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Vagus nerve stimulation (VNS) is a therapeutic intervention previously shown to enhance fear extinction in rats. VNS is

approved for use in humans for the treatment of epilepsy, depression, and stroke, and it is currently under investigation

as an adjuvant to exposure therapy in the treatment of PTSD. However, the mechanisms by which VNS enhances extinction

of conditioned fear remain unresolved. VNS increases norepinephrine levels in extinction-related pathways, but recent

studies indicate that norepinephrine release from the locus coeruleus interferes with extinction learning. The purpose of

this study is to elucidate the role of the locus coeruleus (LC) in VNS-enhanced fear extinction. Adult male and female ty-

rosine hydroxylase (Th)-Cre rats were implanted with a stimulating cuff electrode around the left cervical vagus nerve, and a

Cre-dependent viral vector expressing the inhibitory opsin ArchT3.0 was infused bilaterally into the LC. Rats then under-

went auditory fear conditioning followed by extinction training. During extinction training, rats were divided into four

treatment groups: Sham stimulation, Sham with LC inhibition, VNS, and VNS with LC inhibition. Consistent with previous

findings, VNS treatment during extinction training significantly reduced freezing 24 h and 2 weeks later. This effect was

blocked by optogenetic LC inhibition, suggesting that VNS enhances extinction by engaging the LC.

Exposure therapy is the gold-standard approach to treating anxiety
and trauma-related disorders. Success in exposure therapy depends
on extinguishing conditioned fear throughmany repeated unrein-
forced exposures. Impairments in the ability to extinguish condi-
tioned fear are a hallmark of anxiety and trauma-related disorders
and can interfere with progress in therapy. Therapeutic strategies
that enhance the effectiveness of exposure-based therapy could
dramatically improve patient outcomes. Our preclinical studies
in rats suggest that vagus nerve stimulation (VNS) can accelerate
the acquisition of extinction memories (Peña et al. 2013), reverse
extinction impairments (Noble et al. 2017; Souza et al. 2019; Souza
et al. 2021a,b), prevent the return of fear (Noble et al. 2017; Souza
et al. 2019), and increase the generalization of extinction memo-
ries (Noble et al. 2019; Souza et al. 2021a,b). VNS is approved for
use in humans to treat neurological disorders such as medication-
refractory epilepsy and depression. Because VNS facilitates motor
cortex plasticity when paired with motor training (Engineer et al.
2019), it was recently approved as an adjuvant for rehabilita-
tion during recovery from stroke, and it is currently under investi-
gation as an adjuvant to exposure therapy in the treatment of
PTSD (National Library of Medicine [NLM], NCT04064762 and
NCT02992899). However, themechanisms bywhichVNS enhanc-
es fear extinction remain unclear.

Several preclinical studies have demonstrated improvements
in learning and memory performance (Clark et al. 1999; Altidor
et al. 2021; Driskill et al. 2022) and enhanced neuroplasticity

(Peña et al. 2014; Meyers et al. 2018; Buell et al. 2019; Morrison
et al. 2019) following task-paired stimulation of the left cervical va-
gus nerve. One explanation for the robust nature of VNS-paired ex-
tinction memories is that VNS engages emotional arousal systems
to facilitate plasticity during extinction learning. Acute stress and
the release of stress hormones, which activate the vagus nerve,
have been shown to enhance the consolidation of long-termmem-
ories. For example, posttraining administration of epinephrine en-
hances memory consolidation in rats and humans (Gold and van
Buskirk 1975; Cahill et al. 2003) and vagal fibers respond to eleva-
tions in circulating epinephrine (Chen and Williams 2012).
Memory-enhancing VNS increases norepinephrine (NE) levels in
the amygdala similarly to that seen with peripheral administra-
tion of epinephrine or footshock avoidance training (McIntyre et
al. 2002; Hassert et al. 2004; Chen and Williams 2012). Intra-
amygdala infusions of NE enhance memory consolidation
(Hatfield and McGaugh 1999), whereas intra-amygdala infusions
of β-adrenergic antagonists block the memory-enhancing effect
of systemic epinephrine (Liang et al. 1986), suggesting that the
mechanism by which epinephrine enhances memory involves
amygdala responses to vagal signaling. Consistent with the hy-
pothesis that VNS engages this mechanism to enhance extinction
memory, NE infusions into the basolateral amygdala (BLA) en-
hance consolidation of extinction of inhibitory avoidance (Berlau
and McGaugh 2006). VNS also increases NE concentrations in the
mPFC (Follesa et al. 2007) and blocking β-adrenergic receptors in
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the infralimbic (IL) region of the mPFC
impairs the consolidation of fear extinc-
tion (Mueller et al. 2008; Do-Monte et
al. 2015). Taken together, these data sug-
gest that, like stress, VNS may enhance
consolidation of extinction memory by
increasing NE release in the amygdala
and/or mPFC, but VNS does so with-
out engaging the peripheral sympathetic
response.

