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Abstract

Background—Fearful experiences can produce long-lasting and debilitating memories.
Extinction of conditioned fear requires consolidation of new memories that compete with fearful
associations. In human subjects, as well as rats, posttraining stimulation of the vagus nerve
enhances memory consolidation. Subjects with posttraumatic stress disorder (PTSD) show
impaired extinction of conditioned fear. The objective of this study was to determine whether
vagus nerve stimulation (VNS) can enhance the consolidation of extinction of conditioned fear.

Methods—Male Sprague-Dawley rats were trained on an auditory fear conditioning task
followed by 1-10 days of extinction training. Treatment with vagus nerve or sham stimulation was
administered concurrently with exposure to the fear conditioned stimulus. Another group was
given VNS and extinction training but the VNS was not paired with exposure to conditioned cues.
Retention of fear conditioning was tested 24 hours after each treatment.

Results—VNS paired with exposure to conditioned cues enhanced the extinction of conditioned
fear. After a single extinction trial, rats given VNS stimulation demonstrated a significantly lower
level of freezing, compared to that of sham controls. When extinction trials were extended to 10
days, paired VNS accelerated extinction of the conditioned response.

Conclusions—Extinction paired with VNS is more rapid than extinction paired with sham
stimulation. As it is currently approved by the Federal Food and Drug Administration for
depression and seizure prevention, VNS is a readily-available and promising adjunct to exposure
therapy for the treatment of severe anxiety disorders.
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Introduction

Conditioned fear develops when a neutral cue is associated with an aversive stimulus or
event. This association leads to heightened fear and anxiety in the presence of the formerly
neutral cue. The process of replacing fearful associations with neutral associations is called
extinction. Extinction learning does not erase initial learning, but the new learning competes
with the old, eventually leading to a new situation-appropriate response (1). Development of
posttraumatic stress disorder (PTSD) occurs in approximately 28-50% of trauma-exposed
individuals (2). PTSD sufferers show an impaired ability to extinguish conditioned fear in
controlled laboratory studies (3) and PTSD is characterized by fear that is resistant to
extinction (4). This evidence suggests that the inability to extinguish conditioned fear
enables the strengthening of traumatic memaories over time, contributing to the development
of PTSD. A method to facilitate extinction would therefore be beneficial in the treatment of
PTSD.

The present set of experiments tests the hypothesis that extinction can be enhanced with
concurrent exposure to conditioned cues and stimulation of the vagus nerve. Electrical
stimulation of the vagus nerve (VNS) has been approved by the US Food and Drug
Administration for prevention of seizures since 1997. The role of the vagus nerve in the
stress/arousal pathway and the temporal specificity of electrical stimulation allow VNS to
facilitate memory consolidation and synaptic plasticity. Posttraining administration of the
stress hormone epinephrine enhances memory and produces vagal responses that lead to
elevated norepinephrine levels in the brain (5-8). Like systemic administration of
epinephrine, VNS immediately after training enhances memory consolidation in rats and in
humans (9, 10). VNS coupled with precise timing of a tone promotes specific frequency
map plasticity in primary auditory cortex (11) and VNS paired with movement produces an
expansion of the region of primary motor cortex that generates the movement (12). Thus,
delivery of VNS that is coupled with a sensory or motor event is capable of enhancing
memory consolidation and generating specific plasticity in various brain regions, raising the
possibility that VNS can be used to artificially modulate neural plasticity underlying
memory.

A primary tool in the treatment of stress disorders such as PTSD, phobia, obsessive
compulsive disorder, and addiction is exposure therapy, a treatment that uses exposure to
desensitize patients to the cues that cause anxiety or compulsive behaviors. Prolonged
exposure therapy is currently considered the most effective treatment for PTSD (13). Some
of the most encouraging results of this research indicate that cognitive enhancers can
facilitate extinction of conditioned fear and the effectiveness of exposure-based
psychotherapy (14-16). To reduce the risk of reinforcing the aversion to fear-conditioned
cues, optimal adjunct therapy should possess a rare combination of memory-enhancing and
anxiety-reducing qualities. Unfortunately, most anxiolytic drugs that are currently used to
treat the symptoms of anxiety disorders (benzodiazepines and B-adrenoceptor antagonists)
also impair memory consolidation (17, 18), potentially interfering with progress in exposure
therapy. As an adjunct to exposure therapy, VNS holds promise because it produces both
memory enhancing and anxiolytic effects (19, 20).

