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Abstract

Despite current knowledge of the myriad physiological effects of vagus nerve
stimulation (VNS) in various mammalian species (including humans), the
impact of varying stimulation parameters on nerve recruitment and physiolog-
ical responses is not well understood. We investigated nerve recruitment, car-
diovascular responses, and skeletal muscle responses to different temporal
patterns of VNS across 39 combinations of stimulation amplitude, frequency,
and number of pulses per burst. Anesthetized dogs were implanted with stim-
ulating and recording cuff electrodes around the cervical vagus nerve, whereas
laryngeal electromyogram (EMG) and heart rate were recorded. In seven of
eight dogs, VNS-evoked bradycardia (defined as >10% decrease in heart rate)
was achieved by applying stimuli at amplitudes equal to or greater than the
threshold for activating slow B-fibers. Temporally patterned VNS (minimum
5 pulses per burst) was sufficient to elicit bradycardia while reducing the con-
comitant activation of laryngeal muscles by more than 50%. Temporal pat-
terns of VNS can be used to modulate heart rate while minimizing laryngeal
motor fiber activation, and this is a novel approach to reduce the side effects
produced by VNS.

(Li et al. 2004). However, the same stimulation parame-
ters that achieve bradycardia also result in various side

Recent clinical studies suggest that vagus nerve stimula-
tion (VNS) may be a safe (Schwartz et al. 2008) and
potentially effective long-term therapy for heart failure
(De Ferrari et al. 2011; Premchand et al. 2014; Zannad
et al. 2015). Selection of the therapeutic stimulation
parameters are targeted to elicit a reduction in heart rate
(bradycardia) and were translated from work in animals
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effects that can undermine the long-term therapeutic effi-
cacy. As a consequence, the goal of this study was to
investigate the effects of specific VNS parameters on selec-
tively modulating changes in cardiac function.

The challenge of selectively modulating cardiac func-
tion by VNS is due to (1) the random distribution of
nerve fibers within the predominantly unifasicular cervical
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vagus nerve; (2) the mix of efferent and afferent nerve
fibers; and (3) the inverse electrical recruitment order of
large-to-small diameter fibers by extracellular electrical
stimulation. Vagal nerve fibers range from large myeli-
nated A- and B-type fibers, to unmyelinated C-fibers
(based on conduction velocity) (Hoffman and Kuntz
1957; Woodbury and Woodbury 1990), and recent work
suggested further differentiation between fast and slowly
conducting B-type fibers (Yoo et al. 2013). Functionally,
large myelinated A-fibers provide efferent motor control
of striated laryngeal muscles via the recurrent laryngeal
nerve (Braund et al. 1988), whereas autonomic control of
the other end-organs is achieved by the much more abun-
dant small B- and C-type fibers (Evans and Murray 1954;
Hoffman and Schnitzlein 1961; Satchell et al. 1982).
However, the selective electrical recruitment of “therapeu-
tically relevant” small diameter fibers (Woodbury and
Woodbury 1990; Li et al. 2004) is challenging without
concomitant activation of the low-threshold large diame-
ter fibers.

We investigated the feasibility of producing bradycar-
dia, while minimizing the activation of laryngeal muscles,
considered here as a side effect. This was achieved by sys-
tematically modifying the temporal pattern of VNS
including the frequency and the number of pulses per
burst. Nonsurvival experiments were conducted in anes-
thetized dogs, where both changes in heart rate and laryn-
geal muscle activity were used to quantify the differential
effects of patterned VNS. Our results indicate that the
specific type of nerve fiber (i.e., axon diameter) and the
temporal pattern of activation both contribute to differ-
ential modulation of cardiac and skeletal muscle
responses.

Methods

All surgical and experimental protocols were approved by
the Institutional Animal Care and Use Committee of
Duke University. A total of 10 mongrel dogs (3 males, 7
females, 18-21 kg) were used in this study.

