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Abstract

Vagus nerve stimulation (VNS) is used as therapy in epilepsy and depression and is
tested as a potential treatment for several chronic disorders. Typically, VNS is delivered
at increasing stimulus intensity until a response is observed (threshold intensity).
Factors that affect threshold intensities for engagement of different fiber types and
concomitant physiological responses have not been studied. We determined neural and
physiological responses to increasing stimulus intensities of VNS in anesthetized and
awake animals, and examined the effect of implant- and anesthesia-related factors on
threshold intensities in a rodent model of VNS. In acute and long-term cervical vagus
nerve implants (53 and 14 rats, respectively) VNS was delivered under isoflurane,
ketamine-xylazine, or awake at different intensities. Stimulus-evoked compound action
potentials (eCAPs) were recorded, elicited physiological responses were registered,
including changes heart rate (HR), breathing, and blood pressure (BP), and threshold
intensities were determined. The intensity that elicits eCAPs (“neural threshold”) is
significantly lower than what elicits a physiological response (“physiological threshold”,
PT) (25 uA £1.8 vs. 70 uA +5.2, respectively; Mean +SEM). Changes in BP occur at the
lowest stimulus intensities (80 pA +7), followed by changes in HR (105 pA +£8.4) and
finally in breathing (310 pA £32.5). PT is lower with than without electrode insulation (60
pA £12, vs. 700 pA +123). PT and electrode impedance are correlated in long-term
(r=0.47; p<0.001) but not in acute implants (r=-0.34; p NS); both PT and impedance
increase with implant age (Pearson correlation r=0.44; p<0.001 and r=0.64; p<0.001,
respectively). PT is lowest when animals are awake (210 pA +33; Mean +SEM),

followed by ketamine-xylazine (630 uA +154), and isoflurane (1075 puA £131). The
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sequence of physiological responses with increasing VNS intensity is similar in both
anesthetized and awake states. Implant age, electrical impedance and the type of
anesthesia affect VNS threshold and should be accounted for when determining

stimulation dose.
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Introduction

In neuromodulation, electrical energy is delivered with the intent of altering the function
of the central or peripheral nervous system. It can be delivered either by means of
invasive (e.g., deep brain stimulation and peripheral nerve stimulation)'* or non-invasive
stimulation (e.g., transcranial stimulation and transauricular vagus nerve stimulation)>”.
Usually, neurostimulation is initiated at a low intensity, which is increased gradually until
a neurophysiological, behavioral, or physiological response is observed. The minimum
intensity to elicit such a response is defined as the stimulation threshold. At the cellular
level, the stimulation threshold corresponds to the electrical energy level that is just
enough to activate neural elements, typically neurons and their axonal and dendritic
processes, with the lowest excitability threshold® °. At higher intensities, elements with
higher excitability thresholds get recruited, leading to increasingly stronger or additional

responses? 0,

The type of threshold responses and the way they are measured depends on the site of
neurostimulation. Examples of threshold responses are the motor evoked potential
(MEP), a neurophysiological response to cortical stimulation, reduction in pain, a
behavioral response to spinal cord stimulation'?, and a change in heart rate, a
physiological response to cervical vagus nerve stimulation (VNS)'S. These examples
underscore that stimulation threshold responses depend on which components of the
nervous system are activated or inhibited, but also on the end-organs through which
that activation, or inhibition, manifests itself. For example, motor cortex stimulation
would not elicit the same MEP in subjects taking muscle relaxants and in subjects not

taking any medication'. Similarly, the behavioral response to spinal cord stimulation
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depends on cognitive state'®. Therefore, the physiological state of the neural circuits

and end-organs is important when the stimulation threshold is determined.

Knowledge of threshold intensities is essential in neuromodulation studies and
therapies. The threshold for a given stimulation modality varies widely across subjects®
7. Mechanisms that determine threshold can be grouped into 3 categories: those
related to the neural interface, those related to the generated electrical field, and those
related to the physiological status of the end-organ. Factors that determine the neural
interface include surgical technique? ', foreign body response to a long-term implanted
electrode™ '°, and degradation of the electrode itself?°. Factors influencing the
generated electrical field include electrode geometry?':22, electrode orientation relative to
the stimulated neural elements'” 223 and stimulation parameters'"2'. Finally, the state
of a subject or the end-organ at the time of stimulation affects the stimulation
threshold?*. For example, general anesthesia has distinct effects on the nervous system
and multiple end-organs, altering stimulation thresholds through several mechanisms?.
Factors affecting stimulation thresholds in brain stimulation? '':2!, spinal cord
stimulation?®, and somatic peripheral nerve stimulation, such as tibial or ulnar nerve'® 2%
2 are relatively well-studied. There is much less data on factors affecting stimulation
thresholds in vagus nerve stimulation (VNS), an established neuromodulation therapy in
epilepsy and depression' %26 and currently under study in a variety of cardiovascular,

immune, and metabolic disorders?’-3°,

In this study, we examined several factors affecting threshold intensity in cervical VNS
in rats, and more specifically the presence of insulation at the neural interface, the level

of ex-vivo and in-vivo electrode impedance, the age of the implant, and the conditions of


https://doi.org/10.1101/2021.01.22.427329

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.22.427329; this version posted January 26, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

anesthesia. To address these questions, we developed acute and long-term implants of
vagus nerve stimulation and recording, and a methodology to determine thresholds in
individual animals. We found that the threshold for evoking nerve compound action
potentials with VNS ("neural threshold", NT) is lower than that for eliciting a reproducible
physiological response ("physiological threshold", PT). The PT has a weak correlation
with ex-vivo or in-vivo electrode impedance on an individual measurement basis, even
though they both increased with implant age. Anesthesia caused a significant increase
in the threshold of VNS, compared to the conscious state: isoflurane has the largest

effect, followed by ketamine-xylazine.

