
Neuromodulation: Technology at the Neural Interface

Received: February 10, 2025 Revised: April 6, 2025 Accepted: May 5, 2025

https://doi.org/10.1016/j.neurom.2025.05.003
Abdominal Vagus Nerve Stimulation Increases
Firing in the Rat Locus Coeruleus
Tomoko Hyakumura, PhD1,2 ; Sophie C. Payne, PhD1,2 ;
Jerico V. Matarazzo, BSc (Hons)1; Wendy K. Adams, PhD1;
James B. Fallon, PhD1,2,3
Addre

1 Bion
2 Med
3 Dep

For m
for Au

Sourc
Victor

www
ABSTRACT
Background: Cervical vagus nerve stimulation (VNS) is a clinically available treatment for refractory epilepsy and depression.
Animal studies show that electrical activation of the noradrenergic brain region, locus coeruleus (LC), is essential for the ther-
apeutic effects of cervical VNS for the treatment of these conditions. Cervical VNS often causes side effects such as coughing,
headache, and apnea-hypopnea. Such side effects can be mitigated by reducing stimulation intensity; however, evidence
suggests this reduces efficacy of treatment. Abdominal VNS, targeting the vagus nerve below the nerve branches that cause
these side effects, is an alternative strategy to deliver VNS.

Objective: This study aimed to assess whether abdominal VNS increases spike activity in the LC without causing any off-target
effects.

Materials and Methods: Cervical and abdominal vagi of anesthetized male Sprague-Dawley rats were implanted with cuff
electrode arrays, and a tungsten electrode was used to record neural activity in the LC. Changes in the firing rate of LC neurons
and changes to the heart and breathing rate were recorded during cervical and abdominal VNS.

Results: Cervical VNS significantly reduced heart and/or breathing rate (two-way repeated measures analysis of variance, p <
0.05; n = 6) when stimulation was 0.82 ± 0.09 mA or higher. This stimulation level was termed the “off-target effect threshold.”
Abdominal VNS did not produce any changes in heart and breathing rate at any stimulus level tested. Cervical and abdominal
VNS, delivered at 2 mA (maximum tested) significantly increased spike activity predominantly in the anteromedial LC, compared
with prestimulation baseline (paired t-test, p < 0.001, n = 6). However, when “safe levels,” that is, below the off-target effect
threshold, of VNS were applied, only abdominal VNS increased spike activity in the LC.

Conclusion: Abdominal VNS activated the LC without causing changes to vitals and could be used as an alternative approach to
providing VNS therapy for brain disorders such as drug-resistant epilepsy and depression.
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INTRODUCTION

The vagus nerve is the major component of the parasympathetic
nervous system, comprising both afferent and efferent nerve fibers
that connect most of the visceral organs and the brain. The vagus
nerve regulates a variety of bodily functions including blood
pressure, respiration, and feeding.1 Electrical stimulation of the
cervical vagus nerve is clinically available as a treatment for drug-
resistant epilepsy, drug-resistant depression, and ischemic stroke
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rehabilitation.2,3 Although cervical vagus nerve stimulation (VNS) is
a Food and Drug Administration (FDA)-approved therapy of drug-
resistant epilepsy, stimulation is often associated with coughing,
sore throat, headache, hoarse voice, and worsening of apnea-
hypopnea. The main strategy for reducing these side effects is to
reduce stimulation intensity, which compromises the efficacy of the
therapy.4,5 Stimulation parameters are often initially set to low
levels (0.25−0.5 mA) after implant surgery, with current gradually
increased over time on the basis of patient tolerance to side effects
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and evolution of seizures.5 Studies report that increasing current
improves efficacy (≥50% of seizure reduction) in 20% of patients
who were nonresponsive.6 A meta-analysis of four randomized
double-blind trials found that high VNS intensities were 1.73 times
(95% Cl 1.13–2.64) more efficacious than low stimulation protocols
in reducing seizures.5 Furthermore, there are likely age-dependent
differences in activation threshold of vagal fibers.7 Activation of the
locus coeruleus (LC), the central noradrenergic nucleus in the brain
stem, is deemed essential for the therapeutic effects of cervical VNS
(cVNS) for the treatment of epilepsy8,9 and depression.10 The LC is
the main source of norepinephrine in the brain and plays important
roles in the regulation of attention, arousal, stress responses, and
emotional memory.11 cVNS-induced activation of the LC is associ-
ated with increased norepinephrine levels in the cortex and the
hippocampus.12,13 Furthermore, cVNS activates the LC in a dose-
dependent manner.14

