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Background: Modulating brainstem activity, via electrical vagus nerve stimulation (VNS), influences
cognitive functions, including memory. However, controlling for changes in stimulus efficacy during
chronic studies, and response variability between subjects, is problematic.
Objective/Hypothesis: We hypothesized that recruitment of an autonomic reflex, the Hering-Breuer
reflex, would provide robust confirmation of VNS efficacy. We compared this to measurement of elec-
trode resistance over time. We also examined whether VNS modulates contextual memory extinction.
Methods: Electrodes for VNS and diaphragm electromyography recording were implanted into anes-
thetized Sprague Dawley rats. When conscious, we measured the electrode resistance as well as the
minimum VNS current required to evoke the Hering-Breuer reflex, before, and after, an inhibitory
avoidance assay - a two chamber, dark/light model, where the dark compartment was paired with an
aversive foot shock. The extinction of this contextual memory was assessed in sham and VNS treated rats,
with VNS administered for 30 s at 1.5 times the Hering-Breuer reflex threshold during extinction
memory formation.
Results: Assessment of VNS-evoked Hering-Breuer reflex successfully identified defective electrodes.
VNS accelerated extinction memory and decreased multiple physiological metrics of fear expression. We
observed an inverse relationship between memory extinction and respiratory rate during the behav-
ioural assay. Additionally, no current - response relationship between VNS and extinction memory for-
mation was established.
Conclusion: These data demonstrate that reliable, experimental VNS studies can be produced by veri-
fying reflex initiation as a consequence of stimulation. Further, studies could be standardised by indexing
stimulator efficacy to initiation of autonomic reflexes.
© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
Introduction

The vagus nerve contains the efferent axons of parasympathetic
preganglionic neurons and afferent axons of viscerosensory neu-
rons. Vagal efferent (motor) neurons form part of the para-
sympathetic arm of the autonomic nervous system to modulate
visceral organ function. Whereas vagal afferent neurons sense
changes in visceral organ function and convey these signals to the
brainstem to initiate autonomic reflexes andmodulate behavior [1].
Electrical stimulation of the left cervical vagus nerve (VNS) is
en), stuart.mcdougall@florey.

r Inc. This is an open access article
approved for treatment of refractory epilepsy [2], obesity [3] and
depression [4] and additional experimental phenomena have been
reported.

The extinction of an aversive contextual memory is a phenom-
enon produced by learned associations dissipating, or being re-
learned, over time in the absence of expected reinforcement. In
experimental models, auditory based extinction learning is
enhanced by VNS [5e10], as is anxiety behavior [8,9,11]. While the
acute cognitive effects of VNS have been reproduced, chronic out-
comes are often variable for both human and rodent cohorts, with
evidence for both facilitation [12e15] and no effect [16,17].

Improved understanding of the underlying mechanisms by
which VNS acts is required to enable reliable experimental and
ultimately clinical efficacy. Current VNS administration protocols,
in both clinical and experimental settings are highly variable
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[18,19], possibly to account for the complexity of the vagal system
[1]. Anatomically, the vagus nerve is complex, with functionally
heterogeneous axon bundles located in different parts of the nerve
between subjects [20,21]. Thus, electrode placement may differ-
entially affect axons of different physiological function. Physiolog-
ically, axons within the vagus nerve have different activation
thresholds, due to heterogeneity in size and myelination, providing
variability in the response to stimulation current [22]. In many
studies, a single nominal VNS current is administered to groups of
subjects [23e28]. However, the electric current administered dur-
ing VNS to each subject likely affects different numbers and or
functional classes of vagal axons. This is evidenced in rodents by the
variation of current intensity required to stimulate a vagal-
mediated respiratory reflex, the Hering-Breuer reflex (HBR) [29]
and to modulate the activity of locus coeruleus neurons [30].
Clinically, the consequence of fibre heterogeneity is likely respon-
sible for the range of currents required for treatment [18], or the
range of cardiovascular outcomes expressed in response to the
same stimulus [31]. This variability may be compounded in chronic
experimental studies where electrode viability can vary over time.
Hence, techniques that ensure at least a subset of VNS afferents is
reliably stimulated across subjects may homogenize behavioural
outcomes across treatment groups. To date such techniques are not
routinely employed, and most criteria for assessing electrode
patency rely on measurements of electrode resistance [25,32].

Here we have characterised a chronic VNS protocol designed to
provide verifiable, standardized stimulation across experimental
animals, using the HBR to assess reliable activation of a group of
vagal nerve axons. The threshold stimulation current required to
induce the HBR was used to standardize the stimulation parame-
ters and compared with measurements of electrode resistance to
assess VNS efficacy and reliability over an extended period. This
approach was used to study the effect of VNS on memory extinc-
tion. In addition, we consider the experimental outcomes based on
varying criteria relative to the successful recruitment of the HBR
before and after the behavioral assay.

Objective/hypothesis

We tested the hypothesis that indexing the intensity of VNS to
the recruitment of the HBR, a vagal afferent mediated autonomic
reflex, would enable standardisation of VNS administration and
provide assessment of electrode viability. Using this approach, we
determined whether VNS alters the rate of extinction of an aversive
contextual memory and assess if this behavior is related to an
autonomic function, specifically respiration.

Materials and methods

All procedures utilizing animals were performed with the
ethical approval of both the Florey Institute of Neuroscience and
Mental Health and the University of Melbourne animal ethics
committees. These procedures were performed in accordance with
the National Health and Medical Research Council Code of Practice
and the Care and Use of Animals for Experimental purposes in
Australia. Thirty-seven male Sprague-Dawley rats (age: 2e3
months; weight: 335 ± 11 g at time of surgery) were individually
housed with ad libitum access to water and chow on 12h:12h light/
dark cycle (lights on 07:00; off at 19:00).