Methods

Animal preparation

Male Sprague-Dawley rats (n=67) weighing 250-400gm were used in this study.
Institutional Animal Care and Use Committee approved all animal experiments.
Isoflurane was a primary anesthetic agent (induction 4%, maintenance 1-2%). Ketamine
(80 mg/kg IP) and xylazine (6 mg/kg IP) were used in a few experiments. After
induction, rat was placed in a supine position, and hairs were removed from surgical
sites. Alcohol and Betadine were used to disinfect surgical sites. Adequate level of

anesthesia was assessed by pedal reflex and breathing rate.

Instrumentation of physiological sensors
Physiological signals were monitored during experiments. Nasal temperature sensor
was inserted inside nostril to detect temperature changes during inhalation and

exhalation; breathing rate was calculated using nasal temperature sensor (fig. 1).


https://doi.org/10.1101/2021.01.22.427329

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.22.427329; this version posted January 26, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Electrocardiogram (ECG) was recorded using 3-needle electrodes inserted
intradermally (fig. 1). Left femoral artery was isolated, and polyethylene-tube 50 was
inserted to monitor systemic arterial pressure (SAP) (fig. 1). Body temperature was

measure using rectal probe and maintained at 37-37.5°c using heating pad.
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Figure 1. Schematic of an experiment in a rat, placement of electrodes, and
instrumentation of physiological sensors. (A) Implanted head connector on the skull
of a rat, VNS was delivered through this connector in a long-term vagal cuff implanted
rat. (B) Close-up images of bipolar and tripolar Flex electrodes. (C) Two cuff electrodes
were placed around a cervical vagus nerve (beside Trachea), one electrode was used
for stimulation and the other to record stimulus-elicited evoked compound action
potential (eCAP). Three needle Electrocardiogram (ECG) leads were placed
intradermally on the limbs (green color), nasal temperature sensor was placed inside
the nostril (blue color) and a catheter was inserted inside a femoral artery to measure
systemic arterial pressure (red color). (D) Real time physiological signals acquired using
the physiological sensors. Nasal airflow signal obtained from nasal temperature sensor
(top panel), ECG signal from ECG leads (middle panel), and systemic arterial pressure

from femoral artery catheter (bottom panel).
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Electrodes

The “Flex” electrodes used for this study were designed for acute and long-term
implantation and made using microfabrication processes®' (fig. 1B). Some of the acute
experiments were conducted using commercially available CorTec bipolar electrodes
(CorTec, Germany). Additional microfabrication details of electrodes are described in

supplementary file.

Surgical procedure for acute implantation

A midline skin incision of 2-3 cm was given on the neck. After the incision, a
submandibular gland can be visualized (fig. 2A). This gland was separated to visualize
sternohyoid (midline) and sternocleidomastoid (oblique) muscles (fig. 2B, 2C). The
sternocleidomastoid muscle was then retracted using magnetic retractors (Fine Science
Tools, CA) to reach the carotid bundle (common carotid artery and vagus nerve; fig.
2C). A third muscle named omohyoid can be seen connecting sternohyoid and
sternocleidomastoid muscles; carotid bundle can be visualized rostral and caudal to the
omohyoid muscle (fig. 2C, 2D). A dissecting microscope (Carl Zeiss Microscopy, NY)
was used to separate vagus nerve from carotid bundle (fig. 2D). The rostral end of
vagus nerve was isolated, and in a few experiments, the caudal end was also isolated.
The middle part of the nerve embedded under omohyoid muscle was left intact to
minimize nerve manipulation. A bipolar or tripolar electrode was placed under the nerve
(fig. 2E). In-case of two electrodes, the distance between them was always between 5-6
mm. A silicone elastomer Kwiksil (World Precision Instruments, FL) was used to

insulate the nerve-electrode interface from the surrounding fluid.
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Surgical procedure for long-term implantation

A 1 cm skin incision was given on the skull while the rat was in a prone position. Scalp
tissue was cleared using hydrogen peroxide between bregma and lambda. A drilling
machine using a bit of shaft diameter 2.3 mm (19007-09, FST, CA) was used to drill two
holes on the right and left side of the skull, between coronal and lambdoid sutures. Self-
tapping bone screws (19010-10, FST, CA) were screwed on these holes using a
screwdriver (Stanley, CT). Rat was then placed in a left lateral recumbent position. A
subcutaneous tunnel was then made between skull and neck using a hemostat, through
which electrode leads were tunneled. Rat was then placed in a supine position, and
electrode was placed around the left vagus nerve, as explained above. A small ligating
clip (LT-100, Johnson & Johnson, NJ) was used to close Flex electrode. Electrode leads
were sutured on a surrounding muscle to minimize nerve manipulation during physical
movement. Skin was closed using 4.0 nylon-suture. Rat was then again placed in a
prone position to fix the head-connector on the skull. A layer of acrylic dental cement (A-
M systems, WA) was applied on the exposed area of skull, head connector was then
fixed between the two skull screws (fig. 1A). Subcutaneous antibiotics (Enfloroxacin 5
mg/kg) and Meloxicam 3 mg/kg were given once a day for three days post-surgery. Few
rats were purchased pre-implanted with a telemetry device (HD-S21, Data Science
International, MN) to record the effect of VNS on systemic arterial pressure and heart