Applying electrical stimulation at the abdominal or sub-
diaphragmatic vagus nerve is a unique strategy to avoid off-target
effects of cVNS,15 and the safety and efficacy of abdominal VNS are
now being investigated as a therapy for patients with Crohn’s
disease (NCT05469607). Promisingly, unilateral afferent abdominal
VNS causes an increase in c-Fos positive cells in the LC in rabbits.16

However, there have been no direct measurements of abdominal
VNS effects on neuronal firing in the LC.
As such, this study aimed to assess whether LC neuronal

firing increases during abdominal VNS. Specifically, we assessed
changes in LC firing during cervical and abdominal VNS
delivered at electrical stimulation over a range of current levels,
including those below the level that causes disruptions to vitals
(heart rate or breathing). In this study, under nonrecovery anes-
thesia, we implanted two-pair cuff electrode arrays15 and measured
stimulation-induced changes in heart rate and breathing patterns
during cervical and abdominal VNS. Changes in LC spike activity
were assessed during bursts of cervical and abdominal VNS deliv-
ered with matched current levels.
MATERIALS AND METHODS
VNS Electrode Array
A custom-designed, two-bipolar paired platinum electrode cuff

array (exposed surface area: 0.44 mm2) was used, which had a
distance between adjacent electrode pairs (center to center) of
4.7 mm.15,17
Animals and Anesthesia
Male Sprague-Dawley rats (eight–11 weeks old, Animal Resource

Center, Western Australia) were kept on a 12-hour light/dark cycle
and allowed ad libitum access to standard chow and water before
the experiment. Animals (n = 6) were anesthetized using isoflurane
(2%–3% isoflurane in 1 L/min oxygen) and given an analgesic
(carprofen 5 mg/kg, subcutaneous) and local anesthetic at the
surgical incision sites (bupivacaine 1 mg/kg). Before recording brain
activity in the LC, animals were given an intravenous infusion of
medetomidine (0.06 mg/kg/h), and the isoflurane dose was
reduced (0.5%–0.75% in 1 L/min oxygen). Isoflurane was adjusted
to allow the breathing rate to be maintained at 36 to 48 breaths/
minute; animals were kept warm and hydrated with intravenous
infusion of Hartmann’s solution (1 mL/h) for the duration of the
procedure. At the conclusion of the nonrecovery experiment, the
rats were euthanized (Lethabarb 300 mg/kg, intraperitoneal).
www.neuromodulationjournal.org © 2025 The Authors. Published b
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Surgical Procedures
Vagus Nerve Implantation

The left cervical vagus nerve (in the neck) and anterior abdom-
inal vagus nerve were both implanted. As previously described,18

the abdominal cavity was opened and the subdiaphragmatic
anterior abdominal vagus nerve identified and implanted. Next, the
left cervical vagus nerve was exposed and identified,19,20 and the
VNS electrode array was implanted around the nerve. All cavities
and skin were sutured closed.

Femoral Artery and Vein Cannulation
The right femoral artery was cannulated (PE tubing, 0.61 × 0.28

mm, Microtube Extrusions, North Rocks, NSW, Australia) for blood
pressure monitoring, and the left femoral vein was cannulated (PVC
tubing, 0.96 × 0.58 mm, Microtube Extrusions, North Rocks, NSW,
Australia) for intravenous delivery of Hartmann’s solution.

Stereotaxic Targeting
The head of the rat was secured to a stereotaxic frame with ear

bars and an incisor bar. An incision was performed along the
midline, and the skull was exposed to identify bregma and lambda.
The skull was leveled on the basis of the stereotaxic coordinates of
these landmarks. To target the LC, a burr hole was created (3.7 mm
posterior, 1.1 mm lateral from lambda) and a tungsten microelec-
trode (1 MΩ, World Precision Instruments, Inc) was inserted at a
posterior angle of 15◦ from vertical. The electrode was inserted
(−5.5 to −6.5 mm from dura) using a micropositioner (Kopf), with
placement adjusted in 0.2-mm increments to identify the LC or
mesencephalic trigeminal nucleus (Me5) directly adjacent to the LC.
DiI (Sigma-Aldrich) was used to label the electrode for easy iden-
tification of electrode tracks (Fig. 1c).

