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ABSTRACT

Background: Drug use causes the formation of strong cue/reward associations which persist long after
cessation of drug-taking and contribute to the long-term risk of relapse. Extinguishing these associations
may reduce cue-induced craving and relapse. Previously, we found that pairing vagus nerve stimulation
(VNS) with extinction of cocaine self-administration reduces cue-induced reinstatement; however, it
remains unclear whether this was primarily caused by extinguishing the context, the instrumental
response, or both.
Objective: Hypothesis: We hypothesized that VNS can facilitate the extinction of both contextual cues
and instrumental responding.
Methods: Extinction of context was first tested using Pavlovian conditioned place preference (CPP). Next,
the impact of VNS on the extinction of instrumental responding was assessed under ABA and AAA
context conditions. In each extinction context separate groups of rats were either provided the oppor-
tunity to perform the instrumental response, or the levers were retracted for the duration of extinction
training. Reinstatement was induced by reintroduction of the conditioned stimuli and/or the drug-paired
context. Data were analyzed using one-way or two-way repeated measures ANOVAs.
Results: VNS during extinction reduced reinstatement of CPP. VNS also reduced cue- and context-
induced reinstatement of the instrumental response under both AAA and ABA conditions. The sub-
jects’ ability to engage with the lever during extinction was crucial for this effect. P values < 0.05 were
considered significant.
Conclusions: Craving occurs in response to a range of conditioned stimuli and contexts; VNS may
improve outcomes of behavioral therapy by facilitating extinction of both an instrumental response and/
or contextual cues.

© 2019 Elsevier Inc. All rights reserved.

Introduction

term success rates [3—5]. Developing therapeutic adjuncts that
enhance behavioral treatment is therefore an important goal for

During chronic drug use environmental stimuli are repeatedly
paired with the effects of the drug, leading to the formation of long-
lasting cue/reward associations that can trigger craving and relapse
even after extended periods of abstinence [1,2]. Breaking these
associations via extinction learning is an important goal in the
treatment of substance use disorder (SUD); however, historically
extinction-based exposure therapy has not shown the desired long-
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SUD research [5—7]. To this end continuing efforts focus on ways to
enhance extinction learning and to reverse the maladaptive neu-
roplasticity that can be seen in animal models of drug use [7—13].

We recently used vagus nerve stimulation (VNS) to enhance the
extinction of drug seeking following cocaine self-administration
[14]. Animals that received VNS during extinction exhibited
reduced cue-induced reinstatement. VNS reduced reinstatement
regardless of whether it was tightly paired with the instrumental
response (lever pressing) or whether it was delivered at fixed in-
tervals independent of lever pressing. Because cue-induced rein-
statement of drug seeking was reduced under both conditions, it is
equally possible that VNS functioned to reduce instrumental
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responding by enhancing the extinction of explicit CS-drug asso-
ciations, by enhancing the extinction of contextual cues, or both.
Considering the strong relationship between re-exposure to drug-
associated cues/contexts and relapse [1,6,15], treatments that pro-
mote extinction ideally should target both contextual cues and the
instrumental response. Therefore, determining whether the effect
of VNS is primarily a factor of contextual extinction, extinction of an
instrumental response, or ideally both, is important to the trans-
lation of these findings into clinical settings. Here we examined the
effects of VNS on two critical aspects of extinction: the craving
response induced by contextual cues, and drug seeking elicited by
explicit CS-response pairings.