Anesthesia

Animals were anesthetized with isoflurane (1-5%, inhala-
tion) during all invasive surgical procedures, after which
the anesthesia was switched to bolus i.v. injections of
either a mixture of a-chloralose and urethane (50 mg/kg
and 500 mg/kg, 7 animals) or simply o-chloralose (35—
80 mg/kg, 3 animals). Although initial sedation/analgesia
was achieved by three different methods — transdermal
fentanyl patch (75 ug/h) + propofol (4-6 mg/kg, bolus)
in three animals, acepromazine (0.02-0.2 mg/kg, i.m. or
s.q.) + propofol (4-6 mg/kg, bolus) in four animals, and
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only propofol (4-6 mg/kg, bolus) in three animals — these
changes did not affect the electrical thresholds to excite
vagal nerve fibers, nor did they alter the stimulation
thresholds for achieving bradycardia. Heart rate (HR),
blood pressure, jaw muscle tone, and paw withdrawal
reflexes were periodically monitored to assess the depth
of anesthesia. Any indication of responsiveness by the ani-
mal or a change in physiological status (e.g., changes in
CO, level, increase in blood pressure, or ocular reflex)
resulted in an immediate bolus of anesthesia and/or anal-
gesia (fentanyl, 10-15 ug/h, i.v.). A continuous infusion
of lactated ringer’s solution (10 mL/kg/h, i.v.) was main-
tained throughout the experiment. At the end of the
study, animals were euthanized with euthasol (0.2 mg/kg,
iv.).

Instrumentation

The right cervical vagus nerve was accessed by a ventral
incision. A bipolar, helical nerve electrode (Boston Scien-
tific Corporation, St Paul, MN) was implanted on the
cervical vagus nerve and connected to an external con-
stant-current stimulator (Pulsar 6 bp, FHC Incorporated).
The stimulating pair of electrodes was configured as a
rostral anode and caudal cathode (Agnew et al. 1989;
Castoro et al. 2011; De Ferrari et al. 2014). A tripolar
nerve cuff electrode (interelectrode distance = 5-7 mm,
fabricated at Duke University) was implanted 7.5
12.5 cm distal to the helical electrode to record stimula-
tion-evoked compound nerve action potentials (CNAP).
The vagus nerve at the recording site was desheathed (i.e.,
epineurium removed) prior to electrode implantation,
which significantly improves the signal-to-noise ratio of
the CNAP (Yoo et al. 2013). Bipolar, intramuscular wire
electrodes were implanted in the laryngeal muscle to
measure stimulation-evoked efferent activity (EMG). All
signals were filtered (CNAP = 100 Hz-30 kHz,
EMG = 30 Hz-3 kHz) and amplified (CNAP = 10,000
gain, EMG = 1000 gain) using low-noise amplifiers
(SR560, Stanford Research Systems, Sunnyvale, CA). Stan-
dard surface electrodes were used to monitor the electro-
cardiogram (ECG) and arterial blood pressure was
measured using a catheter in the femoral artery. All sig-
nals were recorded at a sampling rate of 20 kHz (Power-
Lab, ADInstruments Incorporated, Colorado Springs, CO).

Experimental procedures

In eight animals, electrical recruitment of vagal nerve
fibers was initially investigated by applying monophasic
constant-current pulses (pulsewidth = 300 usec, ampli-
tude = 0.2-50 mA,  frequency = 2 Hz, number of
pulses = 20). Both the CNAP and EMG responses were
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used to determine the activation threshold of specific
nerve fibers (myelinated A-, fast B-, slow B-, and
unmyelinated C-fibers) and laryngeal muscles, respectively
(Yoo et al. 2013). The threshold for eliciting bradycardia
(BCT) was defined by the amplitude at which 20 sec of
constant 20 Hz stimulation resulted in an approximately
10% decrease in heart rate. Based on this stimulation
threshold, individual parameters were varied to achieve
temporally modified patterns of stimulation (Fig. 1). The
interpulse interval (IPI) and the number of pulses per
burst were varied as indicated in Table 1. The interburst
interval (IBI = 1 sec), pulse width (300 usec), and dura-
tion of pulse train (20 sec) remained constant. This stim-
ulation protocol was repeated at two additional
stimulation amplitudes determined by observation of the
CNAP recording for each experiment: a value above BCT
where B-fiber recruitment was close to saturation (~1—
2 mA above BCT); and at an amplitude below BCT where
no recruitment of B-fibers was observed.