Inspired by initial observations of mood improvement in patients given VNS to prevent
epileptic seizures, studies investigated the effect of VNS on depression and anxiety. In an
open-label clinical trial, George and colleagues (19) reported lasting improvements in
patients with treatment-resistant anxiety disorders when VNS was administered as
prescribed for epilepsy. Similarly, repeated VNS produces anxiolytic-like effects in rats
(20). This evidence indicates that VNS has anxiety-reducing effects in addition to its effects
on brain plasticity and memory. The present set of experiments examines the potential for
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VNS, paired with therapy, to enhance the consolidation of extinction of conditioned fear. To
determine whether VNS facilitates the extinction process, VNS was administered
concurrently with extinction training in fear conditioned rats.

Methods and Materials

Animals

Surgery

Male Sprague-Dawley rats (Charles River) weighing 250-300g on arrival were housed in a
standard animal care facility on a 12 hour light/dark cycle (lights on at 7:00 am) with access
to food and water ad /ibitum. All procedures were approved by the Institutional Animal Care
and Use Committee, University of Texas at Dallas.

The VNS surgical procedure has been described in detail elsewhere (11). Briefly, platinum-
iridium wire electrodes and biocompatible micro-renathane cuffs (0.04 in. i.d., 0.08 in. o.d.,
4 mm long) were assembled in the laboratory at The University of Texas at Dallas.
Isoflurane anesthesia (1% in O, Western Medical Supply) was administered through
inhalation and the vagus nerve was accessed at the cervical level through an incision in the
skin along the ventral midline. The muscle layers were separated, exposing the vagus nerve
and carotid artery and the electrode was wrapped around the nerve. Transient cessation of
breathing was observed in anesthetized rats when VNS (0.2 mA, 60 Hz, 10 sec) was given
through the implanted electrode, confirming that the cuff electrode was appropriately
positioned to stimulate the vagus nerve. To ensure that the cuff electrode position was
maintained throughout the experiment, transient cessation of breath was again observed
upon completion of the study. Sham animals were subjected to the same surgical procedure
however the circuit was designed to short at the level of the head implant. All rats were
allowed to recover for 1 week after surgery. During the recovery period, rats were handled 5
min/day for 5 days in order to habituate them to being picked up by the experimenter.

Extinction of Auditory Fear Conditioning with Single Treatment

Auditory Fear Conditioning—All auditory fear conditioning and extinction trials were
performed in two identical sound-attenuating boxes. The grid floor was cleaned with 20%
ethanol before training each animal. To insure that rats were not inherently afraid of tone
presentations, 5 tones were presented on the first day of conditioning (9 kHz, 85 dB SPL, 30
sec duration). Rats were then presented 8 tones (9 kHz, 85 dB SPL) overlapping with a 1 sec
footshock (0.5 mA). To prevent the development of a specific temporal association with the
footshock, a single 1-sec footshock was administered at a randomized time during each 30
sec tone presentation. To produce a robust conditioned fear, rats were again given 8 tones
paired with footshock on a second conditioning day 24 hours later. The inter-stimulus-
interval (1SI) varied between 3 and 5 min, averaging 4 min for every tone presentation (see
Figure 1a for training and extinction timeline).

Conditioned Fear Test—On Day 3, 1 day following the second day of fear-conditioning,
4 tones (9 khz) were presented, with an 1SI of 3, 4, or 5 min (4 min average). The session
was recorded by a digital camera and simultaneously viewed on a computer based outside of
the behavior room and saved for later analysis. Freezing (percent time spent freezing of total
duration of exposure to the tone) was used as a measure of the conditioned fear response
(CFR). Freezing was defined as a period of complete immobility. Freezing posture consists
of lowered head, spread paws, and rapid respiration. Time spent freezing was assessed by
two independent observers who were blind to treatment conditions.
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Extinction Treatment Paired with Vagus Nerve Stimulation—On Day 4, rats were
again presented 4 tones in the absence of footshock (9 kHz, ISI = 3, 4, or 5 min). During this
“treatment” trial, either sham stimulation (n =10), or VNS (n=8) overlapped with the
conditioned 30-second tone. The 30 second-long vagus nerve (or sham) stimulation was
delivered at an intensity of 0.4 mA, 500 ps pulse width at 30 Hz, and started 150 ms before
the onset of the tone. These VNS parameters were selected because they were previously
optimized for enhancing memory consolidation in rats and humans (10, 21).