The conditioned rewarding and reinforcing properties of drug-
paired environmental stimuli can be demonstrated by a) an attrac-
tion to drug-paired stimuli in humans and acquired preference for
drug-paired contexts in laboratory animals, as seen in conditioned
place preference (CPP) experiments [16—18], and b) instrumental
responding maintained by CS presentations [19]. Once acquired,
incentive motivation for the drug can be measured as non-
reinforced instrumental responding, i.e. drug seeking during
extinction or “relapse” (drug-, cue-, or context-induced reinstate-
ment). In CPP experiments, drugs of abuse are paired with a specific
context and a neutral stimulus (e.g. a saline injection) is paired with
a different context. CPP is established when the rewarding proper-
ties of the drug cause the drug-paired context to become a condi-
tioned stimulus. This preference can be extinguished by
disassociating the context from the reward, usually by repeated
exposures of the subject to the space in the absence of drug reward.
Drug- or stress-induced reinstatement is then performed to test
extinction of the previously drug-paired context. Here we applied
VNS during extinction of CPP in order to test whether VNS reduces
the craving response to contextual cues acquired during Pavlovian
conditioning. We predicted that if VNS facilitated extinction of
contextual associations then VNS-treated animals would show
reduced CPP during cocaine-induced reinstatement.

Contextual reinstatement (renewal) [20] in ABA drug self-
administration paradigms (in which animals self-administer in
context A, extinguish in context B, and reinstate in context A) al-
lows to measure what impact the drug-associated environment has
on the rate of instrumental responding [21—23]. The rate of the
instrumental response is a good analog for the cue reactivity and
craving component of SUD [24,25]. To test the effect of VNS paired
with extinction specifically on the instrumental response, we used
an ABA paradigm in which we trained rats to self-administer
cocaine in one context (A). Rats then extinguished either in the
same (A) or in a distinct context (B) before they were tested for
reinstatement in the original context (A). We predicted that if VNS
facilitates the extinction of the instrumental response, rats treated
with VNS would show lower response rates during context-
induced reinstatement (ABA), similar to what we have previously
shown for AAA conditions (in which animals self-administer,
extinguish, and reinstate in a single context, A). We further iso-
lated the effect of VNS on the instrumental response by making
levers available to some groups of rats during extinction, but not
others. We predicted that rats that extinguished in a different
context (B) and also were given no opportunity to extinguish the
instrumental response (i.e. no levers present) would not benefit
from VNS-induced synaptic plasticity and would thus display
reinstatement rates comparable to sham-stimulated rats. On the
other hand, in rats that had no access to levers but extinguished in
the same context (A) reduced drug seeking during reinstatement
would suggest an influence of VNS on the extinction of contextual
cues. Our results suggest that the ability to perform the instru-
mental response during extinction was crucial in order for VNS to
facilitate extinction learning.

Methods
Subjects

All experiments used male Sprague-Dawley rats (Taconic,
Rensselaer, NY) that were at least 60d old and weighed
250—-300 g at the time of surgery. A total of 132 animals were used
across all experiments. Each animal participated only in a single
type of experiment. Animals were socially housed in an animal care
facility on a 12 h reverse light/dark cycle with free access to food
and water until the time of surgery. Animals were handled daily for
five days before surgery and during the five-day recovery period.
Rats used in conditioned place preference experiments were
housed individually during recovery and were then socially housed
and given free feeding for the remainder of the experiment. Rats
used in self-administration experiments were individually housed
after surgery and placed on a restricted feeding schedule (25 g/day)
of standard rat chow. All protocols were approved by the IACUC of
The University of Texas at Dallas and complied with the NIH Guide
for the Care and Use of Laboratory Animals.

Surgery

Rats were anesthetized with ketamine (85 mg/kg) and xylazine
(5 mg/kg). Before the surgery they were pre-treated with atropine
(1 mg/kg) to reduce mucosal secretions during surgery, and the
local anesthetic bupivicaine at each incision site. For VNS, all an-
imals were implanted with a custom-built cuff electrode placed
around the left vagus nerve at the mid-cervical level, with leads
connected to a stimulation input site (“headcap”) fixed to the skull
[26]. Cuff integrity was tested during placement by applying a
brief stimulation (0.2 mA, 60 Hz, up to 10 s) of the vagus nerve and
noting brief cessation of breathing in the anesthetized rats. Before
extinction training, cuff integrity was tested again, using the
stimulation parameters applied during extinction training
(0.4 mA, 500 ps pulse width at 30 Hz, stimulation cycle of 30 s on),
and the response was recorded to an oscilloscope. Waveforms
exceeding 10 V were considered an indication of high impedance
due to a malfunctioning cuff [26]. If this occurred, animals were
excluded from the VNS groups. During the same surgery, animals
in the drug self-administration experiments also received a ju-
gular vein catheter implant [ 14]. To prevent clotting and infection,
catheters were flushed daily with a mixture of heparin (0.2 ml of
100 IU) and the antibiotic gentamycin (0.2 ml of 0.1 g/ml). Cath-
eter patency was assessed by infusing 1.0 mg/0.1 ml methohexital
sodium. Animals with intact catheters experienced a 5—10s
sedation.