In all experiments, we confirmed that the below-BCT
was greater than the amplitude for maximum activation
of laryngeal muscles, and the amplitude corresponding to
above-BCT was lower than the threshold for activating
unmyelinated C-fibers. In a total of four dogs, the specific
efferent/afferent VNS pathways responsible for modulat-
ing heart rate were confirmed by repeating electrical stim-
ulation of either the proximal or distal stump after
transecting the nerve trunk between the stimulating and
recording electrodes.

1 sec

IPI

1 1
1

[re—

IBI
Stim.ON

Figure 1. Temporally patterned vagus nerve stimulation
(IPl = interpulse interval = frequency™', IBI = interburst interval).

Table 1. Summary of stimulation parameters. Each set of stimula-
tion was repeated three times for each of the three stimulation
intensities (below, at, and above bradycardia threshold amplitude)

Frequency Temporal patterns
(Hz2) (Pulses per Burst)
10 2,5, continuous

20 1,2,5,10, continuous
50 2,5,10,20, continuous
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the American Physiological Society and The Physiological Society.

Bursting Vagus Nerve Stimulation

Data analysis

Stimulation-evoked changes in heart rate were calculated
by dividing the change in heart rate during stimulation
by the resting heart rate. This value was expressed as a
percent change in heart rate:

(HRstimulation - HRresting)

x100| %
HRresting

Percent change in HR=

As the baseline heart rate varied throughout each experi-
ment due to a variety of factors, the resting heart rate
(HRyesting) Was defined as the average HR during the
20 sec prior to each stimulation trial (HRgimulation)- Also,
following each nerve stimulation trial a minimum of
30 sec was allowed to elapse so that any poststimulus
changes in heart rate (e.g., transient tachycardia) returned
to baseline. Transient poststimulation tachycardia was
observed in all experiments, but not used to quantify
changes in heart rate.

The stimulation-evoked CNAP was quantified by calcu-
lating the rectified average of the response within specific
poststimulus time windows (Castoro et al. 2011; Yoo
et al. 2013). The laryngeal EMG was quantified by calcu-
lating the rectified average of the recorded signal within
specific time windows (e.g., 5-20 msec, poststimulus) that
accounted for both the distance travelled by action poten-
tials and the conduction velocity of A-fibers. In each
experiment, the EMG response was normalized with
respect to that measured during continuous 20 Hz stimu-
lation at BCT.

Statistical analysis was with an ANOVA and, if appro-
priate, post hoc pair-wise comparisons across stimulation
parameters with Tukey—Kramer, with P-values corrected
for repeated comparisons.

Results

Thresholds for electrically recruiting vagus
nerve fibers

Electrical stimulation of the cervical vagus nerve (ampli-
tude = 0.1 up to 10 mA, 2 Hz) resulted in the recruit-
ment of more rapidly conducting to more slowly
conducing nerve fibers (i.e., larger-to-smaller diameters,
Fig. 2A). Based on the poststimulus latencies of the com-
ponents of the evoked CNAP, the activation threshold of
each fiber type was determined in eight experiments: A-
fibers (0.52 & 0.08 mA), fast B-fibers (1.5 £ 0.2 mA),
and slow B-fibers (4.4 4+ 0.5 mA). Electrical activation of
large diameter fibers paralleled the laryngeal EMG, which
typically reached maximum levels at stimulation ampli-
tudes below 2 mA (Fig. 2B).
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Figure 2. Sample data of electrically evoked signals from (A) the
ipsilateral vagus nerve and (B) the laryngeal muscle. The recorded
compound nerve action potential signal shows orderly recruitment
of large diameter A fibers (1 —1.5 mA), B fibers (2 mA), and slow
B-fibers (5 mA, labeled as Bs). According to our previous study, this
corresponded to conduction velocities of 38.8 4+ 4.8 m/sec (A-
Fiber), 18.0 + 4.7 m/sec (fast B-fiber), and 10.5 £+ 1.9 m/sec (slow
B-fiber). The laryngeal electromyogram shows the corresponding
threshold activation of motor fibers at approximately 1.1 mA
(arrow), and maximum muscle fiber recruitment at 1.5 mA.
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Stimulation-evoked changes in heart rate