Electrode Impedance Testing and Electrophysiological
Recordings
Common-Ground Electrode Impedance

Biphasic current pulses (100 μs per phase with 100-μA current)
were passed between the electrode of interest and all other
implanted electrodes in the same array (common ground imped-
ance). The peak voltage at the end of the first phase (Vtotal) of the
current pulse was used to calculate total impedance (Ztotal) using
Ohm’s law (Z = voltage/current), and to assess electrode shorting
or breakage.22

Evoked Compound Action Potentials
Evoked compound action potentials (ECAPs) were recorded to

ensure stimulation levels delivered to the cervical or abdominal
vagus nerve were above the threshold required to electrically
activate the nerve.17,22 ECAPs were recorded from the most prox-
imal pair of electrodes in each array (abdominal/cervical) relative to
the brain after stimulation of the distal pair of electrodes. Electrical
stimulation ranged from 0 to 2 mA in 0.1-mA steps at frequency 30
Hz using 100-μs pulse width (PW) and 50-μs interphase gap (IPG)
using a custom stimulator.23 Recordings were amplified (ISO-80,
World Precision Instruments), sampled (200 kHz; USB-6255 National
Instruments), and digitally filtered (300–3000 Hz; Igor Pro 9,
Wavemetrics). The ECAP threshold was defined as the minimum
stimulus intensity producing a visible response of ≥0.1μV within a
poststimulus latency window of 4 to 10 milliseconds, which is
specifically in the range to expect a C-fiber response.24 ECAP
analysis during cervical and abdominal VNS was restricted to
y Elsevier Inc. on behalf of the
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Figure 1. Experimental methods used to confirm electrode positioning in the LC. a. The dark line on the bottom left indicates contralateral foot pinch (~0.5 seconds).
The firing rate increased initially and decreased in response to foot pinching, typical of the LC neuron response. b. The spike shape with a notch on the ascending
limb, also indicative of LC neuron firing. c. An example image of a sagittal section of the brain stained with cresyl violet (blue) labeling the LC (yellow dotted line) with
dense staining and the Me5 (green dotted line) with dark nuclear staining, and a fluorescence image of electrode tracks labelled with DiI (red) overlaid on top. Scale
bar = 500 mm. d. A drawing modified from21 matching the location of panel c, indicating the estimated border of the LC and the Me5 and the electrode tracks in
relation to these regions. [Color figure can be viewed at www.neuromodulationjournal.org]

LC ACTIVATION BY ABDOMINAL VNS
latency window of a C-fiber response because the rat abdominal
vagus nerve comprises 97% to 99% C-fibers.25
Extracellular Recordings in LC and Me5
ECAPs were measured simultaneously while recording extracel-

lular LC and Me5 neural activity. Extracellular recordings were
obtained using a tungsten electrode placed in the LC or Me5, as
previously described. Neural signals were amplified from a refer-
ence (23-gauge needle) inserted to the skin of the head, digitized
(at sampling rate 30 ks/s), and visualized (Cerebus System, Black-
rock Microsystems). Electrode placement in the LC or Me5 was
identified by a characteristic response to a contralateral hindpaw
pinch (Fig. 1) or manipulation of the jaw, respectively.14,26 LC/Me5
placement was confirmed by an increase in firing rate in response
to cVNS14 (30 Hz, 100 μs PW, 50 μs IPG, 0–2 mA). Once LC/Me5 sites
were identified, cervical or abdominal VNS (30 Hz, 100 μs PW, 50 μs
IPG, 0–2 mA) was applied for 0.5 seconds every 1.5 seconds.
Recording Off-Target Effects to VNS
Heart Rate and Blood Pressure
The femoral artery cannula was connected to a calibrated blood

pressure transducer (ADInstruments) and the signal amplified
(Bridge Amp, ADInstruments) and waveforms recorded (Cerebus
System 128 Channel Neural Stimulator, Blackrock Microsystems,
MA).
3

Respiratory Rate
Next, 25-gauge needles were placed in the intercostal muscle to

record electromyography (EMG) responses that coincided with the
animal’s respiration. The signal was amplified using Iso-80 Bioamp
(gain: ×102; high pass: 5 Hz; low pass: 10 kHz, World Precision
Instruments) before being recorded (Cerebus System).
www.neuromodulationjournal.org © 2025 The Authors. Published b
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Data Analysis
Off-Target Effect Data