Conditioned place preference

One week after surgery, rats were assessed for their baseline
side preference in a place preference apparatus that consisted of
two main chambers (31 cm x 31 cm) connected by a small hallway
(15cm x 9 cm). All compartments received ambient illumination
from a light source fixed to the inside of the chamber housing. The
left side was distinguished by a grid floor and vertical stripes, while
the right side had a smooth floor and horizontal stripes (Fig. 1A).
Animals were conditioned against their baseline preference by
pairing cocaine administration (12 mg/kg I.P.) with a 20-min con-
ditioning session in which they were confined to the chamber
opposite their baseline preference. This dose of cocaine lies in the
range that produces a large increase of CPP for I.P. injections in male
adult rats [27]. Cocaine-conditioning days were balanced with
saline-conditioning days, where equal volumes of saline were
administered and rats were placed into the chamber opposite the
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Fig. 1. VNS facilitates extinction of conditioned place preference. A) Illustration of the
CPP apparatus, with the left and right compartments distinguished by grid vs. smooth
floor and horizontally vs. vertically striped walls. B) Time spent on the cocaine-paired
side during the baseline period, the conditioned preference test, the extinction test,
and drug-primed reinstatement. Sham-treated animals showed increased preference
for the cocaine-paired side compared to animals given VNS during (VNS in session) or
shortly after (VNS after session) extinction sessions. C) The graph illustrates how the
time spent in the drug-paired side (CS+) and the saline-paired side (CS-) change over
the course of the experiment for the three treatment groups. After conditioning, ani-
mals in all groups have increased preference for the cocaine-paired side compared to
the saline side. Extinction reduces this conditioned preference, but during drug-
primed reinstatement only sham-treated animals have a preference for the cocaine-
paired side. P values are * <0.05.

cocaine-paired side. Conditioning was performed over eight days.
On the 9th day, conditioned place preference was assessed by
allowing animals access to both sides and recording time spent in
each side. The conditioned preference was then extinguished over
an additional eight days by alternating exposures to the two sides in
the absence of cocaine reward. During all extinction sessions rats
were connected to an isolated pulse stimulator (Model 2100, A-M
Systems, Carlsborg, WA) via a commutator (RCA, model TP278,
Thomson Inc., Socorro, TX) and a soft flexible telephone cable that
attached to the leads on their headcaps. Animals tethered in this
way showed no signs of restricted movement. On the four extinc-
tion days in the formerly cocaine-paired side rats were given either
VNS (0.4 mA, 500 ps pulse width at 30 Hz, stimulation cycle of 30 s

on and 3 min off), or sham-stimulation designed to short at the
level of the headcap for the duration of the 20-min extinction
sessions. These VNS parameters are not aversive and do not disrupt
ongoing appetitive behavior [14]. Separate cohorts of rats received
VNS under one of two conditions: throughout the 20-min extinc-
tion sessions (VNS in-session) or for 20 min immediately after the
extinction session in their home cage (VNS after-session; stimula-
tion parameters as above, stimulation cycle of 30 s on and 3 min
off). On the 18th day, place preference was tested again to deter-
mine the effect of extinction training, and on the 19th day a cocaine
priming injection (10 mg/kg L.P.) was used to induce reinstatement
and preference was measured again.