The changes in heart rate produced by VNS were strongly
dependent on the stimulation amplitude (Fig. 3A). As the
amplitude was increased from 1 mA, stimulation-evoked
changes in heart rate transitioned from tachycardia
(<1.5 mA) to bradycardia (>2 mA). Bradycardia occurred
almost immediately with VNS and was sustained through-
out the 20-sec duration of stimulation (Fig. 3B). Each
electrical pulse evoked a corresponding ENG (A, fast B,
and slow B fibers) and laryngeal EMG response (Fig. 3C),
where the magnitude of the evoked EMG was the same
for all stimulation trials (i.e., maximum EMG achieved
below BCT, Fig. 2B). In all experiments that exhibited
VNS-evoked bradycardia, a compensatory rebound in car-
diac function was also observed, where transient tachycar-
dia and increased blood pressure at the cessation of
stimulation was followed by an eventual return to base-
line. A comparison of the stimulation thresholds for acti-
vating the different vagal fiber types and the threshold for
evoking bradycardia showed that there was no significant
difference between slow B-fibers and bradycardia thresh-
old (BCT) (P =0.94) (Fig. 4). Stimulation amplitudes
used for all subsequent tests were based on BCT
(4.4 £ 0.7 mA), below-BCT (2.1 & 0.5 mA), and above-
BCT (6.5 + 0.8 mA).

Continuous vagus nerve stimulation: bradycardia
versus laryngeal EMG

In seven of eight animals, continuous VNS (fre-
quency = 20 Hz and amplitude = BCT) resulted in acute

6 sec 2 msec

NI TR

Figure 3. Continuous electrical stimulation of the right vagus nerve in anesthetized dogs (duration = 20-sec, frequency = 20 Hz). (A) Response
curve obtained from a single experiment, where the normalized heart rate was plotted against the stimulation amplitude. The bradycardia
threshold (BCT) was 2 mA. (B) Electrical stimulation at 4 mA resulted in significant bradycardia (electrocardiogram, EKG), and correspondingly
evoked neural (ENG) and muscle (laryngeal EMG) responses. (C) Zoomed image of the first electrical pulse shows the short-latency ENG

(1.8 msec) and longer-latency EMG (9.5 msec) signals, which were repeated throughout the 20 sec of stimulation. [abscissa units: [EKG| 2.5V,

[ENG| <7.5 mV, and |Laryngeal EMG| <7.5 mV].
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changes in heart rate. As shown in Table 2 (rightmost
column), continuous VNS applied at BCT or above-BCT
amplitudes evoked reductions in heart rate (bradycardia),
whereas VNS at below-BCT amplitudes resulted in tachy-
cardia. These responses were consistent across different
stimulation frequencies (10-50 Hz). In three experiments,
asystole was observed throughout the duration of VNS
(amplitude = above-BCT).

The stimulation amplitude was a significant factor in
modulating cardiac function. Continuous VNS at BCT
resulted in 5-16% (11.1 & 2.41%) decreases in heart
rate, which were further increased (10-60% bradycardia)
at stimulation amplitudes above-BCT. The correlation

*
— 6 1
> l_I_|
S
—~ 5
S
Q4
n
23
=
w 2 1
=
S
7o HE , _
A-Fiber Fast B Slow B BCT

Evoked response

Figure 4. Activation thresholds of nerves fibers in the vagus nerve
(n = 8 dogs) and bradycardia (BC) threshold. The bradycardia
threshold coincided with the slow-B fiber threshold. This
relationship suggests that VNS-evoked bradycardia is a result of the
activation of this group of small, myelinated B-fibers (*P < 0.001).