VNS electrode construction and surgical implantation

The construction of VNS electrodes was based on previous de-
signs [33] with the addition of two electrodes to record diaphragm
muscle activity (dEMG). For electrode implantation, anesthesia was
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induced with inhalation of isoflurane (5% in room air; Abbott
Australasia, Sydney, Australia) followed by intramuscular (i.m.)
injection of ketamine andmedetomidine (0.5 mg/kg and 250 mg/kg,
Pfizer, New York City, America) for ongoing anesthesia. Surgical
anesthesia was assessed by the absence of both pedal withdrawal
and corneal reflexes. Meloxicam (0.1 mg/100g, IP, Boehringer
Ingelheim, Ingelheim am Rhein, Germany) and Polyvisc eye oint-
ment (Alcon New Zealand Limited, Auckland, New Zealand) were
administered. Supplemental ketamine (0.5 mg/kg, i.m.) was
administered every 30 min as required. The rat was placed supine
on a heating pad (Exoterra, China) and body temperature was
maintained at 37 �C. A midline incision was made on the ventral
surface of the neck and the left cervical vagus nerve exposed. A
transverse incision was then made on the dorsal surface, approxi-
mately 1 cm below the rat’s shoulders blades, and a subcutaneous
tunnel opened between the two incisions. The VNS electrodes were
placed subcutaneously in the tunnel and the cuff placed carefully
around the cervical vagus. A lateral transverse incision was then
made across the most distal rib on the left side, and another sub-
cutaneous tunnel made to the dorsal incision. The dEMG electrodes
were placed through this tunnel and sutured to the left costal
diaphragm, through a small sub-diaphragmatic incision. At this
point the VNS electrode was connected to a stimulator (ISO-Flex
with Master-8, A.M.P$I, Jerusalem, Israel) delivering electrical pul-
ses (100 ms pulse width, 0.8 mA at 20 Hz for 5s). A stimulation-
locked apnea was used to confirm recruitment of the HBR. The
electrodes were then fixed to a connection plug (MS363, Plastics
One, BIO Scientific Pty Ltd, Sydney, Australia) which was sutured
into the dorsal incision (4.0 non-absorbable silk black braided
surgical suture; Surgical Specialties, Taunton Somerset, England).
The ventral incisions were sutured with absorbable suture material
(4.0 absorbable polyglycolic acid surgical suture; Surgical Spe-
cialties, Taunton Somerset, England). During the recovery period,
animals were provided with hydration gel (TMNectarH20, 99% pure
sterile water gel, Able Scientific, Auckland, New Zealand) and
glucose energy powder (100% glucose; Glucodin, Auckland, New
Zealand), in addition to standard chow. The rats weremonitored for
any signs of surgical complications and weighed every day for 5
days.

Recruitment of the Hering-Breuer reflex and electrode resistance
measurement

Five days after surgery, the dEMG was recorded with the rat
resting in its home cage. The electrodes were connected to an
amplifier (NL104 Neurolog systems, Digitimer Ltd, UK; 1k gain),
and the signal filtered (50e300 Hz) and sampled (5 kHz) using an
A-D converter (Power1401 Mk2-CED, Cambridge Electronic Design,
UK). The signal was recorded and integrated (!dEMG; Spike2
version 7; CED), and the length of each dEMG burst from the peak
of the inspiratory phase to its termination was used to define the
expiratory length, whereas the periods between bursts were
measured to defined apnea. The rate of these bursts occurring in a
minute was used to define the respiratory rate. The vagus nerve
electrodes were connected to a stimulator (AMPI ISO-Flex driven by
an AMPI Master-8) and electrical pulses applied (100 ms pulse
duration, at 20 Hz for 5 s). The current amplitude was increased in
0.2 mA increments, with a minimum of 20 s between each test,
until either the threshold current required for recruitment of the
HBR was reached or a maximum of 2 mA delivered. The average
expiratory length and time between bursts was calculated over 5 s
before, and after, the onset of VNS. These baseline measurements
were then used to normalize the greatest period of apnea that
occurred during the 5 s bout of VNS. The threshold for recruitment
of the HBR was defined as the minimum VNS current required to



Fig. 1. Vagal nerve stimulation reliably activates the Hering-Breuer reflex (HBR) in
conscious rodents. A. Example traces of the diaphragm electromyograph (dEMG)
recorded in a conscious rat with VNS delivered at the time indicated by the grey bar.
The VNS current intensity was incrementally increased between 0.1 and 2.0 mA (20 Hz,
100 ms shock duration over 5 s) in all animals. The HBR threshold was defined as the
current required to momentarily stop respiration (upper blue trace). An example of an
animal in which the HBR could not be activated is also shown (red trace). Across all
animals, expiratory length (B), defined as the time from the beginning of inspiration
just prior to VNS to the end of expiration, and normalized apnea length (C), defined as
expiratory length during 5 s of VNS normalized to expiratory length measured
immediately prior to VNS, increased with VNS in the HBR group (blue squares, n ¼ 40)
compared to the rats defined as non-responders (red circles, n ¼ 19; * denotes p < 0.05
compared to the no response group, unpaired Student’s t-test). D. Where an HBR was
initiated with VNS, the stimulus intensity threshold (mA) for activation varied greatly
across animals (n ¼ 43, 0.82 ± 0.06 mA; range: 0.2e1.5 mA). E. In all animals that
exhibited the HBR, the VNS electrode resistance was similar (n ¼ 42, 22.1 ± 2.4 kU;
range: 2.6e101.1 kU). F. There was no relationship between the respiration rate (resp.)
and the current required to recruit the HBR (threshold) in each animal (n ¼ 40, linear
regression, R2 ¼ 0.0053, p ¼ 0.642). (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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produce an apnea. To determine VNS electrode resistance, we first
passed 0.2 mA across a 10 kU resistor to verify our system.
Implanted VNS electrodes were connected to the stimulator in
parallel with a 10 kU resistor. Current pulses (0.2 mA) were
administered and the voltage drop recorded and used to calculate
resistance.