Drug self-administration and extinction training

One week after surgery, rats were trained in a single overnight
session to self-administer food pellets on a fixed ratio 1 (FR1)
schedule in an operant conditioning chamber (Med Associates,
Saint Albans, VT). Chambers were equipped with two levers, a
house light, cue lights over each lever, and a loudspeaker that
generated a 2900 Hz tone. Correct lever presses elicited delivery of
one food pellet (45 mg, Bio-Serv, Flemmington, NJ). Following the
overnight training, animals began daily 2-h drug self-
administration sessions during which correct lever presses (left
lever, active period indicated by house light) resulted in a cocaine
infusion (0.05 ml of 0.5 mg/kg, Sigma, St. Louis, MO). The dose and
infusion pattern of cocaine used here produces robust reinforcing
effects [28]. Correct lever presses also resulted in the presentation
of the correct-lever cue light and tone. Both levers were available
for the duration of the session; however, all correct responses were
followed by a 20 s timeout during which the house light turned off
and lever pressing yielded no response. After at least 10 days of
successful drug self-administration (a minimum of 10 correct re-
sponses per session), drug seeking behavior was extinguished in
one of four conditions: To test the effect of VNS on cue-induced
reinstatement, two groups of rats extinguished in the original
context (context A). Context A was a standard operant conditioning
chamber with a grid floor and clear front wall, back wall, and ceiling
(Fig. 3A). During extinction presses at the previous active lever did
not result in cocaine delivery or presentation of conditioned stimuli
(light and tone). However, only one group of rats had the oppor-
tunity to engage in lever pressing (AAA + levers), while for the
other group the levers were retracted during the extinction period
(AAA -levers), preventing the subjects from engaging in the pre-
viously reinforced instrumental response. In order to further test
the impact of VNS on context-induced reinstatement, two groups of
rats were moved to a distinct operant conditioning chamber
(context B) during the extinction period. Assignment of context A or
context B as the cocaine self-administration context was counter-
balanced across animals. Context B was distinguished by a smooth
floor, a striped ceiling, and the presence of a maple scent (Fig. 2A).
As for rats in the AAA conditions, one group of animals was allowed
to lever press in the chamber (ABA + levers), while for a second
group of rats the levers were retracted (ABA -levers). For each of
these four conditions rats were further divided into VNS- and
Sham-treated groups. During each of the twelve daily 2 h extinction
sessions rats in all groups were connected to an isolated pulse
stimulator via their headcaps. Rats in the VNS groups received VNS
(0.4 mA, 500 ps pulse width at 30 Hz, stimulation cycle of 30 s on
and 5 min off), while sham-treated animals were given sham
stimulation designed to short at the level of the headcap. After 12
days of extinction training, drug seeking behavior was assessed
by placing the animals back into the context in which they previ-
ously self-administered cocaine (context A), and nonreinforced
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Fig. 2. VNS facilitates extinction of instrumental responding for cocaine and reduces
context-induced reinstatement in ABA context conditions. A) Diagram of the experi-
mental setup. Rats self-administered cocaine in context A and extinguished in an
alternate context (context B), which was distinguished by a smooth floor (vs. a stan-
dard floor grid), the addition of visual cues (stripes), and the addition of a maple scent.
For separate groups of rats levers were either extended or retracted during extinction.
Re-exposure to the original drug-paired context (context A) was used to drive context-
induced reinstatement after extinction. B) Response rates at active- and inactive levers
during self-administration, extinction, and context-induced reinstatement in those
groups of rats that had access to levers during extinction (ABA Sham + levers, ABA
VNS + levers). Sham and VNS animals have similar rates of self-administration. During
extinction (days 1, 2, and 3) and context-induced reinstatement, Sham-treated animals
engage in the instrumental response more than VNS animals do. C) Active lever-
presses during self-administration, extinction, and context-induced reinstatement
for all rats tested under ABA conditions. Only animals that received VNS during
extinction sessions in which levers were available (ABA VNS + levers) show reduced
context-induced reinstatement compared to sham-treated animals. P values are *
<0.05; **< 0.01; ***< 0.005.

responding at the levers was assessed in the response-contingent
presence of the CS.