Bursting Vagus Nerve Stimulation

between the normalized heart rate (y) and the corre-
sponding slow B-fiber activity (x) at above-BCT stimula-
tion (linear regression, y = —0.9x + 1.8, = 0.38,
n =7) supported the negative chronotropic effects of
these very small myelinated fibers. In contrast, continu-
ous VNS at below-BCT amplitudes resulted in 2-10%
increases in heart rate. Statistical analysis showed that
both the stimulation amplitude and frequency signifi-
cantly affected heart rate independently (P < 0.001), but
with significant interaction between the two variables
(P <0.001). For any given stimulation frequency
(10 Hz, 20 Hz, or 50 Hz), the amplitude always had a
significant effect on heart rate (P < 0.002); whereas, the
stimulation frequency affected heart rate only at stimula-
tion amplitudes of BCT (P <0.05) or above-BCT
(P <0.001). The stimulation frequency during below-
BCT VNS had limited effect on heart rate (P = 0.59).
As shown in Table 2 (rightmost column), the average
stimulation-evoked reduction in heart rate achieved by
continuous VNS at BCT (at 20 Hz) was not significantly
different to responses evoked at 10 Hz at BCT, 50 Hz at
BCT, and 10 Hz above-BCT (#, P > 0.1). In contrast,
the stimulation-evoked reduction in heart rate evoked by
20 Hz at BCT were significantly different from those
observed during below-BCT stimulation (all frequencies,
P <0.001), and those applied at above-BCT (20 Hz and
50 Hz, *, P < 0.05).

Given that all stimulation amplitudes used in this study
were above the level of maximum laryngeal EMG activa-
tion, changes in the normalized EMG data (Table 3,
rightmost column) were only dependent on the stimula-
tion frequency (P <0.01) and not the amplitude
(P > 0.13). Compared to continuous nerve stimulation at
20 Hz BCT, VNS applied at 10 Hz and 50 Hz exhibited a

Table 2. Percent change in VNS-evoked heart rate (# denotes P > 0.1; * denotes P < 0.05)

Number of pulses

Freq(Hz) 2 5 10 20 Continuous
Below BCT
10 —0.96 £+ 0.93 —0.82 + 2.54 3.99 + 3.32
20 —1.62 £ 1.43 —1.26 £ 1.39 —1.95 £+ 2.62 7.48 + 3.91
50 0.52 + 1.90 0.35 £+ 1.75 0.31 £+ 3.32 5.58 + 2.54 8.36 + 3.28
BCT
10 —3.37 £ 2.65 —4.48 + 3.38 —6.77 + 2.44*
20 —3.82 +2.37 —6.09 + 2.94% —-7.62 + 1.39* —-11.1 £ 2.41
50 —1.47 £ 2.64 —1.38 £ 2.23 —3.27 £ 1.32 -10.7 £ 4.11* —15.6 + 6.64*
Above BCT
10 —0.88 £+ 0.07 —2.23 £ 0.51 —11.9 + 2.64*
20 —3.80 £+ 2.08 —5.73 + 2.12* —16.7 £ 2.16* —29.2 £ 3.11*
50 0.77 + 4.49 —8.17 + 2.04* —17.5 + 3.19% —28.7 £ 14.2* —57.9 £ 10.1*

Bold values correspond to the % change in heart rate and normalized laryngeal EMG activity achieved at the bradycardia threshold.
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Table 3. Normalized laryngeal EMG (# denotes P > 0.1)
Number of pulses
Freq(Hz) 2 5 10 20 Continuous
Below BCT
10 0.22 + 0.10 0.35 + 0.11 0.56 + 0.12
20 0.22 £ 0.10 0.37 + 0.09 0.64 + 0.09 1.06 + 0.15%
50 0.24 + 0.15 0.30 + 0.12 0.49 + 0.16 0.82 + 0.26* 1.78 + 0.49*
BCT
10 0.23 + 0.09 0.36 + 0.09 0.56 + 0.03
20 0.23 + 0.09 0.38 + 0.08 0.59 + 0.06 1
50 0.23 + 0.08 0.34 4+ 0.09 0.51 £ 0.10 0.88 + 0.13* 1.69 + 0.34
Above BCT
10 0.27 £ 0.14 0.41 +£ 0.11 0.62 + 0.25
20 0.24 + 0.13 0.29 + 0.09 0.54 + 0.19 0.84 + 0.18*
50 0.26 + 0.13 0.39 + 0.15 0.55 + 0.18 0.83 + 0.28"* 1.93 + 0.55

Bold values correspond to the % change in heart rate and normalized laryngeal EMG activity achieved at the bradycardia threshold.