Post-treatment Test—On Day 5, freezing was assessed as in the Conditioned Fear Test;
VNS and sham stimulation were not administered and the level of freezing to the tone, in the
absence of footshock, was measured. Post-treatment freezing was analyzed as percent of
each individual rat's CFR.

Taking into account the two test days, where the conditioned cues were presented without
footshock, all animals were essentially given the opportunity to extinguish conditioned fear
over a total of 3 days. This design allowed for assessment of conditioned freezing without
the potential confound of a performance effect of stimulation on freezing behavior.

Extinction of Auditory Fear Conditioning with Multiple Treatments

In a clinical setting, exposure therapy is given repeatedly until the conditioned fear is
extinguished. To examine whether VNS accelerates the time to extinction of conditioned
fear, VNS (n=9) and sham control rats (n=13) were conditioned to fear a 9 kHz tone
followed by extinction training as described above. However alternating treatment and post-
treatment tests were administered repeatedly for a total of 5 sham- or VNS-paired extinction
treatments. Remission of the CFR was judged to be achieved when time spent freezing was
< 10% of the CFR (no more than 12 sec).

Paired vs. Unpaired VNS—To test whether VNS alone could enhance extinction, an
“unpaired VNS” group of rats (n=7) was given VNS after extinction training instead of
overlapping VNS with exposure to the conditioned tone. On the treatment day, each rat in
this group was removed from the conditioning boxes immediately after extinction training
and VNS was administered 4 times in the home cage with an ISl of 3, 4, or 5 min.

Spontaneous Recovery of Conditioned Fear—To determine whether conditioned
fear would recover spontaneously over time, 9 of the VNS rats and 4 of the sham rats were
left alone and then given a follow-up retention test 2 weeks after completion of 5 treatment
trials. Percent of CFR on the last retention test after extinction training was compared to the
percent of CFR measured on the retention test 2 weeks later. A significant increase in this
measure within a group would be taken as an indication of spontaneous recovery of fear.

Extinction of Remote Auditory Fear Memory with Multiple Treatments

Posttraumatic stress disorder and other anxiety disorders are generally not treated until long
after the learning event that produces maladaptive responses. Extinction of remote memories
may involve different neural pathways (22, 23) suggesting that the efficacy of a given
treatment may depend upon the age of the conditioned fear (24). To test the effect of
repeated extinction trials on more remote conditioned fear, rats were conditioned to feara 9
kHz tone, as previously described. Following fear conditioning, rats were then left alone and
housed individually for 2 weeks. After 2 weeks, rats were given a Conditioned Fear Test,
followed by extinction treatment paired with either sham stimulation (n=10) or VNS (n = 4),
and a Post-treatment Test.
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Data Analysis

Results

Single trial behavioral data were analyzed with an ANOVA subject (Treatment Group) and
pairwise post-hoc comparisons determined with the Fisher's PLSD post hoc test. Multiple
trial experiments were analyzed with a partially repeated ANOVA subject (Treatment
Group) x Trial, and overall group differences where determined using Fisher's PLSD post
hoc test.

Vagus Nerve Stimulation Enhances Extinction Memory

Vagus nerve stimulation during a single paired-extinction treatment session significantly
reduced the percent of CFR on the following day (Figure 1b). A statistically significant main
effect was seen across auditory fear conditioning and extinction trials [F = 6.881, p < 0.05],
and a post-hoc analysis revealed no significant group differences in CFR on the day before
VNS or sham treatment [Fisher's PLSD, p > 0.05]. A significant reduction of percent of CFR
was seen one day after extinction paired with VNS treatment [Fisher's PLSD, p < 0.05 vs.
sham controls]. A comparison of percent of CFR in VNS- vs. sham-treated animals across
trials on the day after treatment (Post-treatment Test) revealed a main effect of VNS [F =
6.881, p < 0.05] and a significant extinction effect of tone presentation on the freezing
response during the test trial [F = 3.145, p < 0.05], however there were no significant
interactions of the tone presentations and the groups [F = 1.304, p > 0.05], suggesting that
the rate of extinction on the test day was the same in both groups and the observed group
differences were due to treatment on the preceding day, when VNS or sham stimulation was
administered. The main finding that rats given a single session of VNS paired with exposure
to the conditioned cues exhibited half as much freezing as sham-treated animals indicates
that VNS enhanced extinction of conditioned fear.