rate on freely moving rats.
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Figure 2. Surgical steps of a cervical vagus nerve isolation and electrode
placement in a rat. (A) Midline neck incision while the rat was in a supine position. (B)
Separation of submandibular salivary glands (SMG). (C) Major cervical muscles
involved when isolating cervical vagus nerve (SCM = Sternocleidomastoid muscle; SHM
= Sternohyoid muscle; OHM = Omohyoid muscle). (D) Retraction of SCM to better
visualize carotid bundle (CB). (E) Placement of two cuff electrodes above and below

OHM (cVN = Cervical vagus nerve; CA = Carotid artery; E = Electrode).
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Stimulation and Recording

All biological signals were first pre-processed using Bio Amplifier for ECG signals,
Bridge Amplifier for pressure signals, and T-type Pods for nasal temperature sensor and
rectal probe. These amplifiers and pods were linked to PowerLab (ADInstruments Inc,
CO). All the raw signals captured by PowerLab were displayed on LabChart (ADI, CO).
The biological signals from telemetry implanted rats were captured on PhysioTel
Hardware (DSI, MN), and were displayed on LabChart. The stimulator (STG4008, Multi-
Channel Systems, DE) was connected to the rostral electrode, and a recording amplifier
(RHS2000 series, Intan Technologies, CA) was connected to the caudal electrode.
Physiological threshold (PT) was defined as intensity needed to elicit a 5-10% decrease
in heart rate (HR). Neural threshold (NT) was defined as intensity needed to elicit a
visible eCAP on a recording electrode. Stimulation parameters used for determining
thresholds were constant current, rectangular pulses with pulse widths (PW) of 100 pus,
frequency (F) of 30 Hz, and duration of 10 s. Stimulus triggers were registered on
LabChart as well as on Intan software and were used to synchronize the recordings.
Parameters used in this study are PW of 100 us, F= 30 Hz, and duration 10 s. Bipolar

stimulation was used in terminal and survival experiments.

Analysis

Analysis of physiological and neurophysiological signals

Physiological and neural recording data were processed using custom scripts on
MATLAB (Mathworks). The ECG signal was first pre-processed with a high-pass filter at

0.1 Hz to remove direct current (DC) voltage drift, followed by QRS peak detection to
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calculate heart rate (HR) based on individual R-R intervals. For nasal temperature
sensor signal, a high-pass filter at 0.1 Hz was applied to eliminate the temperature drift.
Both positive and negative peaks were detected to compute breathing cycles for

accurate detection of each breath.

The change in breathing rate (ABR) and heart rate (AHR) for stimulation trains were
calculated as follow:

BRpre - BRVNS

ABR =
BRyre

HRpre - HRVNS
HRpyre

AHR =

where BR,. (or HRe) corresponds to the mean BR (or HR) during the 10s long train
before the stimulation, and BRyns (or HRws) to the mean BR (or HR) during the
stimulation. Neural signal processing and elimination of non-neural signals captured
from a recording nerve electrode. Briefly, non-neural components in eCAP recordings
include ECG-artifact, stimulus-artifact, and EMG-artifact from laryngeal muscle
contraction. To improve nerve signal quality and resolve short-latency fiber responses, a

stimulus artifact suppression algorithm was employed.

Statistical analysis

A paired t-test was used to compare the physiological and neural thresholds. A paired t-
test was used to compare physiological thresholds of animals under isoflurane,
ketamine-xylazine, and awake state. Pearson-correlation coefficient was used to find

correlation between physiological and neural thresholds, and between physiological
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threshold and electrode impedance. Comparisons were deemed statistically significant
for p<0.05 for all analyses. All statistical analyses were conducted on MATLAB

(Mathworks).

Results

Neural threshold is significantly lower than physiological threshold

We sought to investigate the relationship between the minimum stimulus intensity that
elicits a neural response ("neural threshold", NT) and the minimum intensity that elicits a
vagally-mediated physiological response ("physiological threshold", PT). We determined
NT by measuring stimulus-evoked compound action potentials (eCAPs) (fig. 3A). We
determined PT by measuring stimulus-elicited change in heart rate (HR). eCAP
responses comprise components with different latencies, corresponding to activation of
different fiber types, recruited at different intensities: short latency A-fibers are engaged
at low intensities, whereas intermediate latency B-fibers are engaged at higher
intensities (fig. 3A). This fiber recruitment pattern correlates well with the physiological
responses seen during VNS: at low-intensities, A-fibers mediate an increase in SAP and
moderate drop in BR, at intermediate-intensities B-fibers mediate drop in HR, and
secondarily in SAP, and at high intensities C-fibers mediate apnea responses (fig. 3A,

4).