Stimulus train (20 sec)

EKG

AL LA O

LVP

ABP

Figure 5. Characteristic cardiac effects of VNS (50 Hz, 20 pulses per burst, 5 mA — above bradycardia threshold). Stimulation pattern,

electrocardiogram (EKG), and arterial blood pressure (ABP).

37% decrease and 78% increase in normalized EMG
activity, respectively.

Temporally patterned vagus nerve stimulation:
bradycardia versus laryngeal EMG

Temporally patterned VNS also elicited significant
changes in heart rate that were dependent on additional
stimulation parameters (Fig. 5). Both the stimulation
amplitude and the number of pulses per burst were sig-
nificant factors (P < 0.001). Compared to the level of
bradycardia evoked by continuous 20 Hz VNS at BCT,
temporally patterned VNS achieved comparable changes
in heart rate with bursts of 5, 10, and 20 pulses that were
applied at frequencies of 20 Hz or 50 Hz (Table 2,
labeled as #). Bradycardia was elicited by VNS with as
few as 5 pulses per burst when the stimulation amplitude

2016 | Vol. 4 | Iss. 2 | 12689
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was equal or greater than BCT. In fact, temporally pat-
terned (bursting) stimulation at amplitudes above-BCT,
10 pulses at 20 Hz or 20 pulses at 50 Hz, evoked greater
changes in heart rate than continuous VNS (at BCT) at
20 Hz and 50 Hz. At stimulation amplitudes below-BCT,
temporally patterned VNS did not produce bradycardia,
regardless of the number of pulses per burst and the stim-
ulation frequency.

The temporally patterned VNS parameters that elicited
bradycardia also resulted in markedly lower levels of
laryngeal EMG activity as compared to continuous stimu-
lation, regardless of the stimulation frequency (Table 3).
VNS applied in bursts of 5 pulses and 10 pulses (e.g.,
20 Hz) achieved normalized EMG activity that was
approximately 75% and 41% lower, respectively, than the
activity evoked by VNS at 20 Hz BCT. Temporally pat-
terned VNS (20 Hz BCT at 5 pulses) generated laryngeal

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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EMG activity that was approximately half of that evoked
by continuous VNS (10 Hz BCT).

Discussion

The objective of this study was to investigate a novel VNS
paradigm designed to selectively decrease the baseline
heart rate — a biomarker for heart failure therapy — in
anesthetized dogs. Altering the temporal pattern of VNS
parameters enabled differential modulation of cardiac
function (bradycardia) and laryngeal activity (EMG acti-
vation). Periodic bursts of electrical pulses applied to the
cervical vagus nerve, using as few as 5 pulses per second,
resulted in specific chronotropic changes in cardiac func-
tion (10% bradycardia) while achieving substantial reduc-
tions in laryngeal muscle activation. The effects of
altering the temporal patterns of VNS significantly expand
our previous knowledge of how VNS-mediated changes
in heart rate can be sensitive to VNS parameters (e.g.,
amplitude, pulse width) (Yoo et al. 2011; Rousselet et al.
2014). Compared to the 2—10 sec of cyclical VNS that is
currently used for treating heart failure patients (Schwartz
and De Ferrari 2009; Zhang et al. 2009), our findings sug-
gest that significantly shorter (0.25-0.5 sec) bursts of VNS
can potentially achieve the same therapeutic outcomes.
This approximately 10-fold decrease in the overall activa-
tion of vagal nerve fibers (particularly the RLN, which is
commonly linked to VNS-related side-effects) supports
the potential therapeutic benefits of this novel VNS para-
digm.