In contrast to the evidence that NE
signaling in the mPFC and BLA plays a
necessary and sufficient role in the con-
solidation of extinction memory, some
findings indicate that stress-induced acti-
vation of the locus coeruleus (LC), the pri-
mary source of NE in the brain, can
interfere with extinction memory forma-
tion (Giustino et al. 2019,2020). These
findings suggest that activation of circuit-
ry involved in fear learning, including the
LC, biases fear memory over extinction
memory (Giustino and Maren 2018;
Maren 2022). Based on these findings,
VNS may enhance the extinction of con-
ditioned fear despite its effects on the LC
rather than because of its effects on the
LC. Here, we used an optogenetic ap-
proachto inhibit theLCduringVNSdeliv-
ery to test the hypothesis that LC activity
is necessary for VNS-driven enhancement
of extinction of conditioned fear.

Results

Inhibition of the LC blocks VNS

enhancement of extinction of

conditioned fear
A Cre-dependent virus expressing the
inhibitory opsin ArchT3.0 was infused
into the LC of adult male and female
Th-Cre+ rats. Four weeks later, VNS cuff electrodes were implanted
on the left cervical vagus nerve. Oneweekwas allowed for recovery
from surgery, then all rats underwent 2 days of auditory fear condi-
tioning (AFC) followed by a retention test (Pre-Ext) 24 h later (Fig.
1A). During the retention test, the CS was presented four times
with no shock, and mean percent time spent freezing during
each presentation was recorded. During the subsequent fear ex-
tinction session (Ext), the CS was presented four times in the ab-
sence of footshock, and each 30-sec tone was paired with four
VNS trains (0.8 mA, 2 sec) or no stimulation (Sham), and simulta-
neous delivery of yellow laser light (593nm, 10mW, 4 sec, overlap-
ping each VNS train) to the LC. The four groups were: Sham-eYFP:
n=11; Sham-ArchT: n=12; VNS-eYFP: n=11, VNS-ArchT: n=10
(Fig. 1B). A second retention test (Post-Ext) was given 24 h after
the extinction session, and a third retention test was given 2 weeks
later (Remote Test). The mean change in percent time spent freez-
ing from Pre-Ext to Post-Ext and Pre-Ext to Remote Test was calcu-
lated for all groups (Fig. 1C). We hypothesized that inhibition of
the LC with ArchT would block the VNS enhancement of extinc-
tion. Therefore, there should be less freezing in the VNS group
treated with control virus (eYFP) from Pre-Ext to Post-Ext than
in the VNS group expressing the inhibitory opsin (VNS-ArchT)
and sham controls. To test our prediction, we used an a priori
contrast analysis (sham-eYFP, −1; sham-ArchT, −1; VNS-eYFP, +3;

VNS-ArchT, −1). Contrast analysis does not make comparisons be-
tween different treatment groups. Rather, it directly answers the
question of interest by testing expectations against the data using
a (fixed effect) linear regression approach where the contrast coef-
ficients are treated as a priori predictors of the experimental means
(see, e.g., Rosenthal and Rosnow 1985, 2000; Abdi et al. 2009,
pp. 328–333). This contrast explained 88% of the experimental
variance and 11% of the total variance, and was significant:
F(1,40) = 5.28, MSe=604.4, P=0.027. The two degrees of freedom
residual experimental sum of squares (which corresponded to
12% of the experimental variance) was nonsignificant: F(2,40) =
0.34, MSe=604.4, P=0.44. These results are consistent with the
prediction that VNS enhanced extinction of conditioned fear,
but not when neuronal activity in the LC was inhibited, and
they support the hypothesis that the LC is a necessary player inme-
diating VNS enhancement of extinction memory.