In 19 animals, NT range between 14 and 40 pA and PT between 42 and 120 pA. Mean
NT (25 pA + 1.83) is significantly smaller than mean PT (70 pA + 5.24) (p<0.01, paired
t-test) (fig. 3B). On a single animal basis, NT is always lower than PT (fig. 3C), and NT

and PT were correlated: animals with relatively low NT values have relatively low PT
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values, and vice-versa (Pearson-correlation coefficient: r=0.7, p<0.01). NT and PT are
not significantly different between right and left VNS (Suppl. fig. S1). In a separate
group of 4 rats, neural and physiological responses were compared by using 2 different
stimulation frequencies, 1 and 30 Hz; neural responses are similar in both frequencies,
whereas physiological responses are significantly different (table I). These results
indicate that there is a significant, almost 3-fold, variability in both NT and PT across
animals and that PT is 2—4 times greater than NT. These results also suggest that
stimulation frequency of VNS affects the magnitude of the physiological response, but

not of the neural response.
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Frequency A-fiber B-fiber AHR
(Hz) (nV) () (%)
1 121.42 £11.2 40.87 +9.6 -0.08 +0.2*
30 138.27 +11.5 37.55 +8.6 -17.30 £3.3*

Table I. Effect of stimulation frequencies on neural and physiological responses.
Mean (+SEM) amplitude of A- and B-fiber response, extracted from eCAPS, and
magnitude of stimulus-elicited changes in heart rate (AHR), for 2 different stimulation
frequencies, 1 and 30 Hz. Stimulation intensities and pulse widths are identical for both

frequencies (n=4). Asterisks denote statistically significant difference between the 2

frequencies (p<0.001, Paired t-test).
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Figure 3. Relation between neural and physiological thresholds of VNS.

(A) Examples of evoked compound action potentials (eCAP) (a) and stimulus-elicited

changes in heart rate (b) and breathing rate (c), at different stimulus intensities,

expressed in units of neural threshold (1XNT, 2xNT and 3xNT). To determine NT, trains

of 10 s duration, 30 Hz, of 100 ms pulse width were delivered. The colored shaded

areas in panel ‘a’ represent the latency windows used for quantifying magnitude of fiber

activation, based on fiber conduction velocity and electrode distance; in this case, the

window for A-fibers was 0.3 - 0.95 ms, for B-fibers 0.7 - 1.2 ms, and for evoked EMG

activity (due to efferent, laryngeal A-fiber activation) 2 - 13 ms. The grey shaded area in

panels ‘b’ and ‘c’ represent the duration of stimulation. (B) Mean (+SEM) neural and

physiological thresholds in 19 animals (asterisk indicates p<0.001, Paired t-test). (C)

Comparison between NT and PT values in individual animals (n=19). Each point in the
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plot represents an experiment in which both NT and PT were determined. Dotted blue
line represents unity line, yellow line represents the linear fit of the data. NT and PT are

significantly correlated (Pearson correlation coefficient: r=0.7, p<0.001).
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Acute cardiopulmonary responses to VNS depend on stimulus intensity

Different acute cardiopulmonary responses are elicited at different VNS intensities,
including changes in breathing rate, usually in the form of slower breathing, and in heart
rate, usually in the form of bradycardia (fig. 3A). Generally, intensity is a major
determinant of the pattern of physiological responses to VNS. In animals anesthetized
with isoflurane, at low VNS intensities, we routinely observed slower breathing and
increase SAP, both of which returned to baseline after the end of stimulation (fig. 4A).
At intermediate intensities, slower breathing and bradycardia are typically seen; often,
the bradycardic response is associated with a drop in SAP; again, parameters returned
to baseline after the end of stimulation (fig. 4B). At higher intensities, we observed
apnea during stimulation, more intense bradycardia, and a larger drop in SAP; even
though breathing and heart rhythm returned to baseline after the end of stimulation, a
rebound increased in SAP is commonly seen (fig. 4C). Thresholds for different
responses under anesthesia are summarized in table. Il. Heart rate responses to VNS
in awake, freely behaving animals are comparable to those in anesthetized animals, but
SAP responses are often more complex and variable (fig. 4D-F). Overall trends for low,
intermediate, and high intensities of anesthetized and awake groups are summarized in
table. lll. These results indicate that acute cardiopulmonary responses to VNS depend

on the stimulus intensity.
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Mean Arterial Pressure Bradypnea Heart Rate Apnea
Threshold Threshold Threshold Threshold
(nA) (nA) (nA) (nA)
80 7 80 7 105 £8.4 310 £32.5

Table Il. Stimulation threshold intensities of various cardiopulmonary responses
under anesthesia (isoflurane) in acute experiments (Mean +SEM). Stimulation

frequency and pulse width are 30 Hz and 100 ps, respectively (n=8 animals).
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Relative Absolute ABR AHR AMAP
Intensity intensity (%) (%) (%)
(xPT) (nA)
Low 80-100 | -13.84+8.1 | -0.74 +1.1 10.09 2.8
(0.5-1PT)
Anesthetized | Intermediate 100-300 | -61.49+4.4 | -14.76 +1.5 | -16.09 £1.3
(1-3PT)
High 300-600 | -75.47 +5.2 | -49.75+7.6 | -33.77 +4.2
(>3PT)
Low 20-70 - 0.26 +0.7 | 16.85+3.6
(0.5-1PT)
Awake Intermediate 70-200 - -14.97 £1.5 | 26.45 4.8
(1-3PT)
High 200-300 - -66.37 +3.6 | -20.11 +2.4
(>3PT)

Table lll. Effect of stimulation intensity on cardiopulmonary responses in

anesthetized (isoflurane) and in awake animals (Mean £+SEM). Stimulation frequency

and pulse width are 30 Hz and 100 us, respectively (h=4 animals for each group,

anesthetized (isoflurane) and awake). PT=Physiological threshold.
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Figure 4. Examples of cardiopulmonary responses to VNS of different intensities,

in anesthetized and awake rats.