Inhibitory avoidance to assay memory extinction

Instrumented animals were kept in their home cage and
transported to, and habituated in, the testing room for 1 h/day over
the next six days. Whilst in the testing room, each animal was
handled, by the same investigator who performed all subsequent
tests, for 5min/day, for 5 consecutive days, prior to commencement
of the inhibitory avoidance assay. Rats were not exposed to the
inhibitory avoidance assay apparatus during this habituation pro-
cedure. The inhibitory avoidance assay occurred in an apparatus
that consisted of two compartments (300 � 120 mm and height
150mm) that were divided by a retractable door. One compartment
was dark with opaque walls. The other was transparent, with a
50 W incandescent light bulb positioned centrally above the
retractable door. Five mm stainless steel bars, 9 mm apart, lined the
floor of both compartments, but those in the dark compartment
were electrified to elicit foot shocks. The rats were filmed
throughout the test, and this footage used to measure their freezing
behavior. The dEMG was recorded while the rats were in the light
compartment for each session. This recorded burst frequency was
normalized (day 1) to account for differences in basal respiration.

On the first exposure to the apparatus (day �1) all rats were
connected to the recording cables and placed in the light
compartment. After 60 s the door was retracted allowing access to
the dark compartment. The retractable door was shut after the rat
entered the dark compartment, and foot shocks were delivered
(2� 1 s trains of 100 ms pulses at 40 Hz and 0.3mA constant current
separated by 1 s (Precision animal shocker-Coulbourne H13-15,
SPW industrial, Laguna Hills, California, USA). The animals were
then immediately returned to their home cage. The next day (day 0)
the contextual aversive memory was assessed by placing the rat
back in the light compartment. After 15 s, the retractable door was
opened and the time to the first entry into the dark compartment
measured. Upon entering the dark compartment each rat received a
single foot shock (1 mA; 40 Hz; 1 s) to reinforce the contextual
aversion. Immediately after receiving a foot shock the animals were
removed from the dark compartment and returned to their home
cage.

Over the next 7 days the impact of VNS (days 1e7) on memory
extinction (days 2e7) was assessed. Each rat was placed into the
light compartment, and 15 s later the retractable door was opened
to allow access to the dark compartment. After the animal entered
the dark compartment the door closed and VNS was administered
(1.5 x HBR threshold; a range of 0.2e1.5 mA across the cohort; 100
ms pulse width; 20 Hz for 30 s). The sham group were treated
identically but no VNS was administered, and they remained in the
dark compartment for 30 s. If the rat did not enter the dark
compartment within 900 s, it was guided into the dark compart-
ment and the VNS or sham protocol administered. On the last day
(day 7) the HBR threshold, and VNS electrode resistance, were re-
tested.

Data analysis

To analyze the data for HBR electrode patency, animals that had
a functional electrode pre (n ¼ 25) or post (n ¼ 18) inhibitory
avoidance assay were included in the one data set (n¼ 43). Of these
animals, 3 dEMG signals prevented accurate quantification of
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expiration length and apnea, and thus 40 animals are included for
statistical analysis of these parameters (Fig. 1C). However, an un-
biased, trained observer could clearly see a lack of respiratory
bursts and hence these animals were still included for current and
resistance measurements and comparisons (Figs. 1 and 2). In one
animal it was not possible to accurately measure electrode resis-
tance, and so this animal was removed from the analysis (Figs. 1E,
2B and 2D). The HBR failure data was derived from combining
rats with a failed HBR pre- (n ¼ 12) and post- (n ¼ 7) the inhibitory
avoidance assay. The data presented in Fig. 1D, E and 2B are pooled
measurements made from both pre- and post-inhibitory avoidance
assay HBR/electrode resistance testing. Unpaired t-tests were used
to analyze the HBR and electrode resistance, and regression anal-
ysis was used to examine a relationship between current to induce
the HBR and electrode resistance.



Fig. 2. VNS electrode viability is reliably detected in chronic protocols using the Hering-Breuer reflex (HBR) criteria. A. Example traces of diaphragm electromyograph (dEMG)
recorded in conscious rats before and after the behavioral assay (9-day extinction memory assay). The top two traces (Ai) are from the same animal where VNS initiated the HBR at
similar current values (mA). There was a minimal change in electrode resistance (0.75 kU). The traces in Aii are from another rat where the HBR could not be elicited by VNS in the
period after the behavioral assay. A minimal change in electrode resistance (1.13 kU) was also detected in this rat. B. Across animals both before and after the inhibitory avoidance
assay (n ¼ 42 measurements) the threshold current amplitude required to induce the HBR did not correlate with electrode resistance (linear regression, R2 ¼ 0.03, p ¼ 0.3740). C.
We found 7 cases in which the HBR could not be evoked post the behavioral assay D. No differences were detected in electrode resistance between animals that exhibited VNS
evoked HBR (blue squares, n ¼ 17) and those that exhibited no response (red circles, n ¼ 7; p ¼ 0.75, unpaired Student’s t-test). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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The following parameters were measured during the inhibitory
avoidance assay. Latency to enter the dark compartment e defined
as the time from when the door between the chambers was
retracted until all 4 paws of the rat were in the dark compartment.
Freezing e a freezing episode was defined as the absence of
movement for �3 s. As rats spent different amounts of time in the
light compartment, the freezing time was normalized to the total
time spent in the light compartment on each day. Fear recovery e

analogous to fear relapse in humans [10], is defined as days when
the latency to enter the dark compartment was greater than that of
the previous day for a given animal [34]. Total fear recovery is the
accumulated time across testing days. Across the test days the la-
tency to enter the dark compartment and freezing were assessed
with a two-way repeatedmeasures analysis of variance followed by
the Bonferroni or Dunnett’s method for multiple comparison tests.
Unpaired t-tests were used to analyze total fear recovery. Regres-
sion analysis was performed to examine the relationship between
different variables. All data are reported as mean ± SEM. In all in-
stances p < 0.05 was considered statistically significant.

