruled out
that alternative VNS stimulation parameters that induce
sustained heart rate reductions may provide added benefit.
Additional research is required to find and test these alterna-
tive settings.
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Fig. 5 Associations between VNS-evoked HR responses and post MI
remodeling. Rolling average magnitude of the intra-trial heart rate
decreases (a) and increases (b) for the MI rats (red) and MI+ VNS rats
with more (light blue) or less than (dark blue) a 300-pl change in EDV
over 14 weeks. Correlations between the magnitude of the acute VNS-
evoked decrease (c) or increase (d) averaged over the 6 weeks of
stimulation (y-axis) vs. the change in EDV from 1 to 14 weeks post MI
(x-axis), for the MI+ VNS (blue), MI (red) and sham (green) rats. MI
+ VNS group correlations and p values (without correction for the

Importantly, the application of VNS in the current study
produced acute heart rate responses that were temporally con-
sistent with the 10 s ON and 50 s OFF duty cycle. For exam-
ple, a pattern of decreased heart rate followed by an increased
heart rate (presumably reflex mediated) emerged when exam-
ining the VNS-evoked responses (Fig. 3). Interestingly, larger
heart rate decreases and increases in response to VNS stimu-
lation were associated with less inhibition of adverse cardiac
remodeling. This acute HR response may be a surrogate for
the intensity of stimulation and reflective of different fiber
type recruitment. The vagus nerve is composed of efferent
and afferent A, B, and C fibers that are differentially recruited
as stimulation amplitude is increased [17]. A-fibers are the
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multiple hypotheses) are indicated in the panels. (e) Fraction
(mean + 2SE) of 1-min trials, during the 6-week stimulation period, with
discernible HR decreases or increases. Heart rate changes were
considered discernible when the 10-s period surrounding the peak de-
crease or increase had sustained Z-scores that were less than —1 or greater
than 1, respectively. (f) Rolling average heart rates. The shaded regions
represent the £95 % confidence bounds of the mean. Note that the
circadian rhythms are filtered out

largest, carry sensory and motor input, and are the first to be
recruited; these are followed by smaller B-fibers which carry
sensory input and cardiac efferents; and eventually unmyelin-
ated sensory C-fibers are recruited. Activation thresholds for
individual nerve fibers in the canine vagus suggest that the
bradycardia threshold coincides with the slow B-fiber thresh-
old (Yoo, P, et al., Manuscript Submitted. Aug 26, 2015).
Thus, it is possible that the increased acute HR responses to
VNS are reflective of an increased fiber recruitment pattern
and that the additional fiber recruitment is also associated with
an antagonizing response. The inverse relationship between
the magnitude of acute response and remodeling prevention
could be further extended to suggest that a VNS dose that does
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not evoke any acute HR change may produce an even better
outcome.

The inverse relationship between the magnitude of acute
response and remodeling prevention may also be an example
of accentuated antagonism. Early in vivo studies suggest that
the sympathetic and parasympathetic autonomic systems can
both inhibit and enhance the activity of the other via effects on
the release of neurotransmitters at the synaptic junctions [18].
Thus, vagal effects can become progressively stronger with
increasing sympathetic background activity. Levy coined the
term “accentuated antagonism” to describe this interaction
[18]. Although sympathetic tone was not measured and the
rolling average HR was not elevated in the animals with the
largest magnitude of response, it may still be possible that a
provoked HR response is a more sensitive and robust marker
of sympathetic tone than average heart rate. If this is true, then
quantification of the VNS-evoked heart rate response may be
used as a biomarker of sympathetic tone and hence as a tool to
monitor heart failure status, independent of any VNS therapy.