A Intact

ECG (V)

Left
ventricular

B Proximal

Bursting Vagus Nerve Stimulation

Further, we confirmed that VNS-evoked bradycardia
requires the activation of slow B-type fibers, which were
previously characterized as slowly conducting (10.5 m/
sec), small myelinated fibers (Yoo et al. 2013). In two
experiments (Fig. 6), we also found that direct electrical
stimulation of the transected distal stump of the right VN
(and not the proximal end) could elicit bradycardia.
These findings were consistent with previously published
studies (Carlsten et al. 1957; Levy et al. 1969; Parker et al.
1984). As suggested by earlier work (Levy et al. 1972;
Thompson et al. 1998; Buschman et al. 2006), the differ-
ent anesthetic/analgesic agents used in this study did not
affect the cardiac or skeletal muscle responses to VNS.
We observed frequency-dependent changes in heart rate
during continuous VNS; whereas changes in heart rate
during temporally patterned VNS were insensitive to
stimulation frequency. With temporally patterned VNS,
the heart rate was only responsive to changes the stimula-
tion amplitude and/or the number of pulses applied per
burst. These findings suggest a complex input-output
relationship producing a multidimensional dose-response
curve for VNS, and underscore the critical role of VNS
parameters in determining and controlling differentially
physiological responses. It is also important to note that
changes in parasympathetic and sympathetic tone, gener-
ated, for example, by baroreceptor reflex activity elicited
during our VNS trials, either directly via stimulation of
vagal afferents or indirectly by the evoked changes in BP
and HR, may have contributed to variations in the trial
by trial responses to VNS.

C Distal

oo ML O CRMOCROCRAON k|| e

Arterial
blood

oressre i Ayt VAN 1 L i

(mmHg)

Figure 6. Continuous electrical stimulation of the (A) intact and (C) distal stump of the transected cervical vagus nerve both resulted in acute
asystole (above BCT, 20 Hz). During stimulation-evoked asystole, ventricular escape beats were commonly observed, as shown in panel C. In
contrast, electrical stimulation of the (B) proximal stump of the transected cervical vagus nerve did not elicit any changes in cardiac function.
[units per division: time (4 sec), ECG (1.5 V), left ventricular pressure (62.5 mmHg), arterial blood pressure (25 mmHg)].

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

the American Physiological Society and The Physiological Society.

2016 | Vol. 4 | Iss. 2 | e12689
Page 7



Bursting Vagus Nerve Stimulation

Low-amplitude stimulation (below BCT) caused nota-
ble increases in heart rate. The literature attributes this to
the electrical activation of sympathetic efferents located
within the cervical vagus nerve trunk (Agostoni et al.
1957; Kimura et al. 1985), and histological analysis of the
canine vagus nerve (data not shown) confirmed the
presence of a small nerve fascicle traveling parallel to the
vagus nerve, within the carotid neurovascular bundle.
However, the low stimulation amplitudes at which we
observed tachycardia are not consistent with the predicted
activation threshold for small-diameter sympathetic nerve
fibers (A or unmyelinated C-fiber). Based on the estab-
lished recruitment properties of vagal nerve fibers in dogs
(Anholt et al. 2011; Castoro et al. 2011; Yoo et al. 2013),
the threshold for electrically activating these small nerve
fibers (and thereby generating tachycardia) is expected to
be much higher than BCT (>9 mA). The fact that the
magnitude of this response was limited to a 10% increase
in heart rate — compared to the approximately 100%
increase in heart rate during cardiac sympathetic nerve
stimulation (Kimura et al. 1985; Onkka et al. 2013) —
suggests that a very limited number of sympathetic fibers
can be activated by stimulus pulses applied at or below
1 mA. Alternatively, low-threshold afferents may reflex-
ively modulate cardiac function, and this possibility is
supported by our finding in two animals (data not
shown) that stimulation of the proximal transected vagus
nerve produced tachycardia (below-BCT; 20-50 Hz),
whereas stimulation of the distal nerve stump did not.
Further work is needed to characterize this cardio-excita-
tory reflex and also investigate potential effects on the
efficacy of VNS therapies.