Exclusion criteria: Successful fear conditioning requires the
formation of a robust fear memory. We defined this as an animal
having a latency to enter the dark compartment that was longer
than 300 s on day 1. This has been selected as a criterion for
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previous inhibitory avoidance studies [35]. Rats that re-entered the
dark compartment in less than 300 s on day 1 were excluded from
analysis (VNS, n¼ 3). Rats that showed substantially greater latency
to enter the dark compartment after the day �1 mild foot shock
(more than ± two SD - 232 s) to enter the dark compartment after
the pair of 1s foot shocks at 0.3 mA) were defined as hypersensitive
and removed from analysis (VNS n ¼ 3, sham n ¼ 1, time to enter
dark compartment: 655.5 ± 69.4 s) [36]. Previous studies have
described that multiple foot shock sessions or strong foot shocks
can induce extinction resistance [37]. As we utilized 2 sessions of
foot shock, animals that did not show a decrease in their latency to
enter the dark compartment from 900s over days 1e7 were defined
as extinction resistant and excluded from analysis (VNS n¼ 3, sham
n ¼ 1). Any animal in which the HBR could not be elicited after
completion of the inhibitory avoidance assay was removed from all
days of the inhibitory avoidance assay data set (n¼ 7). Therewas an
overlap of n ¼ 3 for animals lacking an HBR post inhibitory avoid-
ance assay and the previously described exclusion criteria. In some
cases, movement artifacts prevented accurate dEMG analysis dur-
ing the inhibitory avoidance assay and these recordings were not
included in statistical tests of respiratory function (n ¼ 5).
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Results

Utilizing the Hering-Breuer reflex as a functional correlate of vagal
nerve stimulation electrode patency

Implantation of dEMG recording electrodes along with VNS
electrodes enabled observation and measurement of respiratory
related autonomic reflexes induced by VNS. We performed a
standard protocol, increasing the amplitude of VNS current, and
measuring dEMG, in all animals before and after the inhibitory
avoidance assay. Using this protocol, we readily identified a pro-
nounced apnea induced by VNS after a threshold stimulation cur-
rent, that was defined as an HBR (Fig. 1A). Successful HBR
recruitment was evidenced by extended expiratory periods (Fig.1B;
unpaired Student’s t-test, t ¼ 3.04, p < 0.05, VNS: 0.2 ± 0.15 s,
n ¼ 40; sham: 0.1 ± 0.6 s, n ¼ 19) and apnea (Fig. 1C; unpaired
Student’s t-test, t ¼ 7.06, p < 0.05, VNS: 6.3 ± 0.5 normalized units,
n ¼ 40; sham: 1.1 ± 0.16 normalized units, n¼ 19). The VNS current
required to elicit the HBR across all tests, ranged between 0.2 and
1.5 mA (Fig. 1D; 0.82 ± 0.06 mA; n ¼ 43). We observed no rela-
tionship between the respiration rate of each animal and the cur-
rent required to recruit the HBR (Fig. 1F; linear regression,
R2 ¼ 0.0053, p > 0.05). In some animals, despite increasing VNS
shock currents to 2 mA, no HBR was evoked (Fig. 1A, no response)
and this defined a faulty VNS electrode. The electrode resistance
was also measured and varied between 2.45 and 101 kU (Fig. 1E;
22.1 ± 2.4 kU; n ¼ 42). Thus, we find recruitment of the HBR is a
readily discernible consequence of VNS in rats.

Most animals that exhibited an HBR prior to behavioral testing
(n¼ 25) also did so post behavioral testing (n¼ 17). In these rats we
observed negligible changes in electrode resistance between tests
(Fig. 2Ai, D 0.75 kU). Interestingly, negligible changes in electrode
resistance were also observed in some rats that did not exhibit the
HBR after the behavioral testing, despite doing so at the first test
prior to the behavioural assay (Figure 2Aii, 1.13 kU). The electrode
resistance, from both before and after, the inhibitory avoidance
assaywas plotted against the corresponding HBR threshold current.
We observed no correlation between the two measures (Fig. 2B;
Linear regression, n ¼ 42, R2 ¼ 0.03, p ¼ 0.3740). Additionally, the
current required to elicit the HBR both before and after the
behavioral assay was not statistically different for functional elec-
trodes (Fig. 2C; unpaired Student’s t-test; t ¼ 0.39, p ¼ 0.6984)
Comparison of the change in electrode resistance, from pre to post
behavioral assay, in the rats divided into whether or not VNS
recruited the HBR at both time points, indicated there was no dif-
ference between the groups (Fig. 2D; unpaired Student’s t-test;
t ¼ 0.32, p ¼ 0.75). We conclude that electrode resistance from the
pre to post behavioral testing did not provide an accurate predic-
tion of stimulus-induced afferent reflex recruitment and is not a
reliable indicator of stimulus delivery.