Previous findings indicate that VNS-enhanced extinction
memory is maintained for 2 weeks (Souza et al. 2020). Therefore,
we hypothesized that the decrease in freezing from Pre-Ext to the
Remote Test would be significant in the VNS group treated with
control virus, but not in the other three groups. An a priori contrast
analysis explained 65% of the experimental variance and 11% of
the total variance and was significant: F(1,40) = 5.17, MSe= 621.5,
P= 0.028. The two degrees of freedom residual experimental sum
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Figure 1. VNS enhancement of extinction depends on LC activation. (A) Behavioral timeline for AFC,
conditioned fear response testing, and extinction training. (B) Stimulation parameters for extinction
training of VNS groups. (C) Pre-Ext freezing (%) is shown with males as circles and females as triangles.
Post-Ext and Remote Testing are reported as a change in percent freezing compared to Pre-Ext freezing
+/− SEM (Pre-Ext normalized to 0%). Solid bars represent animals with eYFP control virus in the LC, while
empty bars are rats expressing the ArchT inhibitory virus. Only VNS-treated animals infused with control
virus showed a significant reduction in freezing 24 h after extinction training. Sham animals and
VNS-treated animals expressing the inhibitory opsin in the LC did not show a significant reduction in
freezing. These effects were observed again 14 days later during Remote Testing. Data were analyzed
using a priori contrasts. (*) P<0.05, (**) P<0.001, (***) P<0.0001.
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of squares (which corresponded to 35%of
the experimental variance) was nonsig-
nificant: F(2,40) = 1.41, MSe=621.5, P=
0.41 ns. These findings suggest that,
like the 24 h extinction memory, the
long-term extinction memory was en-
hanced with VNS administration, and
concurrent LC inhibition prevented the
enhancement.

Anxiety and locomotion
This study was designed to test the hy-
pothesis that activation of the LC is
critical for VNS enhancement of consoli-
dation of extinction memory. Therefore,
measurement of freezing during VNS
or ArchT inhibition was not planned.
However, a reduction in freezing was ob-
served in the Sham-ArchT group versus
Sham-eYFP. An unpaired t-test indicated
a nonsignificant trend [t(21) = 1.79, P=
0.087], suggesting that the effects of LC
inhibition on learned associations may
be attributed to alterations in anxiety or
activity during extinction training, rather
than blocking a critical pathway for VNS
effects. To test whether optogenetic
inhibition of the LC had effects on anxi-
ety or locomotion, the elevated plus
maze and open field test were used.
ArchT-expressing virus or control virus
was infused bilaterally in the LC of naïve
Th-Cre+ rats. Chronic optic fibers were
placed dorsal to the LC. Laser light was administered using the
same parameters as in the extinction experiment (593 nm, 10
mW, 4 sec, four times during 30 sec window) during the open
field test and elevated plus maze. Unpaired t-tests revealed no sig-
nificant difference between Sham-eYFP and Sham-ArchT groups
for time spent in the center [t(17) = 0.47, P= 0.64] of the open field
(Fig. 2A,B), number of center entries [t(17) = 0.64, P=0.53] (Fig.
2C), or total distance (cm) traveled in the open field [t(17) =
0.24, P= 0.81] (Fig. 2D). In the elevated plus maze, there were
no significant differences between Sham-eYFP and Sham-ArchT
groups for percent of time spent in the open arms [t(16) = 0.53,
P=0.60] (Fig. 2E,F), number of open arm entries [t(16) = 0.53, P=
0.70], (Fig. 2G), or total distance traveled [t(16) = 0.24, P=0.82]
(Fig. 2H). These results suggest that LC inhibition did not reduce
conditioned fear by influencing anxiety or locomotion during ex-
tinction sessions. Therefore, VNS enhancement of extinction of
conditioned fear is likely driven by LC effects on consolidation
of the extinction memory.

Histological and electrophysiological verification
Fiber placements and virus expressionwere histologically validated
in all rats after the conclusion of behavioral testing (Fig. 3A,B,D). In
a separate rat that received LC-targeted ArchT infusions, we ob-
served significant laser-driven suppression of firing in all putative
noradrenergic LC neurons recorded (Fig. 3C; 5/5), functionally val-
idating the optogenetic approach.