Among myriad potential therapies currently under
investigation (Kirchner et al. 2000; Groves and Brown
2005; De Ferrari et al. 2011; Engineer et al. 2011), the
recent use of VNS for improving long-term morbidity in
patients with heart failure has generated significant inter-
est among clinicians and researchers (Schwartz and De
Ferrari 2009; De Ferrari et al. 2011; Sabbah et al. 2011;
Premchand et al. 2014; Zannad et al. 2015). However,
the precise role of VNS-evoked bradycardia in the treat-
ment of heart failure remains unclear. From the earliest
preclinical experiments involving a rodent cardiac infarc-
tion model (Li et al. 2004) to the canine ventricular
over-paced HF model (Zhang et al. 2009), VNS-evoked
bradycardia has served as the key physiological marker
for achieving therapeutic outcomes. However, more
recent studies in dogs (Hamann et al. 2013) and HF
patients (De Ferrari et al. 2011; Premchand et al. 2014;
Zannad et al. 2015) indicate that improvements in
symptoms related to HF can be achieved in subjects that
did not exhibit VNS-evoked bradycardia. While such
stimulation protocols (i.e., lower current amplitudes)
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were primarily a result of limited tolerance to VNS-
related side effects (Handforth et al. 1998; Sackeim et al.
2001; De Ferrari et al. 2011), these results suggest that
bradycardia may not be a necessary condition for
achieving HF therapy. As clinical trials proceed to inves-
tigate VNS therapy in HF patients (Hauptman et al.
2012; Dicarlo et al. 2013; De Ferrari et al. 2014), it may
be interesting to investigate the long-term therapeutic
effects between approximately 50% of patients that
achieved bradycardia (Schwartz et al. 2008) to those
individuals that could not tolerate VNS amplitudes to
cause bradycardia. It may also be important to investi-
gate the potential therapeutic benefits of using tempo-
rally patterned VNS, when implemented at stimulation
amplitudes above 1.42 £ 0.80 mA (Zannad et al. 2015).
Further work is needed to clarify the precise vagal input
(s) that mediate these therapeutic effects.

Peripheral nerve stimulation is a promising approach
for long-term treatment of a large range of chronic medi-
cal conditions (Birmingham et al. 2014) The anatomy of
peripheral nerves, with multiple fascicles containing both
motor and sensory fibers of varying diameters has moti-
vated the development of a variety of approaches to
achieve selective activation of targeted physiological
responses. For example, unidirectional activation of nerve
fibers can be achieved by asymmetric nerve cuff electrode
designs (Sweeney and Mortimer 1986; Anholt et al. 2011)
or high frequency nerve stimulation (Bhadra et al. 2006).
Whereas selective activation of small-diameter fibers (i.e.,
physiological recruitment order) or specific subsets of
axons within a compound nerve trunk may be obtained
by specific stimulus waveforms (Fang and Mortimer
1991) and/or novel electrode array designs (Branner et al.
2001; Lertmanorat and Durand 2004; Yoo et al. 2004;
Kundu et al. 2014). The ability to activate components of
the cervical vagus nerve in such a highly specific manner
may provide the added benefit of avoiding side effects
(Ramsay et al. 1994; Cristancho et al. 2011), which are a
noted limitation of clinical VNS therapies. However, none
of these technologies has been demonstrated effective in a
clinical setting, and the bipolar helical nerve electrode is
the only design that is currently approved by the FDA for
VNS therapy.

Temporally patterned vagus nerve stimulation is a
novel approach aimed at improving the selective activa-
tion of targeted physiological responses. In contrast to
closed-loop controlled implementations of VNS (Zhang
et al. 2002; Tosato et al. 2006), we sought to achieve
bradycardia by applying “predetermined paradigms” of
electrical pulses in an open-loop manner. The results of
this study indicate that appropriately patterned stimula-
tion can produce cardiac modulation with reduced side
effects (less skeletal muscle activation) and therefore

© 2016 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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may increase the utility of VNS therapies. Temporally
patterned VNS could offer an alternative approach to
therapies for epilepsy and depression, but further test-
ing is needed to determine the clinical efficacy of

applying short bursts of high-amplitude pulses in
patients.
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