Analysis software (Igor Pro 9) was used to identify the peaks of
diastolic blood pressure. The time between two diastolic peaks was
used to calculate the estimated heart rate. Igor Pro 9 also was used
to visualize and identify the time between the respiration events to
calculate the estimated respiratory rate. One-way analysis of vari-
ance (ANOVA) with Dunnett’s post hoc test was performed to
determine change in heart or respiratory rate, and the off-target
effect threshold was determined as the minimum amount of cur-
rent required to induce a significant change to baseline breathing
or heart rate. One animal was removed from the heart rate analysis
owing to a clogged femoral artery cannula, and another was
removed from the respiratory rate analysis owing to a misplaced
EMG needle.

Neural Recordings/Spike Processing
Before spike counting, stimulation artifacts were blanked (−1 ms

before and +3 ms after each artifact) and neural recording digitally
filtered (Igor Pro 9; 30–3000 Hz). The root mean square (RMS) of
the total neural recording was calculated, and events that crossed
4× RMS were classified as neural spikes (Fig. 1a,b). The number of
spikes in the 0.8 seconds after stimulation onset was counted.

Histologic Processing and Imaging
At the end of the experiment, the rats were deeply anesthetized

and intracardial perfusion performed with 0.9% (weight per vol-
ume) saline and fixative (10% neutral buffered formalin in 0.1 M
phosphate buffer, pH 7.4, 4 ◦C). The brain was dissected, fixed
overnight at 4 ◦C, and thoroughly washed (3 × 10 minutes in 0.1 M
phosphate buffered saline [PBS], pH 7.4). Tissue was cryoprotected
(30% sucrose in PBS) and then frozen in Tissue-Tek optimum
cutting temperature compound (Sakura Finetek, Torrance, CA)
(−20 ◦C). Sagittal sections of the brain (40 μm) were collected and
y Elsevier Inc. on behalf of the
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stained with cresyl violet (C5042, Sigma, Fig. 1c). Images were taken
using a Zeiss M2 Imager microscope (Carl Zeiss Microscopy, Jena,
Germany) and Zen Pro Software (Zeiss, Germany and New York,
NY). Red fluorescence micrographs of electrode tracks labeled with
DiI were captured before cresyl violet staining and overlaid with
light micrographs of corresponding cresyl violet-stained sections
containing the LC and the adjacent ME5 (Fig. 1c,d).

Statistics and Figure Production
Details of each statistical test are stated in the relevant Results

section. Differences among normally distributed data were tested
using a one- or two-way repeated measures (RM) ANOVA with post
hoc tests as appropriate. The off-target effects threshold for each
animal was determined using a one-way ANOVA with Dunnett’s
test, and the average off-target threshold for all animals was
determined by a paired t-test. Effective VNS in each recording site
was determined by testing differences in LC firing between base-
line and maximal or “safe” VNS using t-test. Statistically significant
differences were accepted as p-values of <0.05, and GraphPad
Prism 10 (GraphPad Software) was used for all analysis.
For figure production, light microscope images were white color-

balanced and adjustments made when necessary in contrast and
brightness to best represent that observed under the microscope
(Inkscape; free and open-source software licensed under GPL).

RESULTS
ECAPs Confirmed Activation of the Cervical and Abdominal
Vagus Nerve Through Electrical Stimulation
The common ground impedance of electrodes in vivo was 6.6 ±

0.2 kΩ (mean ± SEM, n = 6 rats). After implantation, ECAPs were
successfully recorded from both abdominal and cervical vagus nerve
sites (Fig. 2a). Analysis was restricted to the window latency of that
expected for a C-fiber response (4–10 milliseconds; 0.5–2 m/s).24

The conduction velocity of the response evoked during cVNS was
0.68 ± 0.02 m/s, whereas abdominal VNS predominantly produced a
response of 0.70 ± 0.02 m/s.
a
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Figure 2. Confirmation of electrode placement by recording ECAPs. a. Represen
denoting threshold responses). b. ECAP threshold of a putative C-fiber response sh
neural threshold. Data show individual values, mean ± SEM. Significance was accepte
viewed at www.neuromodulationjournal.org]
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A two-way RM ANOVA was performed to analyze the effect of
Location (cervical vs abdominal) and Time (start vs end of experi-
ment) on ECAP thresholds. There was no significant interaction
between Time × Location (F(1,5) = 4.31, p = 0.093) or Location as a
main effect (F(1,5) = 1.156, p = 0.33) (Fig. 2b). However, Time had a
significant effect on neural threshold, with start of experiment
being higher than end of experiment (F(1,5) = 9.00, p = 0.030, n = 6;
Fig. 2b).