Data analysis

Conditioned place preference data were analyzed for each
time point (baseline, conditioned preference, extinction, and
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Fig. 3. VNS facilitates extinction of instrumental responding for cocaine and reduces
cue-induced reinstatement in AAA context conditions. A) Diagram of the experimental
setup. Rats self-administered cocaine and extinguished in the same context. For
separate groups of rats levers were either extended or retracted during extinction. Cue-
induced reinstatement was achieved by response-contingent presentation of the drug-
paired cues. B) Response rates at active- and inactive levers during self-administration,
extinction, and cue-induced reinstatement in those groups of rats that had access to
levers during extinction (AAA Sham + levers, AAA VNS + levers). Sham-treated and
VNS animals have similar rates of self-administration. During reinstatement, sham-
treated animals engage in the instrumental response more than VNS animals do. C)
Active lever-presses during self-administration, extinction, and cue-induced rein-
statement for all rats tested under AAA conditions. Despite the availability of contex-
tual information during extinction, only animals that received VNS during extinction
sessions in which levers were available (AAA VNS + levers) have reduced cue-induced
reinstatement compared to sham-treated animals. P values are * <0.05; **< 0.01; ***<
0.005.

reinstatement) using a one-way ANOVA with Sidak's post-hoc
testing. Drug self-administration data were analyzed using a two-
way ANOVA with Sidak's post hoc testing. Extinction data were
analyzed using a two-way repeated measures ANOVA. A one-way
ANOVA with Sidak's post-hoc testing was used to analyze
context-induced reinstatement data. P values less than 0.05 were
considered significant.
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Results

VNS reduces reinstatement of conditioned place preference for
cocaine

To determine the effect of VNS on the extinction of contextual
associations acquired during Pavlovian conditioning, passive
administration of cocaine was repeatedly paired with one side of a
two-compartment apparatus and the resultant conditioned place
preference was then extinguished in the presence or absence of
VNS (Fig. 1A). Rats showed no baseline preference for the cocaine-
paired side (Fp232)=1.391, p=0.263). After 8 days of cocaine-
pairings, all groups (sham, n=14; VNS in-session, n=9, VNS
after-session, n = 12) displayed similar levels of conditioned pref-
erence (F2,32)=0.445, p=0.645). After 8 days of extinction, there
was no difference in preference for the cocaine-paired side be-
tween sham- and either VNS-treated group (F(232)=2.814,
p =0.077). In contrast, a one-way ANOVA revealed a main effect of
VNS treatment on cocaine-primed reinstatement performed on the
following day (F232)=6.761, p=0.004; Fig. 1B and C). Sham-
treated animals expressed greater preference for the cocaine-
paired side than either of the VNS groups (Sidakjyns in-session]
p=0.048, n=9; Sidakyns after-session] P =0.004, n=12). These
findings suggest than VNS can reduce contextual associations made
during Pavlovian conditioning for place preference.

VNS enhances extinction from drug seeking and reduces both
context- and cue-induced reinstatement of cocaine seeking