Vagus Nerve Stimulation Accelerates Extinction over Multiple Treatment Trials

Repeated extinction and testing trials were used to determine whether VNS would remain
effective over a treatment regime and if remission of the CFR could be achieved with
repeated VNS-extinction pairing (Figure 2a). A significant main effect was seen between
groups [F = 3.959, p < 0.05], as well as a significant extinction effect over all groups and
trials [F = 76.215, p < 0.001] and a significant interaction between group and percent of
CFR over trials [F = 1.98, p < 0.05]. According to the post-hoc analysis, percent of CFR was
significantly lower for VNS-paired rats than either sham controls [Fisher's PLSD, p < 0.05]
or animals given VNS in their home cage immediately after extinction treatment [Fisher's
PLSD, p < 0.005]. Percent of CFR was significantly reduced in Paired vs. Unpaired VNS
rats at Test 1 [Fisher's PLSD, p < 0.01], suggesting that pairing VNS with exposure is
essential for the extinction-enhancing effect. Percent of CFR in Paired VNS rats was
significantly lower than that in both unpaired and sham treated rats on Tests 3 and 5
[Fisher's PLSD, p < 0.05]. Only paired VNS animals reached the criterion for remission of
the CFR at the end of 10 consecutive days of extinction (5 sham or VNS treatment trials)
[Sham mean+SEM = 31.2% +- 6.9, Unpaired VNS mean+SEM = 39.4% +- 12, Paired
VNS mean + SEM = 7.3% +-2.3], indicating that VNS accelerates the rate of extinction.

Nine paired VNS and 4 sham-stimulated rats were given another test 2 weeks after
completion of 5 extinction and test trials (Figure 2b). A t-test comparing percent of CFR on
Test Day 5 to that on the test 2 weeks later revealed no significant recovery of fear in either
group [Sham = £6) = 0.648, p>.05; VNS = £16) = 1.365, p> .05]. VNS reduced freezing
by 75% both immediately and 2 weeks after therapy, indicating that the VNS effect was
long-lasting.
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Vagus Nerve Stimulation Enhances Extinction of a Remote Auditory Fear Memory

The effect of the paired-VNS treatment regime on the extinction of a relatively remote (2-
week-old) fear memory was also investigated (Figure 3). Similar to the previous findings, a
repeated measures ANOVA revealed a significant main effect [F=5.532, p < 0.05], a
significant overall extinction effect of trials [F=26.857, p<0.0001] and a significant
interaction between group and percent of CFR over trials [F=9.073, p <0.0001]. VNS
significantly enhanced the extinction of a 2-week-old fear memory after a single treatment
session [Fisher's PLSD, p < 0.05], indicating that the benefits of VNS persist even when the
fear memory is remote.

Discussion

The present findings demonstrate that VNS administered during exposure to conditioned
cues both enhances and accelerates extinction of conditioned fear. The significant reduction
in freezing is not likely to be the result of a performance effect of VNS that is carried over to
testing 24 hours later because the group given unpaired VNS and extinction showed no
enhancement of extinction of conditioned fear. Neither group demonstrated spontaneous
increases in fear responding 2 weeks after cessation of fear conditioning, possibly because
spaced extinction training contributed to the inhibition of spontaneous return of fear (25). It
remains unknown whether VNS-enhanced extinction would be susceptible to the return of
fear that is frequently observed in control animals.