Discussion

For effective treatment of symptoms of trauma-related disorders
such as PTSD, it is necessary to create strong and durable fear

extinction memories. According to previous results, VNS acceler-
ates extinction and makes it resistant to reinstatement (Peña
et al. 2013; Noble et al. 2017; Souza et al. 2019). Here, we tested
the hypothesis that VNS enhances the extinction of conditioned
fear by drivingNE release from the LC tomodulate ongoing synap-
tic plasticity during extinction training. LC inhibition during VNS
blocked the extinction-enhancing effect at both the 24 h and
Remote time points. These findings support the hypothesis that
the fear extinction-enhancing effects of VNS are mediated by the
LC. We propose that direct stimulation of the vagus nerve during
fear extinction taps into brainmechanisms relevant to strengthen-
ing emotionally arousingmemories. This is likely accomplished by
engaging the LC to increase NE release in downstream targets that
play a role in fear memory and extinction, like the BLA and IL re-
gion of the prefrontal cortex. The present results are consistent
with previous studies demonstrating an increase in LC firing rate
in response to 30 Hz VNS (Hulsey et al. 2017), and VNS-evoked
NE elevations in both the amygdala and medial prefrontal cortex
(Hassert et al. 2004; Follesa et al. 2007).

VNS is currently used to treat a variety of human disorders, in-
cluding epilepsy, depression, and stroke. Eighty percent of vagus
nerve afferents terminate in the nucleus of the solitary tract
(NTS), which projects to the LC, raphe nucleus, and parabrachial
nucleus, among other areas (Holt 2022). While the mechanisms
of VNS effects are not fully understood, VNS effects in epilepsy,
depression, and cortical plasticity are lost when the LC is lesioned
(Krahl et al. 1998; Grimonprez et al. 2015; Hulsey et al. 2019). For
example, in a motor-learning task, VNS paired with training en-
hanced plasticity in the motor cortex. Neurotoxic lesions of LC
projections to the motor cortex blocked this plasticity (Hulsey
et al. 2019). Furthermore, pharmacological inhibition of noradren-
ergic α2 receptors in themotor cortex also interferedwith this form
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Figure 2. Optogenetic inhibition of the LC does not affect anxiety-like behavior or locomotion. (A)
Illustration of the open field arena. The unshaded region was considered the “center” of the open
field. (B) Mean percentage of time spent in the center (+/− SEM) during the open field test. (C)
Mean number of entries into the center of the open field (+/− SEM). (D) Mean total distance moved
in the open field (+/− SEM). (E) Illustration of the elevated plus maze. The unshaded arms were
“open” because they did not have walls along the sides. (F) Mean percentage of total time spent in
the open arms of the elevated plus maze (+/− SEM). (G) Mean number of entries into the open arms
of the elevated plus maze (+/− SEM). (H) Mean total distance traveled in the elevated plus maze (+/−
SEM). (I) Stimulation parameters for optogenetic inhibition during testing. Circles indicate males,
while triangles indicate females. No significant differences were seen between sham-eYFP and
sham-ArchT in any of the tests.
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of VNS-induced plasticity (Tseng et al. 2021) and pairing optoge-
netic stimulation of the LC with training on the motor-learning
task-induced plasticity in the motor cortex (Tseng et al. 2024).
The current findings suggest that VNS effects on extinction, like
epilepsy, depression, and cortical plasticity, critically involve acti-
vation of the LC.

Heightened LC activity is often associated with hypervigi-
lance and anxiety-like behaviors (Aston-Jones and Bloom 1981;
McCall et al. 2015; Soya et al. 2017; Llorca-Torralba et al. 2019).
Based on this evidence, we considered the possibility that inhibi-
tion of the LC during extinction training could reduce anxiety,
leading tomore neutral associationswith the conditioned stimulus
and, consequently, better extinction of conditioned fear. However,
when the same intermittent optogenetic LC inhibition parameters
were used during testing on the elevated plusmaze and in the open
field, we did not observe changes in anxiety-like behaviors. These
findings suggest that the effects of LC inhibition during extinction
training on later expression of conditioned fear were not due to dif-
ferences in anxiety state during exposure to the conditioned
stimulus.

Although VNS effects on the LC/NE system have been dem-
onstrated, there is some evidence that VNS activates other neuro-
modulatory systems that participate in memory and plasticity,
including serotonin (Ruffoli et al. 2011) and acetylcholine (Nichols
et al. 2011). Therefore, to understand the mechanisms of VNS en-
hancement of extinction, it was necessary to determine whether
VNS effects on the LC were critically involved. We found that
VNS enhancement was mediated, at least in part, by LC activity.
These results suggest that the VNS-induced increase in NE release
in themPFC and amygdala does not biasmemory in favor of threat
over extinction. Instead of determiningwhatmemories are consol-
idated, studies that pair VNS with sensory, motor, or extinction

training indicate that VNS-driven LC activation influences when
training-induced plasticity is facilitated, and memories are
consolidated.