cVNS Reduced Heart Rate and Respiratory Rate
Reduction in both heart rate and respiratory rate was observed in

all six rats during 5-second cVNS (30 Hz, 100 μs PW or 10 Hz, 200 μs
PW, up to 2mA). However, when shorter 0.5-second VNS (30 Hz, 100
μs PW, up to 2 mA) was applied, n = 3 animals had a reduction in
heart rate only; n = 2 had reduction in respiratory rate only, and
n = 1 had a reduction in both respiratory and heart rate. In the four
of six animals that had a significant reduction in heart rate (p <
0.0001, one-way ANOVA Dunnett’s post hoc test), the average
decrease was −83.30 ± 52.37 beats per minute at 2-mA cVNS
(Fig. 3a). The average current level that caused a decrease in heart
rate was 0.88 ± 0.17 mA. In contrast, there were no changes to
heart rate during abdominal VNS (p = 0.06, Fig. 3a) up to 2 mA.

In the three of six animals that had a significant reduction in
respiratory rate (p < 0.05, one-way ANOVA with Dunnett’s post hoc
test), the average decrease was −14 ± 5.4 breaths per minute at
2-mA cVNS (Fig. 3b). The average current level that caused a
decrease in breathing rate was 0.87 ± 0.07 mA. Again, in contrast to
cVNS, there were no changes to respiratory rate during abdominal
VNS (p = 0.6, Fig. 3b) up to 2 mA.

The off-target effect threshold was defined as the highest current
that did not produce either a reduction in heart and/or respiratory
rate. Because abdominal VNS did not cause a change in heart or
respiratory rate at any current level tested, for the purposes of
analysis, the off-target effect threshold during abdominal VNS was
set at 2 mA. The average off-target effect threshold was signifi-
cantly lower during cVNS than abdominal VNS (paired student
t-test, p < 0.0001; Fig. 3c).
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Figure 3. Respiratory and cardiac off-target effects during VNS. a. An example of heart rate reduction in one rat during cVNS showing averages of five repeats per
current level. The lowest cVNS current level at which a significant reduction in heart rate (bpm) compared with baseline (0 mA) was observed is marked with a dotted
line (one-way ANOVA, Dunnett’s test, p = 0.0024). b. An example of change in respiratory rate during cVNS, showing averages of five repeats per current level. The
lowest current level at which significant reduction in respiratory rate was observed compared with baseline is marked with a dotted line (one-way ANOVA, Dunnett’s
test, p = 0.0019). c. The average off-target effect threshold was determined as 0.82 mA for cVNS, and 2 mA (no off-target effects) for abdominal VNS. The range of safe
current level is significantly higher for abdominal VNS than for cVNS (paired t-test, p < 0.0001). Data in panels a to c show mean ± SEM. In panels a and b, open-circle
data points indicate a significant difference from baseline (0 mA) current levels. Significance was accepted as p < 0.05; ****indicated p < 0.0001. bpm, beats per
minute. [Color figure can be viewed at www.neuromodulationjournal.org]

LC ACTIVATION BY ABDOMINAL VNS
Both cVNS and Abdominal VNS Induced LC Firing, but the
Effect Was Greater for Abdominal VNS at Safe Stimulation
Current Level
A total of 11 recording sites across all the animals were included

in the LC analysis on the basis of the following inclusion criteria: 1)
clear ECAPs at the start and end of the experiment; 2) cVNS-
induced cardiac and/or respiratory off-target effects; 3) cVNS
induced neural spikes in LC (ie, when the number of spikes was
plotted against stimulation current level, the trend line shows a
positive trend); and 4) increase in LC spike in response to foot pinch
and/or histologic confirmation of electrode placement in the LC
(Fig. 1).
Statistical analysis was performed using one-way RM ANOVA

with Dunnett’s post hoc test, to compare baseline (0-mA stimula-
tion) with all other current levels during cervical or abdominal VNS
(Fig. 4a). There was a significant stimulation-dependent increase in
www.neuromodulationjournal.org © 2025 The Authors. Published b
International Neuromodulation Soc
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firing of LC neurons during cVNS at current levels ≥1.2 mA (p <
0.001, one-way RM ANOVA with Dunnett’s test, n = 11) and during
abdominal VNS at current levels 1.8 and 2 mA (p = 0.0084, one-way
RM ANOVA with Dunnett’s test, n = 11).