Although extinction of conditioned fear is typically examined within 24 hours of fear
conditioning in animals (14, 26, 27), anxiety disorders stem from experiences that occur
months or years before treatment is sought. It is difficult to compare the passage of 2 weeks
in a rat to that of months or years in humans, especially when considering lifespan
differences, but studies in rats demonstrate that 2 week-old memories and recent memories
of aversive events are supported by different brain regions, and the older memories can be
less sensitive to disruption (22-24, 28). The present findings demonstrate that VNS paired
with the conditioned cue enhances the extinction of a relatively remote memory. When
extinction training was delayed for 2 weeks after initial fear conditioning, paired VNS rats
demonstrated significantly less conditioned fear than did sham controls after a single day of
extinction training. Sham rats eventually demonstrated extinction of remote conditioned
fear, but paired VNS rats demonstrated remission of the conditioned fear response earlier.
These results indicate that VNS is no less effective when the conditioned fear is based on a
remote memory.

The position of the vagus nerve in the arousal pathway and the temporal specificity of
electrical stimulation allow VNS to facilitate memory consolidation and plasticity (5-8).
Extinction of conditioned fear requires the consolidation of newly learned associations. The
role of afferent fibers of the vagus nerve in stimulating the central nervous system was
proposed by Izquierdo and colleagues over 50 years ago (29). Since then, mounting
evidence indicates that emotional arousal enhances memory consolidation through a
pathway involving vagal afferents (5, 30, 31) which project to brain stem nuclei that regulate
the release of norepinephrine throughout the forebrain (7, 32-35). Extensive evidence
indicates that arousal-induced memory enhancement is mediated by noradrenergic activation
of the amygdala. Infusions of the B-adrenoceptor antagonist propranolol into the amygdala
block the memory-enhancing effect of posttraining, systemic administration of epinephrine
in rats (36). Elevation of norepinephrine levels are seen in the amygdala following exposure
to an aversive stimulus, administration of epinephrine, or VNS (7, 37-39). This evidence
suggests that memory consolidation can be modulated by adrenergic actions on the vagus
nerve which, through projections to the nucleus of the solitary tract and locus coeruleus,
stimulates noradrenergic activation of p-adrenoceptors in the amygdala (7, 32-35) (Figure
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4). Artificial stimulation of the vagus nerve takes advantage of this arousal-related pathway
to enhance the consolidation of extinction memory.

The temporal specificity of VNS was demonstrated in an earlier study in which VNS paired
with a tone resulted in tone-specific plasticity in primary auditory cortex (11, 12). VNS-
induced plasticity is a likely substrate of VNS enhancement of memory consolidation. This
plasticity could occur in a circuit involving the infralimbic (IL) cortex and amygdala.
Electrical stimulation of the IL results in a suppression of activity in the central nucleus of
the amygdala, and decreased activation of the central amygdala reduces fear responding
(40). Like stimulation of the vagus nerve, electrical stimulation of the IL facilitates
consolidation of extinction when precisely paired with presentation of a conditioned tone;
unpaired stimulation of the IL has no effect on extinction (41). VNS increases
norepinephrine in the prefrontal cortex and amygdala in rats (7, 8) and posttraining
administration of norepinephrine into the basolateral complex of the amygdala enhances
extinction of conditioned fear of a context (42). Furthermore, activation of the prefrontal
cortex during exposure therapy is correlated with positive patient outcomes (4, 43, 44).
These findings suggest that VNS may enhance memory through noradrenergic modulation
of plasticity in the extinction-related pathway involving the IL and amygdala.

An interesting alternative or additional factor in the observed extinction enhancement is the
potential for VNS to reduce anxiety. In addition to modulating brain plasticity and memory
through actions of vagal afferents, activation of efferent fibers of the vagus nerve inhibits
sympathetic nervous system actions on heart rate and hypothalamic-pituitary-adrenal (HPA)
activation (45, 46). Sometimes called the “vagal brake”, the vagus nerve drives the
parasympathetic nervous system response that returns the body to a “rest and digest” state
following exposure to a stressor. It is conceivable that this parasympathetic brake on the
sympathetic response would reduce anxiety. Both human and rat studies demonstrate
reduced anxiety following chronic VNS (19, 20). Although an acute effect of VNS on
anxiety has not been demonstrated to our knowledge, learning to associate fear-conditioned
cues with safety could have come more easily if rats were less anxious during exposure to
those cues. It is possible that the benefit of reduced anxiety is sufficient to enhance
extinction independently of direct effects of VNS on synaptic consolidation.