Uematsu et al. (2017) targeted specific subpopulations of LC
neurons projecting to the mPFC or amygdala and demonstrated
a critical role for LC projections to the IL region of the mPFC in ex-
tinction learning and recall while inhibition of LC projections
to the amygdala during exposure to the CS enhanced extinction.
It is difficult to reconcile these findings with evidence that
extinction-enhancing VNS increases NE in the amygdala (Hassert
et al. 2004; Chen and Williams 2012). Future studies will test the
hypothesis that natural extinctiondoes not benefit fromNE signal-
ing in the amygdala, but VNS-paired extinction does. Previous
findings are consistent with the hypothesis that VNS-enhanced
and natural extinction produce qualitatively different effects on
plasticity in a neural circuit involved in extinction, even when
the level of extinction of conditioned fear is matched (Peña et al.
2014). After fear conditioning and extinction training, high-
frequency stimulation in the IL produced opposing effects on local
field potentials in the BLA in VNS-treated rats and Sham-treated
rats (Peña et al. 2014), and, in another study, VNS-treated rats
showed generalizationof extinction to aCS thatwasnot presented,
whereas rats given Sham stimulation did not (Noble et al. 2019).
Taken together, these findings argue that VNS doesmore than sim-
ply accelerate the natural extinction process. They suggest that
VNS engages mechanisms that contribute to the consolidation of
emotional memories, which are rapidly stored for the long term,
tend to be generalized, and critically involve noradrenergic
signaling.

Materials and Methods

Animals
All methods and procedures were conducted according to the NIH
Guidelines for the Care and Use of Laboratory Animals and ap-
proved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Texas at Dallas. Single-housed, adult
(3–4 months of age) male and female Long-Evans rats weighing
250–550 g at the beginning of testing were used. All rats expressed
Cre recombinase under the control of the Th promoter
(Long-Evans [Th-Cre] 3.1) (Witten et al. 2011). Rats were bred in
the animal care facility at the University of Texas at Dallas from
breeding stock provided by the Rat Resource and Research Center
(RRRC; RRID:RRRC_00659). Rats were kept on a 12h:12h light–
dark cycle (lights on at 6 a.m.) and had access to food and water
ad libitum. Three days before testing began, rats were handled for
10 min per day to acclimate them to the experimenter and exper-
iment room. Behavioral training and testing rooms were immedi-
ately adjacent to rat holding rooms, and rats were habituated to
the behavior room for 30 min before training or testing. All train-
ing and testing occurred during the light cycle.

Genotyping
Genotyping of transgenic rats was performed from an ear punch at
weaning (postnatal day 21) using the following PCR conditions:
95°C (3 min), followed by 35 repeats of 94°C (1 min), 60.8°C
(1 min), 72°C (1 min), finally 72°C (10 min) 4C (held until refrig-
erated). Th-Cre specific primers were used: Cre 5 (5′-GCG GCA
TGG TGC AAG TTG AAT-3′), Cre 3 (5′-CGT TCA CCG GCA TCA
ACG TTT-3′). Transgene-positive animals had an amplified band
at 232 bp, while transgene-negative animals had no band
(Witten et al. 2011).

Experimental design
To test the hypothesis that VNS-enhanced extinction of
conditioned fear depends upon activation of the LC, rats
were assigned to one of four groups before surgical procedures:

A B

C

D

Figure 3. Verification of viral efficacy. (A) Depiction of optic fibers placed
bilaterally dorsal to the LC and a viral infusion. (B) The optic fiber tract is
seen directly dorsal to the LC (hashed white outline, virus shown in
white). (C) Noradrenergic LC neurons are inhibited during laser stimula-
tion. Peri-stimulation raster plots from five LC neurons were recorded in
one rat (example units). All exhibited a reduction in firing during laser
stimulation (yellow background). Average z-score normalized firing rates
across the population of cells. (D) Fluorescent tag eYFP (green) bound to
the ArchT opsin, and dopamine-beta hydroxylase (red) can be seen in sep-
arate panels on the right. On the left, these images are merged to see the
colocalization of the virus and DBH (yellow).
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Sham-eYFP (5F, 6M); Sham-ArchT (5F,
7M); VNS-eYFP (7F, 4M); VNS-ArchT (5F,
5M). An adeno-associated virus express-
ing an inhibitoryArchTopsin (AAV8-EF1a-
DIO-ArchT3.0-eYFP) or an eYFP control
virus (AAV8-EF1a-DIO-eYFP), in a Cre-
dependent manner, was bilaterally in-
fused into the LC (AP: −9.8, ML: ±3.75–
3.90, DV: 6.43−7.43 mm from Bregma).
Three weeks after virus infusions, a VNS
cuff electrode and LC-targeted optic fibers
were chronically implanted. Behavioral
testing began 1 week after electrode and
fiber implantation.