At all 11 recording sites, there was a significant increase in firing
of LC neurons during cVNS (p < 0.05, one-way ANOVA with Dun-
nett’s test, n = 5 repeats). During abdominal VNS, there was a
significant increase in firing of LC neurons in three recording sites,
suggesting there was substantially less innervation of the LC
through the abdominal nerve than through the cervical (Fig. 4a
presents an example of one recording site).

However, when comparing the effect of VNS at maximum safe
stimulation current levels, abdominal VNS had a significant increase
in LC neuron firing (p = 0.0082), but cVNS did not (range: 0.7–0.9
mA, p = 0.5122, one-way RM ANOVA with Dunnett’s test, n = 11,
Fig. 4b).
y Elsevier Inc. on behalf of the
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Only Abdominal VNS-Induced Neural Activity Was Observed in
the Anteromedial LC at Safe Stimulation Levels
Histologic assessment based on the electrode tracks marked

with a fluorescent marker (DiI) indicated the activation of VNS-
induced response was often observed in the anteromedial region
of the LC (Fig. 5). “Effective VNS” for each recording site was
determined by testing the difference between baseline and
maximal or safe stimulation using a paired t-test. The arrangement
of cervical and abdominal VNS-induced neural activity in the LC
was mapped during maximal (Fig. 5a) and safe (Fig. 5b) stimulation.
At the maximal stimulation level (2 mA), cVNS induced firing of

the LC at more recording sites in the LC than did abdominal VNS
(Fig. 5a) and induced firing in the Me5.
At stimulation levels below the off-target effect threshold

(0.7–0.9 mA, ie, safe current levels below cardiac and/or respiratory
off-target effect threshold), only a small fold increase (fold change
of 1.77) was observed in one location in the LC (Fig. 5b). Impor-
tantly, however, more prominent abdominal VNS-induced firing
(fold change of three–20) in the anteromedial region of the LC was
observed (Fig. 5b).

DISCUSSION

cVNS is an FDA-approved treatment of drug-resistant epilepsy
and depression. However, patients who receive cVNS often report
unpleasant side effects. Activation of the LC is central to the effects
of cVNS for treatment of drug-resistant epilepsy8,9 and depres-
sion.10 The key finding of this study was the indication that
abdominal VNS increases firing of LC neurons. Moreover, when safe
levels of VNS were applied, that is, below the level that caused
changes to heart/breathing rate with cVNS, only abdominal VNS
increased spike activity in the LC. As such, this study supports the
potential use of abdominal VNS as an alternative stimulation
strategy for treatment of epilepsy and depression.
www.neuromodulationjournal.org © 2025 The Authors. Published b
International Neuromodulation Soc
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The ECAP threshold activation of C-fibers of n = 2 rats was >1.5
mA (Fig. 2b) during cVNS, indicating the extent to which the acti-
vation threshold of cVNS can vary. Similar clinical heterogeneity in
patient responses to cVNS is observed, with 66% of patients experi-
encing side effects (cough, throat pain, voice alteration, and dyspnea)
whereas other patients experience none.27 A potential explanation
for the heterogeneity in evoked responses to stimulation is that the
cervical vagus nerve fascicles are highly disorganized, with fascicles
splitting and merging approximately every 560 μm in humans.28 This
disorganization of nerve fascicle morphology can cause variability in
the electrode-nerve interface and activation thresholds.

Previous studies show that cVNS activates LC neurons in a
manner dependent on the stimulation parameters delivered.14,29

The cVNS-induced activation of the LC, using short bursts of
stimulation, reported in this study was similar to that previously
described.14 Although high-stimulation (2 mA) cVNS induced more
spike activity in the LC than did abdominal VNS (2 mA), the caveat
is that 2-mA cVNS causes significant changes to heart rate and
breathing (off-target effects). As such, we conclude that although
abdominal VNS activated fewer LC neurons at maximum stimula-
tion levels, it is potentially more efficacious at safe stimulation
levels than is cVNS.