The present results may assist in the identification of an adjunct treatment for anxiety
disorders as well as an avenue for investigation of the mechanisms of such disorders. Vagal
tone is a term used to describe the inhibitory influence of the vagus nerve on heart rate. It is
generally estimated by measurement of heart rate variability. A respiratory sinus arrhythmia
(RSA) occurs naturally between respiratory phases, and is considered an indicator of vagal
tone. Although heart rate variability is not necessarily an indicator of vagal activity at
effectors other than the heart (47), it is interesting to note that vagal tone is consistently
correlated with capacity to regulate stress responses and reduced vagal tone is associated
with anxiety disorders, including PTSD (48-52). Taken together with evidence that
posttraining VNS enhances consolidation of long-term memories in rats and humans (9, 10,
53), these correlative findings suggest that an adaptive response to conditioned fear,
experienced in a safe environment, may involve a vagus nerve influence on the
consolidation of extinction memories. Although the initial fear association is stored as a
strong memory, subsequent vagal tone might identify those who are at risk of developing a
trauma-related memory disorder.

VNS is approved by the federal Food and Drug Administration for the prevention of
seizures and treatment of depression, making it a readily available adjunct to exposure
therapy. Such paired therapy would target the cause, rather than the symptoms of anxiety
disorders. Because exposure therapy is typically carried out across multiple sessions, the
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present findings provide promise for an adjunct treatment that may enhance the efficacy of
exposure therapy and reduce the number of exposure therapy sessions required to treat
anxiety disorders.
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Figure 1.

VNS enhances extinction of auditory fear conditioning. (A) Auditory fear conditioning
consisted of two days of training with 8 trials/day. On a Conditioned Fear Test, given 24 h
later, rats were exposed to the conditioned tone 4 times in the absence of footshock and time
spent freezing was assessed. On the following day (Treatment), the tone was played again 4
times and it overlapped with either sham or VNS stimulation. Freezing levels were
measured again during the Post-Treatment Test trial, given 24 h later. (B) Percent of time
spent freezing out of total time that rats were exposed to the tone did not differ across the
two groups on the Conditioned Fear Test (left). After one day of extinction training with
treatment, VNS rats spent significantly less time freezing than did sham controls (right; * p
<.05).
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Figure2.

Paired VNS accelerates extinction of conditioned fear. (A) Percent of conditioned freezing
in rats given repeated extinction trials. Tests measuring freezing, and VNS or sham
treatment were given on alternate days. Paired VNS overlapped with exposure to
conditioned cues. Unpaired VNS was given in the home cage, immediately after extinction
training. Because testing days involved exposure to the conditioned tone without footshock,
extinction learning could develop over all 11 days. Paired VNS rats reached a point of
remission of fear expression (< 10 % of CFR) whereas unpaired- and sham-treated rats did
not (* p<.05 Paired vs. Unpaired; ** p<.05 Paired vs. Unpaired and Sham). (B) Spontaneous
recovery of fear was examined in 4 Sham and 9 VNS rats 2 weeks after Test 5 (Day 11).
After the passage of 2 weeks, freezing levels remained unchanged in both sham and VNS
rats indicating that spontaneous recovery of fear did not occur in either group.
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Figure 3.

VNS enhances extinction of remote conditioned fear. Percent of conditioned freezing in
sham and VNS-treated rats given delayed extinction training. Extinction trials began 2
weeks after fear conditioning. VNS or sham stimulation overlapped with the conditioned
tone on treatment trials. Test trials were given on alternate days. Although both groups
demonstrated remission of fear responding, VNS-treated rats reached the remission point
more rapidly than sham-treated rats, indicating that remote memory is not resistant to VNS

enhancement of extinction (p<.05).
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Figure4.

Model of emotional arousal effects on peripheral and central nervous systems in the rat.
Under stressful conditions, epinephrine (green dots) is released into the bloodstream by the
adrenal medulla. It does not cross the blood-brain barrier but binds to p-adrenoceptors
located on the vagus nerve (pictured here with stimulating electrode cuff connected to a
head implant). Stimulation of the vagus nerve promotes release of norepinephrine in the
cortex, hippocampus, and amygdala either by direct projections to the nucleus of the solitary
tract (NTS) or indirect connections with the locus coerulueus (LC). Artificial stimulation of
the vagus nerve is administered through a connector that is surgically attached to the skull.
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