Viral production and injection

procedure
Adeno-associated viruses used in this
study were produced using a triple-
transfection helper-free method in
239FT cells (Invitrogen). Viruses were
pseudotyped as AAV8 and were purified on an iodixanol step gra-
dient and concentrated using Amicon Ultra columns. Titers of vi-
ruses were determined using a PCR-based method as previously
described (Holehonnur et al. 2014). Rats were anesthetized with
isoflurane (2%–3%, inhaled; Western Medical Supply). To prevent
bleeding and pain, an injection of lidocaine 2% with epinephrine
(0.2 mL, Novocol Pharmaceutical) was administered subcutane-
ously on the skull. A 5 mm incision was made along the skull,
and craniotomies were made over the targeted bilateral injection
sites (needle angle 20° from vertical, AP: −9.8, ML: ± 3.75–3.80,
DV: 6.43–7.43, relative to Bregma). Rats were injected with a viral
vector expressing the inhibitory ArchT opsin (AAV2/
8-EF1a-DIO-ArchT3.0-eYFP) or a control virus (AAV2/8-EF1a-
DIO-eYFP) in the LC. One microliter of virus at a titer of∼1×
1013 Genome Copies (GC/mL) was infused bilaterally using a
Hamilton 7002 syringe at a rate of 0.1 µL/min. Viral plasmids
were gifts from Karl Deisseroth. The virus was allowed to diffuse
for 7 min before the syringe was removed and the wound was su-
tured (AD Surgical, nonabsorbable nylon suture).

Cuff electrode and surgical procedure
VNS stimulating cuff electrodes were prepared using previously de-
scribedmethods (Rios et al. 2019) (Fig. 4A–D). Three weeks after vi-
ral infusion surgery, rats were again anesthetized with isoflurane
(2%–3% inhaled). The VNS cuff was implanted around the left cer-
vical vagus nerve as previously described (Souza et al. 2021a,b). To
test efficacy of the VNS cuff, a brief stimulation (0.8 mA, 20 Hz, 5
sec) was administered to induce momentary cessation of breath-
ing, which indicated a functioning cuff. The cuff was then closed
around the vagus nerve using suture wire and the wound was su-
tured closed. The rat was immediately transferred to a stereotaxic
frame and an incision was made along the skull. Four bone screws
(Technologies, 1.6mm)werefixed to the skull to anchor the acrylic
headcap. Optic fibers (400 µm, 10 mm, Thorlabs CFM14L10-10)
were bilaterally implanted (needle angle 20° from vertical, AP:
−9.8, ML: ± 3.75–3.80, DV: 6.43–7.43, relative to Bregma) dorsal
to the LC. Acrylic was used to hold the optic fibers and VNS head-
cap in place (Fig. 4, right panel). Rats were given 1 week to recover
before behavioral testing. During extinction training, a picoscope
was used to monitor cuff impedance during each stimulation.
Rats were excluded if their impedance was below 0 Ω (n =2) or
above 15 Ω (n=3), indicating a malfunctioning cuff.

Behavioral apparatus
AFC, extinction, and retention all occurred in the same context. A
plexiglass booth (31×23×21 cm)with electric bars for flooringwas
housed within a soundproof behavior box (61×82×57 cm). A
speaker (Powerline) was mounted on the wall of the behavior
box 11 cm from the booth. For extinction sessions, a laser

(PSU-H-LED, RDW) was attached via patch cable to a commutator
(Thorlabs) suspended above the behavior box. A camera (Logitech)
was mounted on the far end of the box to record sessions.

Auditory fear conditioning and extinction
On days 1 and 2, rats underwent AFC. Before conditioning on day
1, two baseline tones (9 kHz, 75 dB, 30 sec) were administered to
test baseline freezing behavior. Each conditioning session then
consisted of eight tones (CS) paired with a footshock (Lafayette
Instruments—scramble grid current generator, 0.4 mA, 0.5 sec).
To increase unpredictability, the tones were presented with a pseu-
dorandom interstimulus interval (ISI) (160–240 sec), and the foot-
shock occurred at a pseudorandom interval during each 30 sec
tone presentation. On day 3, rats underwent a preextinction con-
ditioned fear response test (Pre-Ext CFRT). No shock was adminis-
tered during the CFRT, and time spent freezing during each of four
presentations of the tone CS was recorded.