(A) Cardiopulmonary responses of VNS registered in a rat, anesthetized with isoflurane.

From top to bottom panel: nasal airflow, breathing rate (BR), ECG, heart rate (HR),

systemic arterial pressure (SAP), mean arterial pressure (MAP), and stimulus trigger.

Two 10-seconds stimulus trains were delivered with similar parameters (grey shaded

area). Low intensity stimulation parameters are 80uA, 30Hz, 100us. (B) Same as (A),

except intermediate stimulation intensity (280uA, 30Hz, 100us). (C) Same as (A),
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except high stimulation intensity (700pA, 30Hz, 100us). (D) Physiological responses of
VNS in awake, freely-moving rat. From top to bottom panel: ECG, HR, SAP, MAP, and
stimulation trigger. Two 10-seconds stimulus trains were delivered with similar
parameters. Low intensity stimulation parameters are 50pA, 30Hz, 100us. (E) Same as
(D), except intermediate stimulation intensity (250uA, 30 Hz, 100us). (F) Same as (D),

except high stimulation intensity (600uA, 30Hz, 100yus).
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Physiological threshold is lower with electrode insulation

In many acute experiments, we observed an increase in PT when moderate amounts of
fluid accumulated around the stimulation electrode. We compared PT between
experiments in the same animals with and without application of a silicone elastomer for
additional insulation (Suppl. fig. S2). In the same 7 animals, PT with application of
insulating elastomer is significantly lower than without: 60 pA +12.3, vs. 700 pA +122.6
(Suppl. table 1). In one animal, we were able to reduce PT by dabbing the fluid from the
area around the stimulating electrode with an absorbing cotton tip (Suppl. table 1).
These results indicate that additional insulation of the stimulating electrode prevents

current shunting by accumulated fluid, resulting in lower PT values.
Physiological threshold increases with increasing implant age

To determine whether implant age affects physiological responses to VNS, we
chronically implanted stimulating electrodes on the cervical vagus and determined PT
under anesthesia (isoflurane) in multiple stimulation sessions across several weeks until
no physiological response was observed for two consecutive stimulation sessions. In
general, the intensity to elicit the same physiological response is increased with
increasing age; for example, to elicit a drop in HR by 8-10% 1 day after implantation
intensity required is 100 uA, whereas at 60 days later, it is 1000 pA (fig. 5A, 5B). In 14
rats, PT is gradually increased significantly during the first 2 weeks, and only
moderately afterward (fig. 5C). Mean PT at the day of implantation is 190 pA + 28.5
(n=14), 650 pA £112.8 (n=12) at 2 weeks post-implantation, 670 uA £100 (n=9) at 4

weeks, 630 pA +160.7 (n=4) at 8 weeks, and 950 pA + 550 (n=2) at 12 weeks.
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Additionally, significant amount of fibrosis is observed around the neural interface during
the autopsy; the fibrotic response seems to get worse with the age of the implant
(Suppl. fig. S3). These results indicate that implant age is positively correlated with PT,

with the greatest increases happening during the first two weeks post-implantation.

Physiological threshold is affected by in-vivo/ex-vivo electrical impedance

To determine whether the level of the electrical impedance of the stimulating electrode,
often used to infer the functional status of an electrode or the tissue-electrode interface,
affects PT, we measured in-vivo/ex-vivo electrical impedance and PT in the same
stimulation sessions, in acute and long-term nerve implants. In 53 acute experiments,
mean ex-vivo impedance at 1KHz before implantation is 1.6 kQ +0.14, and mean PT is
80 pA +5.84. The correlation between ex-vivo impedance and PT is non-significant (r =
0.21, p NS) (Suppl. fig. S4). In 12 animals, we compared the ex-vivo and in-vivo
impedances of electrodes, measured immediately before and after implantation,
respectively; ex-vivo impedance is always lower than the in-vivo impedance, and the
two impedance values are highly correlated (r = 0.83) (Suppl. fig. S4). In 14 rats
implanted with long-term electrodes, PT progressively increases with implant age (fig.
5C; r = 0.44, p<0.001). Electrode impedance also increases with age (fig. 5D) (r = 0.64,
p<0.001). On a single measurement basis, there is a weak but statistically significant
correlation between PT and impedance (fig. 5E; r = 0.47, p<0.001). In 3 out of 14 long-
term implants, impedances were low but no physiological response was observed (fig
5E). These results indicate that in-vivo/ex-vivo electrical impedance of the stimulating
electrode is a poor predictor of PT in acute implants. In-vivo impedance is a predictor in

most, but not all, long-term implants.
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Figure 5. Effect of implant age on the physiological threshold and electrode

impedance.