Vagal nerve stimulation enhances the extinction of a contextually
based fear memory

To determine if VNS hastens contextual extinction memory, an
inhibitory avoidance foot-shock paradigmwas utilized to condition
a robust fear memory. We then examined how pairing VNS in the
dark compartment of the apparatus, with the absence of contextual
foot shock, affects memory extinction over the subsequent 7 days
(Fig. 3A).On the first test day of extinction, all rats displayed strong
avoidance of the dark compartment, where the shock was deliv-
ered, remaining in the light compartment for most of the test
period. The latency to enter the dark compartment was
853.7 ± 32 s, n ¼ 22, indicating reliable induction of the contextual
fear for all animals (Fig. 3B). In sham animals (n¼ 10), the latency to
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enter the dark compartment gradually reduced over the subse-
quent test days, with characteristic fear recovery on day 5. Despite
this gradual extinction of contextual avoidance over time, the sham
group latency to enter the dark remained elevated, compared to
their pre-stimulus period (day �1) for the entire test period. In
contrast, pairing exposure to the dark compartment with VNS
(n ¼ 12) significantly increased the rate of memory extinction
(Fig. 3B; two-way RM ANOVA, F (8,179)¼ 19.56, p < 0.05), such that
the latency to enter the dark compartment had returned to pre-
stimulus (day �1) values by day 4 (Fig. 3B and C; Dunnett’s post
hoc test, p ¼ 0.43). Freezing decreased similarly in both groups on
day 2, but in the sham group, freezing remained at approximately at
day 2 levels for the remaining test period. In contrast, the VNS
group showed further decreases in freezing behavior, such that
they were significantly different from the sham group (Fig. 3D;
two-way RM ANOVA, F (6,119) ¼ 3.193, p < 0.05), although, a dif-
ference between groups on any particular day was not detected
(Fig. 3D; Bonferroni post hoc test, p > 0.05). The VNS group also
showed reduced total fear recovery across testing days (Fig. 3E;
unpaired Student’s t-test, t ¼ 2.49, p < 0.05). Regression analysis
confirmed a significant correlation between the latency to enter the
dark compartment and freezing behavior (Fig. 3F; linear regression,
R2 ¼ 0.96, p < 0.05). Thus, the daily administration of VNS, in a
context previously associated as aversive, accelerates the extinction
of behavioral correlates of fear.

Respiration as a correlate of contextual memory extinction

To determine if physiological responses were correlated with
the extinction of aversive memory and the impact of VNS, we
measured inspiratory bursts in the dEMG recordings, when the rats
were in the light compartment, to index respiration rate. We first
noted that respiration ratewas significantly lower after the rats had
experience foot shocks (Fig. 5G, p < 0.05 day 1compared to day �1,
t-test) regardless of which group they were in. Over the extinction
days (1e7), a regression analysis between respiration rate and
memory extinction (latency) across both cohorts combined in-
dicates an inverse relationship between the two variables (Fig. 3G;
Linear regression, R2 ¼ 0.81, p < 0.05). Where these regression data
are derived from the VNS (n ¼ 10; magenta) and sham cohorts
(n ¼ 7; green), i.e., less 5 animals in Fig. 3B, D, E & F, as noise
induced artifacts preventing accurate quantification of the signal.
We conclude respiratory rate is correlated to both latency and
freezing, indices of fear, as such changes in respiratory rate may be
also used to track changing perceptions of fear during the inhibitory
avoidance assay.

Modeling the impact of utilizing vagal nerve stimulation evoked
Hering-Breuer reflex as an experimental criterion.

We wanted to assess what impact HBR criteria had on behav-
ioral outcomes. For inclusion in the analysis (Fig. 3B), rats had to
exhibit a VNS-evoked HBR both before and after behavioral testing
and pass the assay inclusion criteria defined in the methods. Rats
that exhibit a VNS-evoked HBR during the pre-behavioral assay, but
not after, were excluded (n ¼ 4). Change in electrode resistance is a
commonly used exclusion parameter for VNS studies [25,27,38]. In
these animals, electrode resistance changed 4.2 ± 1.5 kU; less than a
25%, from pre to post behavioral assay. To demonstrate how data
quality is impacted by not using a physiological metric to score
electrode patency, we plotted (Fig. 4A) the latency to enter the dark
compartment for the VNS (n ¼ 12; magenta symbols) and sham
(n ¼ 10; green symbols) groups as in Fig. 3B; along with all rats
exhibiting a pre-test VNS HBR response (n ¼ 17; open symbols) as
well as those excluded due to a lack of post-test VNS HBR (n ¼ 4;
grey filled symbols). Analysis of the effect of VNS on memory
extinction in all rats showing a pre-test HBR remained significantly