We previously found that pairing VNS with extinction of drug
seeking under AAA context conditions facilitates extinction
learning and reduces cue-induced reinstatement of the drug
seeking response [14]. To distinguish between VNS’ ability to
facilitate the extinction of drug-associated contextual cues (as
indicated by the results of our CPP experiment) or the instrumental
response, we trained rats to self-administer cocaine and then
extinguished them under 4 conditions (ABA + levers; ABA —levers;
AAA + levers; AAA —levers) while they received VNS or sham-
stimulation. Rats in all groups (ABA sham + levers, n = 13; ABA
VNS + levers, n = 12; ABA sham —levers, n = 12; ABAVNS —levers,
n = 12; AAA sham + levers n = 12; AAAVNS + levers, n = 12; AAA
sham -levers, n = 13; AAAVNS -levers, n = 11) consistently learned
to self-administer cocaine, as evidenced by the much higher
response rates on the active vs. the inactive lever. A two-way
ANOVA analysis of active lever and inactive lever presses across
groups during the self-administration phase revealed a main effect
of lever assignment (F(1178)=365.6, p<0.0001) and showed no
group effect on response rates for either lever (F(717s)=0.404,
p=0.899). Next, rats extinguished under the conditions outlined
above: in the same context (context A) or an alternate context
(context B), in the presence or absence of levers, and while they
received VNS or sham-stimulation (Fig. 2). In the two groups of rats
that extinguished in context B and which had access to levers
during extinction (i.e. the groups where a behavioral response
could be measured, ABA sham -+ levers, ABA VNS + levers), a two-
way repeated measures ANOVA was used to study the effects of
time, treatment, and treatment X time interaction. Animals that
received VNS (ABA VNS + levers) showed lower response rates
during extinction compared to sham-stimulated rats (ABA
sham + levers) (F123)=5.552, p = 0.027, Fig. 2B and C). There was
also a main effect of time (F(2.483, 57.12) = 11.46, p < 0.0001), as well
as a group X time interaction (F11253) = 3.867, p < 0.0001). Twenty-
four hours after the last extinction session, rats in all treatment
groups were re-exposed to the drug associated context (context A)
to assess context-induced reinstatement of the instrumental

response. A two-way ANOVA with the variables lever availability
and treatment found a main effect of lever availability
(F(1,45y=13.90, p=0.0005) and a main effect of treatment
(F(1,45) = 4.365, p = 0.0424). Only those rats which had access to the
levers and received VNS during extinction (ABA VNS + levers)
showed a reduction in context-induced reinstatement relative to
the sham-stimulated control groups (Sidakaga sham +levers P = 0.048,
n=13; Sidakapa sham -levers P = 0.001, n=12; Sidakapa vNs -levers
p=0.002, n=12; Fig. 2C), indicating that the ability to engage
in the instrumental response during extinction was critical for
VNS’ ability to modulate drug-associated context-induced
reinstatement.

To further explore the idea that VNS’ effects on the extinction of
drug seeking were primarily driven by the pairing of VNS with
discrete events (i.e. non-reinforced lever presses), we replicated
our previous findings [14] in two cohorts of rats that self-
administered cocaine and extinguished in the same context
(AAA), either in the presence or absence of levers (AAA
sham + levers, n 12; AAAVNS + levers, n = 12; AAA sham —levers,
n = 13; AAA VNS —levers, n = 12). In those groups that had lever
access during extinction (AAA sham + levers, AAA VNS + levers;
Fig. 3B) drug seeking behavior during extinction was analyzed with
a two-way repeated measures ANOVA with the variables time and
treatment. For the 12 days of extinction there was a main effect of
time (F3.739, 8226)=9.734, p<0.0001), and a treatment X time
interaction (F11242)=3.215, p=0.0004). Cue-induced reinstate-
ment was triggered by giving the rats response-contingent access
to the CS (and the levers) in the same context. A two-way ANOVA
with the variables lever availability and treatment found main ef-
fects of both lever availability (F145)=16.25, p=0.0002) and
treatment (F145) =4.460, p = 0.0403), as well as a lever availability
X treatment interaction (F(145) = 4.325, p = 0.0433). Again, only
those subjects which had access to the levers and which received
VNS during extinction (AAA VNS + levers) showed a reduction in
cue-induced reinstatement relative to sham-stimulated controls
(Sidakaaa sham +levers P=0.0261, n=13; Sidakaaa sham -levers
p =0.0004, n = 13; Sidakaaa vNs -levers P = 0.0008, n = 11; Fig. 3C).
Taken together, these findings demonstrate that in rats trained to
self-administer cocaine, the ability to perform the instrumental
response during extinction is necessary and sufficient for VNS to
enhance extinction of drug seeking and to reduce both cue- and
context-induced reinstatement.