The dose of VNS received by patients in the NECTAR-HF
clinical trial was limited by side effects (e.g., voice alteration,
neck pain, coughing) and no remodeling benefit was seen [2].
Interestingly an analysis of the NECTAR-HF clinical trial
Holter data suggests that only a small minority of patients
exhibited an acute HR change in response to VNS (unpub-
lished data). This suggests that the nerve fibers captured in this
pre-clinical study are different from those captured in the clin-
ical study. Although the fiber type responsible for a blunting
of remodeling and/or heart failure benefit is unknown, it may
be possible to monitor the motor fiber responses (e.g., voice
alteration, neck pain, coughing) and B-fiber responses (e.g.,
using acute VNS-evoked heart changes) to better define a
therapeutic window of stimulation.

Limitations

Eight rats randomized to MI+ VNS therapy died either during
or shortly after device implantation while no rats randomized
to MI-only group died during the ECG telemetery device im-
plantation. This mortality difference may be due to the longer
procedure times required for the implantation of the telemetry
device and VNS system versus the telemetry device alone.
The mortality differences may have introduced a survivor bias
to the study. These results must also be translated with caution
because pharmacologic interventions could modify the re-
sponse to VNS. For example, although VNS was tested in
the presence of beta-blockers in canine heart failure studies,
the full impact of beta-blocker modification on any reflex
sympathetic responses is unknown [19]. The combination of
VNS and heart-rate-modifying drugs, such as Ivabradine, are
also untested.

@ Springer

The NECTAR-HF clinical study applied the same frequen-
cy (20 Hz) and duty cycle (10 s ON/50 s OFF) of stimulation
as used in this study with heart failure rats but failed to dem-
onstrate a reduction in cardiac remodeling when compared to
sham-treated patients [2]. Some notable differences between
animal models, including the post-MI rat model presented
here, and the patients with heart failure are the duration and
context of the heart failure (e.g., acute vs. chronic, otherwise
healthy vs. many co-morbidities, no/few co-therapies vs. com-
plex pharmacology and/or CRT, ischemic vs. non-ischemic),
possible species specificity (e.g., vagus nerve size and fiber
composition), and device differences (e.g., button electrodes
vs. helical cuff). The dose of VNS received by patients in the
NECTAR-HF clinical trial may also have been limited by side
effects that were not appreciated in the animal models [20].

The observed difference in body weight at 1 week post M1
is most likely due to chance (randomization); however, the
differences seen at subsequent time points may be related to
VNS side effects. Numerous studies have suggested an impact
of VNS on obesity, and Krolczyl et al. in particular, found
weight loss during cervical vagus nerve stimulation in rats
[21, 22]. Indexing the heart weight to body weight and tibia
length was pre-specified in the study protocol in order to con-
trol for body size differences.

The acute and chronic responses to VNS changed over
time. The magnitude of the VNS-evoked HR decrease during
each ON period decreased over the 6-week stimulation period,
and the rolling average HR had a transient decrease that only
lasted for approximately 1 day after initiating the VNS thera-
py. At present, we hypothesize that, the bradycardic effects of
VNS change because of neural adaptation or desensitization.
The bradycardic response to vagal stimulation is mediated via
muscarinic cardiac receptors that are sensitive to acetylcho-
line. When the vagus nerve is electrically stimulated, acetyl-
choline is released and then binds to the muscarinic receptors,
which leads to the activation of ion channels that slow sinus
conduction. With repeated exposure to the same stimulus,
however, these muscarinic receptors can translocate to the
interior of the cell, resulting in a downregulation of receptor
density. This would in turn lead to a loss or attenuation of the
bradycardic effect [23]. There is also the possibility that the
loss of heart rate response was due to nerve damage or fibro-
sis. However, previous histological analysis of nerves stimu-
lated with the same cuff used in the present study showed no
damage (unpublished data).

Conclusion

This study investigated the association between
VNS-mediated heart rate changes and remodeling and found
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that while VNS blunted the adverse remodeling process, the
amount of benefit was independent of chronic heart rate
changes but was inversely related to the magnitude of acute
heart rate changes evoked by VNS. Further research is re-
quired to determine if this acute heart rate response to VNS
activation is useful as a heart failure biomarker or as a tool to
optimize VNS therapy delivery.
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