Fig. 3. Electric VNS accelerates extinction of contextual aversive memory. A. Cartoon showing the stages of the behavioral assay. During the extinction period, VNS was delivered at
1.5 times the threshold for activation of the Hering-Breuer reflex (HBR) determined for each individual animal, at the time they entered the dark compartment on days 1e7. B. Line
graph showing the latency to enter the dark compartment following the development of the strong contextual aversion. Rats receiving VNS (n ¼ 12; magenta) entered the dark
compartment more quickly than the control group (n ¼ 10; green; * denotes p < 0.0001 compared to the control group, two-way RM ANOVA; $ denotes p < 0.05 compared to the
sham group on any given day: Bonferroni post hoc test; # denotes p < 0.05 compared to day �1 of the VNS group, Dunnett’s post hoc test; ^ denotes p < 0.05 compared to day �1 of
the sham group, Dunnett’s post hoc test) C. VNS accelerated the time to extinguish the contextual memory of the dark compartment in treated animals. D. Freezing behavior, when
initially placed in the light compartment, was reduced in the VNS group (n ¼ 12; magenta) compared to shams (n ¼ 10; green; * denotes p < 0.05 compared to control, two-way RM
ANOVA). E. Total fear recovery, accumulated time from days when the latency to enter the dark compartment was greater than that of the previous day, was significantly reduced in
the VNS administered group (n ¼ 12; magenta) compared to controls (n ¼ 10; green; * denotes p < 0.05 compared to control, unpaired Student’s t-test). F. Regression analysis of
latency to enter the dark compartment and the time spent freezing (%) when placed in the light compartment showed a strong correlation (R2 ¼ 0.96, p < 0.05). Each point on the
graph represents the paired means for all animals (VNS and sham) on each day of the assay (n ¼ 22). G. Rate of dEMG bursts (inspiration) while in the light compartment prior to
any foot shocks upon entering the dark compartment (day �1) and after aversive conditioning (day 1; * denotes p < 0.05 compared to day �1, t-test). H. Respiratory activity,
measured in the light compartment in all animals (n ¼ 17), was significantly correlated to the latency to enter the dark compartment (linear regression on days 1e7, R2 ¼ 0.81,
p < 0.05) with day �1 (prior to foot shock) in light grey. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Physiological determination of VNS electrode efficacy decreases experimental
variability. A. Line graph showing the effect of VNS on the latency to enter the dark
compartment after establishment of contextual aversion. The sham (n ¼ 10; green) and
VNS administered animals that exhibited an HBR pre- and post-the behavioral assay
(n ¼ 12; magenta) are replicated from Fig. 3B. Animals that received VNS, but did not
exhibit an HBR after the behavioral assay and were therefore excluded from the main
analysis are shown in grey symbols (n ¼ 4). The response of these rats was not
different to the sham group (p ¼ 0.9434, two-way RM ANOVA). A combined data set,
including all animals exhibiting an HBR prior to the behavioral assay (grey þ magenta)
are shown with the open square symbols (n ¼ 16; * denotes p < 0.05 two-way RM
ANOVA; # denotes p < 0.05 compared to day �1 for the pre- and post-test HBR group,
Dunnett’s post hoc test; ^ denotes p < 0.05 compared to day �1 for the sham group,
Dunnett’s post hoc test; @ denotes p < 0.05 compared to day �1 for the pre-test HBR
group, Dunnett’s post hoc test; $ denotes p < 0.05 compared to day �1 for the no
response group, Dunnett’s post hoc test). B. Histograms showing the day at which each
corresponding cohort entered the dark compartment at a latency not different to that
of the pre-test (day �1) indicating extinction of the contextual fear memory. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 5. Assessment of VNS stimulation parameters. A. Line graph showing the latency
to enter the dark compartment for rat cohorts divided according to the VNS stimu-
lation current intensity (open squares, 0.3e1.2 mA, n ¼ 6; filled squares, 1.3e2.2 mA,
n ¼ 6). The sham group is reproduced (green) for comparison (* denotes p < 0.05, two-
way RM ANOVA; & denotes p < 0.05 compared to day �1 for the low intensity group,
Dunnett’s post hoc test; ^ denotes p < 0.05 compared to day �1 for the high intensity
group, Dunnett’s post hoc test; @ denotes p < 0.05 compared to day �1 for the sham
group, Dunnett’s post hoc test). B & C. Analysis of the latency to enter the dark
compartment on each day was performed to determine a rate of extinction memory
following low or high current intensity VNS. This relationship was used to derive a rate
constant for extinction memory (B) and a time to reach half-life (C). Neither term
describing the rate of extinction memory was correlated to the VNS current intensity
(B - linear regression, R2 ¼ 0.2, p ¼ 0.1269; C - linear regression, R2 ¼ 0.0001,
p ¼ 0.9671). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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different to sham (Fig. 4A; two-way RM ANOVA, F (3,342) ¼ 12.65,
p < 0.05) but showed substantially greater data variance and a
delayed effect response (Fig. 4B; Dunnett’s post hoc test,
p ¼ 0.4348). Validating VNS electrode efficacy, by utilizing a
physiological response elicited by the stimulation of vagal axons,
produces a robust, reliable experimental outcome, in this case with
respect to demonstrating accelerated extinction of a fear memory.

Vagal nerve stimulation at Hering-Breuer reflex threshold does not
produce a dose response relationship with respect to increased
memory extinction

We wanted to determine whether delivery of VNS current
indexed to a physiological outcome might standardize response
patterns across subjects. To address this, we divided the VNS rats
into those that received either low (0.3e1.2 mA) or high
(1.3e2.2 mA) current stimulation (Fig. 5). We observed no differ-
ence in measures of fear extinction between these animals
receiving relatively high or low VNS intensity (Fig. 5A; two-way RM
ANOVA, F (2,171)¼ 13.10, p¼ 0.7983). Both groups showed a return
to pre-test latency to enter the dark compartment by day 4 (Fig. 5A;
Dunnett’s post hoc test, p > 0.05) with similarly derived one phase
exponential decay functions for decreasing latency (low VNS:
Y ¼ 900e�0.305x; high VNS: Y ¼ 900e�0.248x; Combined:
Y ¼ 900e�0.275x). This provided confidence in using the equation to
calculate each individual animal’s decay constant and half-life.
Interestingly, when current is correlated to each individual rat’s
decay constant for fear extinction (Fig. 5B, R2 ¼ 0.2, p ¼ 0.1269), or
half-life of the fear extinction curve (Fig. 5C; linear regression,
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R2 ¼ 0.0001, p ¼ 0.9671) we did not observe a dose-response
relationship between current intensity and memory extinction
performance. Similarly we observed no difference in freezing
behavior between high and low groups (not shown).
Discussion