Previous cVNS studies in rats defined the lowest current needed
to elicit 5% changes in heart rate, which was 0.22 ± 0.20 mA
(mean ± SEM), equivalent to 22 ± 20 nC.30 In this study, a Dunnett’s
statistical post hoc test was used to determine the off-target
threshold defined as the minimum amount of current required to
induce a significant change to baseline breathing or heart rate
(Fig. 3a,b). The difference in heart rate using this method was
26.20% ± 18.07% (mean ± SD) and produced an off-target
threshold of 0.87 ± 0.07 mA, equivalent to 87 ± 7 nC. As such,
our method of determining a safe current level produced a higher
threshold than that of previous studies30 and would subsequently
have increased the LC drive from safe cVNS.
y Elsevier Inc. on behalf of the
iety. This is an open access article
tivecommons.org/licenses/by-nc-nd/4.0/).
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a

b

Figure 5. Topographic arrangement of VNS-induced activity in the LC and Me5. a. Location of VNS-induced activation in LC during stimulation levels above the off-
target effect threshold (maximal). b. Location of VNS-induced activation in LC during stimulation levels below the off-target effect threshold (safe). At safe stimulation
levels (0.7–0.9 mA), most of the VNS-induced firing in the LC occurred because of abdominal VNS. In panels a and b, anatomical maps show the horizontal rep-
resentations of the LC and Me5.21 Each gray or colored circle represents a recording site: Gray circles represent no VNS-induced firing; blue circles
indicate cVNS-induced firing; orange represents abdominal VNS-induced firing. The size of the circle represents fold change in the level of VNS-induced firing. A-P,
anterior-posterior; M-L, medial-lateral. [Color figure can be viewed at www.neuromodulationjournal.org]
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Although a role for LC activation is implicated, the precise
mechanisms mediating the therapeutic effect during VNS for epi-
lepsy are not known. Early rat studies suggest the therapeutic
mechanisms of VNS to suppress pentylenetetrazol (PTZ)-induced
seizures require the activation of vagal C fibers.31 However, in
contrast, the destruction of capsaicin-sensitive C-fibers, after mul-
tiple subcutaneous injections of noxious capsaicin, did not alter
PTZ-induced seizures in awake rats, suggesting capsaicin-sensitive
C-fibers are not involved in the therapeutic effects of VNS in
seizure reduction.32 However, this model does not eliminate the
proportion of vagal C-fibers that are not sensitive to capsaicin,33

suggesting vagal capsaicin-resistant C-fibers may still have a role
in suppressing seizures. This is important given the abdominal
vagus nerve in rats comprises 97% unmyelinated C-fibers, with the
remaining 3% of fibers likely myelinated (autonomic motor) B-
fibers.25,34 As such, it is not clear whether abdominal VNS would
have a meaningful therapeutic seizure-suppressing effect, and
future studies should assess the efficacy of abdominal VNS in a rat
model of seizures.
www.neuromodulationjournal.org © 2025 The Authors. Published b
International Neuromodulation Soc
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Topographic arrangement of vagal centric nuclei has been
observed in regions such as the LC, nucleus tractus solitarius (NTS),
and dorsal motor nucleus.35–37 Here, we report the topographic
arrangement of activation of cervical and abdominal VNS within the
LC, which was mostly observed to occur in the anteromedial area of
the nuclei. A limitation of this study was the use of the anesthetic
inhalant isoflurane, which is known to suppress peripheral nerve
activity38 and neurotransmission within the NTS.39 During our studies,
the use of isoflurane was minimized by the addition of medetomi-
dine, an α2-adenoreceptor agonist sedative and analgesic.40

CVNS-induced increase in the firing rate of LC neurons has been
previously reported in animals administered with α2-adenoreceptor
agonist.14 However, because α2-adenoreceptor agonist is known to
decrease the firing rate of LC neurons, both the background activity
and VNS-induced firing in the LC may be higher in awake animals.41

In conclusion, abdominal VNS activated LC neurons without
causing changes to heart and breathing rate and shows promise as
an alternative approach to the treatment of drug-resistant epilepsy
and depression.
y Elsevier Inc. on behalf of the
iety. This is an open access article
tivecommons.org/licenses/by-nc-nd/4.0/).
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COMMENT

This study shows that abdominal VNS can potentially be as effective
as cVNS but without the off-target effects on heart rate and blood
pressure that are common in cVNS. Although cVNS is approved by the
FDA for treating refractory epilepsy and depression, it may be worth
further investigating the alternative of using abdominal VNS.
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