Onday 4 (Ext), rats received four trials inwhich each 30 secCS
tone presentation was paired with yellow laser light delivery to the
LC that overlappedwith VNS or Sham stimulation. TheCSwas pre-
sented four times at a pseudorandom ISI (160–240 sec). On each
trial, four trains of VNS (0.8 mA, 0.5 msec biphasic pulses, 30 Hz
pulse frequency, 2 sec train duration) were delivered every 7.5 sec
during the 30 sec CS tone presentation. A 4 sec pulse of yellow laser
light (593 nm, 10mW)was deliveredwith eachVNS train; laser on-
set began 1 sec before VNS onset and ended 1 sec after the VNS
train. Sham stimulation groups were trained and tethered identi-
cally to the VNS treatment groups and received laser stimulation,
but no VNS, during the fear extinction session.

A secondCFRT sessionwas given on day 5 to assess extinction
learning (Post-Ext CFRT). Fourteen days following the Post-Ext
CFRT, a retention test was administered to test the durability of
the extinction memory. During this Remote Test session, the rats
were again placed in the behavior booth, and the CS was presented
four times without a footshock (Fig. 1A).

Anxiety testing
To test whether optogenetic inhibition of the LC affected anxiety-
like behavior, naïve adult Long-Evans rats (3 months of age at time
of injection) were bilaterally injected with ArchT (4F, 7M) or con-
trol virus (2F, 5M) in the LC. Optic fibers were implanted bilaterally
dorsal to the LC6weeks after viral infusion. Behaviorwas then test-
ed on the open field and elevated plus maze tasks using ANY-maze
software.

Open field test (OFT)
Rats were placed in a corner of a large plexiglass box with a grid on
the floor. The percentage of time spent near the walls was used as a

A

B

C

D

Figure 4. (Left panel) Parts of a vagus nerve cuff are shown next to a dime for reference. The end of a
VNS tether with the connector end (A), the headcap (B), gold pins that connect the cuff to the headcap
(C), and the cuff itself (D). (Right panel) Depiction of a rat with bilateral LC-targeted optic fibers and left
vagus nerve stimulating cuff implanted.
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measure of anxiety, while time spent in the center was considered
an indication of lower anxiety. During the test, rats were tethered
to a laser which administered light through the implanted optic fi-
ber. Parameters for inhibition (593 nm, 10 mW, 4 sec, four times
during 30 sec tone) were matched to those used during extinction
of conditioned fear with VNS; however, no VNS or tone was ad-
ministered. Video recordings were taken for later analysis of cross-
ings into, and time spent in the center or edge during the 14-min
behavior session. Videoswere scored usingANY-maze software and
are reported asmean percent time in the center, number of entries,
and distance traveled per group.

Elevated plus maze (EPM)
Twenty-four hours after OFT, the same rats were run on an elevated
plus maze as previously described (Carobrez and Bertoglio 2005;
Canto-de-Souza et al. 2021). Briefly, the apparatus consisted of
two opposite open arms, and two opposite enclosed arms. Rats
were placed on the center of the apparatus at the intersection of
these arms while tethered to a laser. Parameters for inhibition
were matched to those used during the extinction of conditioned
fear with VNS; however, no tone or VNS was administered. Video
recordings were taken for later analysis of number of entries and
time spent in open and closed arms during the 14 min behavior
session (n= 1, excluded due to issues in recording the session).
Sessions were scored using ANY-maze software.

Statistical analysis
Conditioned fear behavior was video recorded (Logitech camera)
during eachCFRT session. Two blinded experimenters scored freez-
ing responses and results were averaged for each tone per animal.
Freezing was defined as the absence of movement other than
breathing or ears twitching andwas transformed to a percent of to-
tal tone-exposure time score. Contrast analyses were conducted us-
ing SPSS, and an unpaired t-test was used to compare freezing in
Sham-ArchT versus Sham-eYFP groups during extinction training.
Graphs were made using GraphPad Prism.

Anxiety behaviors were video recorded (Logitech camera) dur-
ing each test session. ANY-maze software was used to score the
number of center entries (unshaded region) and percent time in
the center of the open field, or number of arm entries and time
spent in the open arms of the EPM. Statistical analyses and graph-
ing were performed using GraphPad Prism. Behavioral data were
analyzed using unpaired t-tests to compare: percent time in com-
partment, crossings into compartment, or total distance traveled
in ArchT-expressing rats versus eYFP control rats. For all statistical
results, significance is reported for P<0.05.