(A) Example of a stimulus elicited change in heart rate and breathing rate at day 1 post-
implantation under anesthesia (isoflurane). The grey shaded areas represent the
duration of stimulation. Intensity used to elicit change in heart rate (AHR) and breathing
rate (ABR) was 100pA (30Hz, 100us PW). (B) Same animal as (A) but on day 60 of
post-implantation. Intensity used to elicit AHR and ABR was 1000uA (30Hz, 100us PW).
(C) Longitudinal changes in physiological thresholds after implantation. Each trace
represents one animal; the time point at which the line terminates corresponds to the
loss of physiological response. (D) Longitudinal changes in electrode impedance after
implantation. Each trace represents one animal; the time point at which the line

terminates corresponds to impedance value >20 kQ. (E) Impedance values vs.
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corresponding physiological threshold values from 14 animals. Each circle represents
one experiment; different colors represent measurements performed at different implant
ages: within 1 month from implantation (blue), 1-2 months (green), 2-3 months (red)

Pearson correlation coefficient: r = 0.47; p<0.001). Inf denotes undeterminable PT (non-

functional implant).
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Physiological threshold is higher under anesthesia compared to wakefulness

To determine the effects of anesthesia on PT in rats chronically implanted with vagus
electrodes, we measured PT under anesthesia with isoflurane, with ketamine-xylazine,
and during awake conditions. In these experiments, the animal was first anesthetized
with isoflurane, PT was measured, and isoflurane was turned off; after the animal
recovered from isoflurane, PT was determined again, either in an awake state (first
animal group; fig. 6A, 6B) or after a second round of anesthesia with ketamine-xylazine
(second animal group). In the first group of 5 animals (23 experiments), PT measured
under anesthesia with isoflurane is 1020 pA +122.3, and in awake conditions, it is 210
pA +£33.5 (p<0.001, paired t-test) (fig. 6C). In the second group of 5 animals (7
experiments), PT measured under isoflurane is 1215 pA £207.5, and under ketamine-
xylazine is 630 pA £158.8 (p<0.001, paired t-test) (fig. 6C). To determine whether these
differences persisted at supra-threshold intensities, we measured the stimulus-elicited
change in HR (AHR) to the same suprathreshold intensities, under isoflurane vs. awake,
or under isoflurane vs. ketamine-xylazine. In the first group, the mean change in heart
rate (AHR) under isoflurane is -2 % +0.7, and in awake conditions, it is -26 % +3.3
(p<0.01, paired t-test) (fig 6D). In the second group, AHR under isoflurane is -1 % +1.01
and under ketamine-xylazine it is -13 % +3.98 (p<0.01, paired t-test) (fig. 6E). These
results indicate that PT are the smallest when the animals are awake, followed by

anesthesia with ketamine-xylazine and finally with isoflurane.
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(A) Example in which VNS was delivered when the animal was anesthetized with

isoflurane and stimulus-elicited change in heart rate (AHR) was registered. The grey

shaded area represents the duration of stimulation. Parameters used were 1000uA,

100us, 30Hz. (B) The same animal as in (A) received the same stimulus after it was

allowed to recover from isoflurane for at least 2 hours. (C) Left panel: Mean (+SEM)

heart rate thresholds of VNS during wakefulness and during anesthesia with isoflurane

(group 1: 283 experiments in 5 animals) (p<0.001, Paired t-test). Right panel: Mean

(£SEM) heart rate thresholds of VNS during anesthesia with ketamine/xylazine and with

isoflurane (group 2: 7 experiments in 5 animals) (p<0.01, Paired t-test). (D) Heart rate

responses to VNS of the same suprathreshold intensities in each of the animals in
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group 1 (awake vs. isoflurane, left panel) and in group 2 (ketamine/xylazine vs.

isoflurane, right panel).
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Discussion

In animal studies of vagus nerve stimulation (VNS), determining stimulation threshold is
commonly one of the first steps in an experiment, as it defines the minimal effective
"dose". Expressing stimulation dose in units of threshold removes variability between
experimental conditions or between animals (fig. 7). The selection of the type of
threshold depends on the study outcome: "neural threshold" (NT), the minimal intensity
that elicits nerve activity, is appropriate when nerve action potentials are studied®,
whereas "physiological threshold" (PT), the minimal intensity that produces a
physiological response, is more suitable when the physiological effects of VNS are of

interest33 34,


https://doi.org/10.1101/2021.01.22.427329

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.22.427329; this version posted January 26, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

33

Rs| N

|50 beats/min
R4

R3 RPN, ... [, Novvorei,__proovivenny e W

R2 AWV e Wy /w“""'
W

R1 w

S sec
1 1 1 1
0.5 1 2 3
B Stimulation Intensity (xPT)
T T T T T
50 beats/min
R4
R3 B I S i w m\/«ﬂn

R2 e R m\ o /
\\x\/\f/“w \L'\‘ny

e N

100 150 200 250 300
Stimulation Intensity (zA)

0

Figure 7. VNS-elicited changes in heart rate at different normalized or absolute
stimulus intensities. (A) Change in heart rate at different normalized intensities
(expressed in units of threshold intensity), in 5 animals. The colored shaded areas
represent the duration of stimulation. (B) Change in heart rate at different absolute

intensities, in the same 5 animals.
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In our study, we determined both NT and several types of PT to cervical VNS in
laboratory rats. PT was determined with respect to several different physiological
responses, which followed a sequence as stimulus intensity was increased: increase in
blood pressure (BP) and drop in breathing rate (BR) typically occur at lowest intensities,
drop in heart rate (HR), and a resulting drop in BP (under isoflurane) or increase in BP
(awake conditions), at intermediate intensities, and finally apnea, along with drop in HR
and BP, at high intensities (table. Ill). Interestingly, the same sequence of physiological
effects with increasing intensity is seen in both anesthetized and awake animals (fig. 4),
something reported for the first time, to the best of our knowledge. This means that
anesthesia does not alter the sequence of physiological effects of VNS as stimulus

intensity increases.