We have demonstrated that electrical VNS increased the
extinction of a contextual aversive fear memory, as evidenced by a
number of behavioral and physiological parameters. Importantly,
we utilized a physiological consequence of vagal afferent activation
to demonstrate VNS efficacy throughout the behavioral assay and
demonstrate the ability of this approach to provide robust con-
clusions. We used the HBR, a well-characterised vagal afferent re-
flex that affects respiration, as a direct measure that VNS was
stimulating a group of vagal afferent axons. This simple test, that
required minimal extra surgical intervention, provided a reliable
measure of VNS electrode viability that is superior to commonly
applied methods that examine electrode resistance. Using the HBR
as a physiological determinant of stimulus intensity enabled us to
observe that there was not a stimulus intensity-effect response
relationship in this experimental paradigm. Together the results
demonstrate a novel memory-related effect of VNS, when using a
physiological reflex to determine stimulus amplitude, and describe
an optimized protocol for animal studies requiring longer-term,
repeated stimulation of peripheral nerves.
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A major concern of VNS studies is verification of electrode and
VNS efficacy. Previous studies rely upon small, or no, changes in the
VNS electrode resistance to imply continued electrode patency
[25,32]. Large increases in electrode resistance usually indicate
malfunctioning electrodes, due to lead breaks or fluid leakage into
the cuff for example, and has been shown to be an effective criteria
for chronic paradigms [39]. In this studywe examined the electrode
resistance before, and after, a behavioral assay and found that a lack
of change in electrode resistance provides little confidence that
VNS was being administered effectively (Fig. 2B). Most of our
implanted electrodes shared a similar range of resistances (Fig. 2C),
despite requiring different currents to elicit the HBR (0.2e1.5 mA).
We observed instances in which electrodes passed the criterion for
no change in resistance over the course of the study, and yet were
unable to elicit a HBR in the post-assay period (Fig. 2Aii). Yet we did
not observe a relationship between change in resistance and elec-
trode efficacy (evoked HBR). Whilst our evidence does not imply
that resistance changes cannot identify ineffective electrodes, our
observations suggest exclusion/inclusion criteria based on changes
in, or absolute electrode resistance may introduce unnecessary
variability to experimental results. Electrode resistance will remain
ameasure of electrode patency as it is readily measured, yet it could
be supplemented with measurement or observation of respiration
to provide an additional assessment of electrode viability. Other
reflexes or physiological consequences of vagal fiber activation
could be used to verify electrode patency, such asECG recordings to
assess vagal efferent activation [39]. Less invasive measures may
also be employed, such as pulse oximetry, to assess physiological
responses to VNS.

Establishing criteria requiring expression of the HBR before (and
after) the behavioral assay improved our data quality. We demon-
strate this by comparing the results from animals expressing a VNS
evoked HBR before and after the inhibitory avoidance assay with
datasets that included all animals exhibiting a VNS evoked HBR
before the assay or those that wewere not able to evoke the HBR at
all (Fig. 4A). Those animals with faulty electrodes, identified by a
lack of HBR response, were indistinguishable from the sham ani-
mals with respect to memory extinction. Though there was no
difference in latency across extinction days between animals
exhibiting HBR pre-assay compared to those doing so pre and post
HBR assay, there was a difference in when each cohort reached
complete extinction. With successful amelioration of fear behavior
taking one day longer to detect in the pre HBR group compared to
the pre and post HBR group (Fig. 4B). Yet, in considering our
approach, it is also important to highlight that we could not identify
the day VNS electrodes failed during the inhibitory avoidance
protocol in those animals where a HBR was evoked prior to, but not
after, the behavioural assay. Thus, data stringency improved by
removing false positives that would not have been identified on the
basis of changes in electrode resistance alone.

Examination of the HBR under anesthesia, has been used in
other chronic VNS studies to test electrode viability at the
completion of electrode implantation [25,32] and at the end of
testing [5,6]. We propose that examination of the HBR in the
conscious state may be important. Although we did not compare
the threshold for eliciting the HBR in the conscious and uncon-
scious state, there is ample evidence in the literature to suggest that
central responses to VNS are state dependent. Where inspiratory
drive is reduced under anesthesia, leading to the threshold for
eliciting the HBR being substantially reduced (25e45 mA) [40]. In
the conscious state, increasedmodulatory drives from the forebrain
and cortex interact with various brainstem nuclei to affect viscer-
osensory processing [41]. In addition, the animal’s metabolic drive
is greatly enhanced, and inspiratory motor neurons are more active
[42]. As a consequence, the reported range of current thresholds for
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eliciting the HBR in conscious rats is between 0.2 and 1 mA [29].
This is very similar range to that reported in this study
(0.2e1.5 mA). These observations are important in the context of
this study, because the biophysical properties and activation of the
vagus nerve are expected to be independent of state - the same
current should drive the same afferent input in conscious or un-
conscious rats. Yet the efficacy of the centrally driven vagal circuitry
tomodulate behaviour is likely altered in different conscious states.
An interesting, but unknown, question is whether central modu-
lation of autonomic reflex circuits also impacts the ability of VNS to
modulate higher order functions, such as memory.

Electrical VNS, with a set current intensity (0.4 mA), accelerates
extinction memory [5e7,10,33] and reduces anxiety [8,9] in audi-
tory tone fear conditioning and extinction paradigms. However, a
test that ensures VNS is administered for the duration of a study,
with an intensity tuned appropriately for all subjects has not been
performed across studies. Delivering efficacious stimulation to each
subject is critically important for overcoming biological and tech-
nical variability. Biological variability will occur because the vagus
consists of a complex organisation of heterogeneous fascicles,
containing sensory and motor axons whose position within the
vagal trunk, and thus in relation to the stimulating electrode, is
inconsistent between subjects and this varies across species [20].
This establishes a seemingly random gradient that determines
which axonal populations are stimulated, where the fibres of in-
terest directly adjacent to the electrode may vary between subjects.
Technical variability will occur due to electrode placement or
damage to axonal fibres. Electrode placement is an important
consideration because minor alterations in cuff dimensions can
increase the current required to recruit the same proportion of fi-
bres by over 1 mA [43]. These factors likely have therapeutic con-
sequences. For example in the treatment of epilepsy, this biological
and mechanical variability likely contributes to the need to altering
stimulation duty cycles over a range of current amplitudes
(0.25e3mA) [18]. Cardiovascular responses to VNS in the clinic also
vary under the same stimulatory conditions [31]. Recordings from
neurons in the locus coeruleus, a central nucleus thought to be
critical for anti-epileptic and depressive effects of VNS [44,45],
show variability in spike frequency across animals under the same
current administration [30]. To address this, we utilized a physio-
logical reflex to determine current intensity in each rat, rather than
using a nominal current, in order to be certain that at least one
subset of vagal afferents was being consistently activated during
the study.