Histological verification
Rats were perfused using 1 M phosphate buffered saline (60 mL/
min, 3 min) followed by 4% paraformaldehyde in 1 M PBS (60
mL/min, 2 min) 24 h after the last day of behavioral testing.
Brains were placed in 4% paraformaldehyde for 1 h followed by a
30% sucrose solution for 24–48 h. The LC of each brain was sec-
tioned at 30 µm and stained for dopamine beta hydroxylase
(DBH) and GFP. The presence of DBH was used as an indicator of
NE-producing neurons while GFP antibodies were used to enhance
the eYFP viral tag. A series of tris washes were used followed by in-
cubation in mouse anti-DBH (1:10,000; Sigma-Aldrich MAB308)
and rabbit anti-GFP (1:2000; Abcam 598) diluted in tris
buffer. After incubating for 48 h at 4°C in the primary antibody,
sectionswere againwashed in tris solutions. Next, sectionswere in-
cubated in Alexa-555 conjugated donkey anti-mouse (1:400,
Invitrogen A31570) and Alexa-488 conjugated goat anti-rabbit
(1:200, Invitrogen A32731) secondary antibodies in tris B for 1 h.
Finally, they were rinsed in tris buffer. For imaging, sections were
wet mounted onto slides with tris buffer and coverslipped using
VECTASHIELD Antifade Mounting Medium with DAPI (Vector

Laboratories H1200). Slices were imaged with a fluorescent
microscope.

Electrophysiology
Electrophysiology recordings were performed in an untrained
female TH-Cre+ rat (27 weeks old at recording) to validate
ArchT-mediated suppression of LC firing. At least 4 weeks after re-
ceiving unilateral ArchT-expressing virus infusion into the LC, the
rat was anesthetized with ketamine hydrochloride (70 mg/kg) and
xylazine (5 mg/kg) injected intraperitoneally, and received supple-
mentary doses of ketamine hydrochloride (70 mg/kg) as needed to
maintain stable anesthesia throughout the recording session. A
small craniotomy was made to target the LC (AP: −12 mm, ML:
−1.25 mm from Bregma), and an optrode consisting of a 200 µm
core optical fiber (Thorlabs) glued to a high-impedance (∼1 MW)
bipolar tungsten matrix microelectrode (FHC Inc., SKU 30255)
was slowly lowered to 5.2 mm from the surface of the brain at an
angle of 20° posterior to the vertical axis. Neural activity was
then recorded every 100–200 μm along the recording track from
depths between 5.2 and 6.8 mm. Putative LC neural activity was
identified by stereotaxic recording depth, the presence of long-
duration positive–negative action potential waveforms, and a burst
of spikes following toe pinch (Martins and Froemke 2015; McCall
et al. 2015; Hulsey et al. 2017). During recordings, a 4 sec pulse of
593 nm laser light was delivered with a random intertrial interval
between 15 and 20 sec. Neural activity was recorded using a
Plexon OmniPlex Data Acquisition System (Plexon Inc.). Wide-
band continuous activity was filtered from 0.1 Hz to 10 kHz and
digitally sampled at 40 kHz. To capture single-unit activity, wide-
band signals were digitally filtered (50 Hz–10 kHz), and spikes
were sampled at 40 kHz for a duration of 2.5 msec around the
timewhen a voltage threshold crossing was detected. Following re-
cording, histology was performed to confirm the anatomical posi-
tion of the optrode and virus expression in the LC.

Recorded spikes were manually sorted offline into clusters
using Plexon Offline Sorter (Plexon Inc.). Data analysis was
performed in MATLAB. Clusters exhibiting low tonic firing rates
(<9Hz) and long-durationpositive–negative action potentialwave-
shapes (peak duration>375 μsec) were identified as putative norad-
renergic LC units, and accepted for further analysis if unit activity
was stably recorded during at least 20 trials. To determine whether
each unit exhibited laser-evoked responses, peri-stimulation time
histograms were constructed from –4 to +8 sec around laser onset,
using a 200msec binwidth, andwere smoothed using a 3-binmov-
ing average. Baseline firing rate for each unit was computed from
the smoothed PSTH during a 3 sec window before stimulation.
Units were identified as having laser-evoked suppression of firing
if the PSTH was 2 SD below the baseline firing rate for at least 1.5
sec following laser onset.
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