This sequence of physiological effects can be explained by the stimulus intensity-
dependent engagement of vagal fibers by VNS, which follows a size principle: larger
fibers have relatively low thresholds and smaller fibers have high thresholds®. At low
intensities, activation of larger A-delta fibers from lung stretch receptors may be
responsible for the drop in breathing rate, as part of the Herring-Breuer reflex36-3, At
those intensities, afferent A-delta fibers from aortic baroreceptors®® are also activated.
Isolated activation of those fibers is known to elicit a drop in BP*°, in contrast to the
increase in BP we documented at low intensities. It is likely that in our case, activation
of A-delta fibers happens concurrently with co-activation of efferent sympathetic fibers,
of which there is a small number in the vagus*', resulting in vasoconstriction and

increase in BP. It is also likely that engagement of afferent A-delta fibers initiates vagal-
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sympathetic reflexes resulting in an increase in the sympathetic tone to vessels,
resulting in vasoconstriction, and to the heart, resulting in tachycardia®. Afferent fiber
activation happening at these low intensities could also centrally suppress the
parasympathetic tone to the heart®*. Such vagal-sympathetic reflexes are mediated
centrally by direct connections from the vagal sensory nucleus of the solitary tract (NTS)
to the dorsal motor nucleus (DMN) of the vagus and sympathetic ganglia* 4243, As
stimulus intensity increases further and cardio-inhibitory B-fibers become more
engaged, their cardioinhibitory action at the heart dominates, and drops in HR and BP
ensues®® 3 (fig. 4). Interestingly, in awake conditions, a similar drop in HR is observed
but with an increase in SAP (table. Ill). This difference in response between
anesthetized and awake conditions is possibly due to the fact that isoflurane
suppresses sympathetic activity which resulted in the absence of an increase in SAP
under isoflurane**“*. Finally, activation of smaller C-fibers at highest stimulus intensities

in rats produces apnea® 4647,

On a single animal-basis, NT and PT are positively and highly correlated (fig. 3C); this
finding may be used to estimate NT by measuring PT, under specific conditions. In
general, measuring PT is much faster and easier than determining NT, which involves
the step of recording stimulus-evoked compound action potentials (eCAPs). We found
that NT ranged between 14-40 pA (single pulses of 100 us pulse width) and PT
between 32-150 pA (trains of 100 us-long pulses at 30 Hz pulsing frequency). The
higher values for PT than for NT are expected, given the additional anatomical elements
involved in the determination of PT and have been described before'® . This difference

can be explained by the neural components engaged in their measurement. For NT,
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those include the electrode-nerve interface and the level of excitability of the stimulated
nerve fibers. Determining PT in addition, involves synaptic transmission at the
ganglionic synapse, the level of excitability of the corresponding ganglionic cells, and
the postganglionic synapse or circuit at the end-organ, as well as the state, at the time
of stimulation, of the end-organ itself (fig. 8). It follows that, due to synaptic temporal
summation, PT should be dependent on pulsing frequency. Indeed, we found that the
physiological responses to VNS trains are different between 2 pulsing frequencies (1 Hz
vs. 30 Hz), even though the eCAP responses to individual pulses of those same trains
are largely similar (table 1). We hypothesized that since a physiological response relies
both on nerve activation and engagement of the neural circuit controlling the end organ
(sinus node of the heart, baroreflex or respiratory center in the brain): (a) NT should be

lower than PT, (b) PT, but not NT, should be dependent on pulsing frequency.
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Figure 8. Circuit mechanisms involved in the determination of “neural threshold”

(NT) and “physiological threshold” (PT) intensities of VNS.

NT depends on the engagement of afferent and efferent vagal nerve fibers by stimuli, as
measured by stimulus-evoked compound action potentials (eCAPs). PT depends on
the engaged neural pathway and end-organ. Heart rate changes (AHR) occur when
efferent axons of cells in the dorsal motor nucleus of the vagus (DMV) are engaged at a
level at which they depolarize cells of cardiac ganglia (CG) that in turn project to the
sino-atrial node (SAN). Breathing rate changes (ABR) and blood pressure changes
(ABP) occur when afferent axons of pseudo-unipolar cells of the vagal ganglia (VG) are
engaged at a level at which they depolarize cells in the nucleus of the solitary tract
(NTS), engaging corresponding neural reflexes. Factors related to the interface

between the stimulating electrode and the vagus nerve affects both NT and PT,
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whereas factors related to anesthesia affect primarily the PT, due to the involvement of

synaptic transmission in the latter.
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Adequate insulation of an electrode during in-vivo implantation is required to focus the
resulting electrical field to the targeted nerve and to limit current spread and activation
of non-targeted excitable tissues in the vicinity of the electrode***'. In our experiments,
PT with extra insulation, in the form of a silicone layer completely surrounding the
electrode-nerve interface, is 10 times smaller than PT without that insulation (Suppl.
table I). In one animal, "non-insulated" PT is reduced to a similar level as "insulated" PT
after dabbing the fluid accumulation around the interface (Suppl. table ), indicating that
the higher intensities needed with non-insulated interfaces are likely due to current
shunting between the electrode contacts. In long-term implants, the insulating material
must be biocompatible®?, or else, tissue reaction may compromise the nerve and the

electrode-nerve interface®, hence affecting the performance of the implant.