Electrical VNS studies examining memory consolidation [23,24]
and neural plasticity in the auditory or motor cortex [25e28] report
an inverted U dose response relationship. As we controlled stim-
ulus intensity for physiological efficacy, we used a range of current
amplitudes (0.3e2.2 mA). In splitting our VNS cohort dataset into
low (0.3e1.2 mA) and high (1.3e2.2 mA) stimulatory groups, we
observed no difference between the groups (Fig. 5A). To determine
if increased extinction memory was similar across subjects despite
the varying currents administered, we examined if the decrease in
latency could be modelled accurately with a one phase exponential
decay model (Fig. 5C). Each animal’s decay constant and extinction
half-life were then determined and correlated to the VNS current
they received during the assay. We had expected to see a similar
dose response relationship for VNS current and latency to enter the
dark in this study, and a lack of this relationship could be inter-
preted as evidence for an all or nothing response with respect to
this avoidance behavior. It is likely that increasing VNS current
amplitudes alters the population of vagal afferents being recruited,
indeed locus coeruleus activation increases accordingly [30]. Thus,
standardization of stimulus intensity and administration of current



A.G. Butler, E.L. O’Callaghan, A.M. Allen et al. Brain Stimulation 14 (2021) 450e459
is critical for VNS paradigms and indexing current intensity to a
reflex is one way to achieve this.

In this study, VNS current amplitude, delivered at 1.5 times the
threshold to initiate the HBR, accelerated the extinction of a
conditioned fear memory. We chose 1.5 times threshold to ensure
reliable recruitment of a cohort of vagal afferent neurons across the
assay period. We standardised pulse width and frequency, which
also affect vagal afferent recruitment [46], using parameters pre-
viously demonstrating memory improvements with VNS [8,9,47].
We observed decreased latency to enter the aversive context (dark
compartment), decreased freezing upon being placed in the
apparatus, and reduced total fear recovery. Where these measures
relate to avoidance, fear and fear relapse, respectively. Our obser-
vation that VNS decreased total fear recovery concurs with previous
reports [5]. This is the first time an experimental study has indexed
VNS parameters based to the recruitment of a physiological reflex
in conscious animals over a chronic extinction paradigm. The out-
comes of our evaluation extend upon the findings of the impact of
VNS on freezing and fear reinstatement reported in other studies of
auditory tone fear conditioning extinction [5,6,8,9,33,47]. The HBR
is mediated by pulmonary stretch receptors, mechanosensitive,
myelinated, neurons that are activated with lung inflation. Here we
can confidently say these neurons are activated over each day of the
inhibitory avoidance assay. However, we do not know to what
degree other vagus nerve fibres are recruited. We likely initiated
additional unmyelinated C-fibre afferents on the basis of stimu-
lating at 1.5 times the HBR threshold and we had nomeasures, such
as bradycardia, to index vagal efferent activation. This begins to
highlight the limitations of attempting to target specific vagal fibres
with electrical activation. We and others are pursuing optogenetic
[21] and novel chemogenetic strategies [48] to gain greater speci-
ficity and insight into the mechanisms underlying VNS.

We observed that respiratory rate is inversely correlated with
indicators of fear, such as latency to enter dark compartment and
freezing. Autonomic measures, such as respiration, may be some-
what obvious markers of fear behavior, although they are not often
measured in behavioral studies. Yet the interpretation of this cor-
relation is complex. For example, in the context of this assay with
changing levels of fear-related behavior, the increase in respiration
may be due to reduced freezing or increased exploratory behavior.
During periods of freezing, the animals often exhibited large in-
tervals between breaths, in contrast to exploratory periods when
respiration rate was rapid. Altered respiratory rate could also be
due to changes in ultrasonic vocalizations [49], although thesewere
not measured in this study. It is important to consider that respi-
ratory frequency alone will not provide solid conclusions about
central states or processes. However, in a context where the envi-
ronmental conditions and thus central state is associated to a
specific behavior through robust conditioning, such as in this assay,
we suggest physiological measures may be less variable across
animals and thus able to aid in the interpretation of behavior.
Future studies could incorporate more autonomic correlates into
other behavioral assays to not only identify patent electrodes, but
simultaneously provide a fuller picture of animal behavior.

Conclusion

Indexing VNS stimulation to a response that provides a direct
readout of stimulus efficacy, both before, during and after the
stimulation protocol is likely to increase the reliability of experi-
ments designed to understand mechanisms underlying specific
VNS outcomes. We posit that the vagal afferent mediated HBR is a
relatively simple measure to incorporate into experimental vagal
nerve stimulating studies that provides a robust measure of elec-
trode viability. We demonstrate that VNS accelerates extinction of a
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contextual aversive memory and decreases behavioral correlates of
fear perception. We observed respiratory responses that provide a
novel understanding of the physiological correlates underlying fear
behavior in the context of this contextual aversive assay. These data
provide a robust model for future studies designed to understand
neural mechanisms underlying chronic peripheral nerve activation.
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