We found that PT increases with implant age (fig. 5C). Similarly, the intensities required
to elicit a given suprathreshold physiological response are significantly higher at a later
age compared to an earlier implant age (fig. 5A, 5B). This gradual rise in PT is due to a
multifactorial process involving inflammatory and fibrotic response to the presence of
the electrode'® '°, nerve injury with loss of nerve fibers®, and degradation of electrode
contacts or leads®. Electrode impedance reflects the electrical characteristics of the
electrode-nerve interface and has been suggested to be a measure of its effectiveness
and integrity®s. In our study, in-vivo electrode impedance increases with implant age (fig.
5D), in agreement with other reports®® %”. Both PT and impedance increase with implant
age, having a weak but significant correlation on a single measurement basis (fig. 5E).
When impedance is high (greater than 200 kQ), PT is always indeterminable (fig. 5E),

indicating a non-functional implant, but measurable impedance does not always
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guarantee a functional implant®” (fig. 5E). In acute experiments, neither ex-vivo nor in-
vivo electrode impedance is correlated with PT (Suppl. fig. S4). That may be because
PT is closely related to the spatial relationships between the electrode contacts and the
different nerve fiber types that produce the physiological responses, especially at the
relatively low threshold intensities used in our study. The anatomical heterogeneity of
the fiber composition of the cervical vagus between animals®, the presence or absence
of aortic depressor nerve in the carotid sheath along with the vagus®®, the exact
orientation of the electrode and the resulting electric field in relation to the nerve??, are
all significant determinants of PT and their contribution is not captured by measuring in

vivo or ex vivo electrode impedance.

The use of general anesthesia is typically a prerequisite for acute rodent experiments.
General anesthetic agents provide analgesia and loss of consciousness, primarily by
acting on the central nervous system (CNS). Actions on the autonomic nervous system
(ANS) have also been described, including actions on ganglionic neurons®, synaptic
transmission®'%3, and higher anesthesia concentration can also block the axonal action
potentials® . Additionally, general anesthesia reduces the receptors' sensitivity for
neurotransmitters® 7. In our study, we found that the negative chronotropic effect of
VNS is maximum in awake state, followed by ketamine-xylazine, and isoflurane (fig. 6C-
6E). These differences between awake and anesthetized states are likely because of
the effects of general anesthesia on ANS as explained above. Our findings are in
agreement with a previous study comparing isoflurane and awake states, which shows
that at a given stimulation intensity, the chronotropic response of VNS was more

pronounced in awake conditions than under isoflurane (figure 5 of Seagard et al®®). We
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also found that PT is significantly lower in awake state compared to anesthesia (fig. 6C).
The increase in PT under general anesthesia is also consistent with other peripheral
nerve stimulation studies, which show the stimulation threshold of muscle contraction
(end-organ) increases with general anesthesia, possibly as a result of inhibition of
nicotinic acetylcholine receptors at the neuromuscular junction®7', In addition to the
effect of anesthesia on ANS, they also affect the cardiovascular system, specifically the
heart. In particular, isoflurane has known to depress the cardiovascular system by
inhibiting ion-channels on cardiac muscles and pacemaker. The channels it inhibits are
the sodium channels responsible for generating action potentials’?, the voltage-gated
cardiac calcium channel responsible for generating pacemaker potentials’, and the
voltage-gated potassium channels that delay the recovery from the action potential™.
On the other hand, ketamine is an N-methyl-D-aspartate (NMDA) antagonist, which can
also modulate parasympathetic cardiac activity by altering nicotinic cholinergic
excitatory mechanisms’. The effects of ketamine on ANS, especially vagal tone, is
controversial. One study indicated that ketamine does not affect the vagal tone, such as
its effects on ganglion and synaptic potential transmission is limited’®, while the other
stated that it affects vagal tone by stimulating vagal fibers”’. Additionally, xylazine is an
alpha-2 adrenergic receptor antagonist that can cause central nervous system (CNS)
depression’®. We found out that physiological thresholds are significantly lower under
ketamine-xylazine compare to isoflurane (fig. 6C); these findings can be explained by
the fact that isoflurane has been shown to have a more pronounced effect on ANS and
the heart compare to ketamine-xylazine. Hence, a pronounced chronotropic effect of

VNS would be expected with ketamine-xylazine compare to isoflurane. Therefore, the
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discrepancies in physiological thresholds observed in awake and anesthetized
conditions are probably due to a combination of anesthetic agent's effects on the

autonomic nervous system, as well as on the heart (end-organ).
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