Discussion

Addiction is a chronic brain disorder in which patients in re-
covery remain vulnerable to relapse throughout their lifespan.
Drug-related cues and contexts create strong memories that trigger
craving-in patients [1,2]. One strategy for reducing relapse in hu-
man drug addicts is to promote behavioral self-regulation by
attempting to extinguish responding to drug-associated environ-
mental stimuli [29,30]. However, this type of exposure therapy for
drug addiction has proved only moderately effective in reducing
cue-reactivity and thus preventing relapse [29,31]. Therefore,
adjunct treatments are desired that can improve both the efficacy
and persistence of the effects of exposure therapy [3—7,31]. A range
of adjunct treatments have already been tested with varying de-
grees of success. These include drugs like p-cycloserine [12,32—34],
other types of behavioral therapy [3,31], and deep brain stimulation
[35,36].

Vagus nerve stimulation is a minimally invasive neuroprosthetic
treatment that presents another promising way to induce targeted
plasticity [37]. This targeted plasticity has been used to aid in the
recovery of sensory and motor function in several disease states
[38—41]. Further, VNS has been used to improve memory retention
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[42—44]. These findings have prompted research on VNS as a tool to
enhance extinction learning. The results from several studies show
that VNS facilitates the extinction of both aversive and appetitive
stimuli: VNS enhances the extinction of conditioned fear [45,46],
even under conditions where extinction learning is normally
impaired [47], and it has been used to reduce reinstatement of
heroin seeking [48]. Consistent with the latter finding, we recently
showed that pairing VNS with extinction from cocaine seeking fa-
cilitates extinction learning and reduces cue-induced reinstate-
ment [14]. This effect occurred regardless of whether VNS was
delivered contingently with presses on the previously active lever,
or at fixed intervals throughout the extinction sessions. The finding
that pairing VNS with non-reinforced responses at the previously
active lever was sufficient to facilitate both extinction learning and
reduce reinstatement suggests that VNS’ effect was largely due to
extinction of response-outcome associations. However, the fact
that non-contingent VNS at fixed intervals was equally effective
may imply that at least part of this effect was due to the extinction
of contextual associations.

Here we further studied the effects of VNS on extinction by
isolating different aspects of contextual- and response-outcome
associations, respectively, during extinction. We used conditioned
place preference to study the extinction of drug-paired contextual
cues following Pavlovian conditioning, and we used variations of
ABA and AAA context conditions to study extinction of instru-
mental responding after cocaine self-administration. Extinction of
instrumental responding for drug reinforcers differs from extinc-
tion of Pavlovian learning, in part because animals must first be
trained on the instrumental response in the test context, and more
importantly, because extinction of instrumental responses is an
active process that occurs as the extinction context forms an
inhibitory association with the instrumental response [49]. In
contrast, during Pavlovian conditioning the context acts to gate
retrieval of an extinction association [50]. When we used CPP to
study extinction of Pavlovian learning, we found that pairing VNS
with the extinction of a drug-paired context reduced CPP during
drug-induced reinstatement. This effect is unlikely to result from
unspecific motor or aversive effects of VNS, as we have previously
shown that application of VNS is neither rewarding nor punishing,
and does not affect ongoing appetitive behavior towards cocaine or
a natural reinforcer [14].

In our studies of extinction of an instrumental response, pairing
VNS with extinction in a different context (ABA) also enhanced
extinction of drug seeking and reduced context-induced reinstate-
ment (renewal). However, when we attempted to further distin-
guish the contribution of context and instrumental responses to
these effects by altering lever availability under both AAA and ABA
context conditions, we found evidence that the subjects' ability to
engage in the instrumental response during extinction was an
important requirement for VNS’ ability to reduce reinstatement.
Importantly, the fact that the effects of VNS were similar in the AAA
and ABA conditions, respectively, also suggests that any effect of VNS
on contextual extinction, as it might be indicated from our CPP
experiments, is not sufficient to compete with well-trained instru-
mental responses. Previous studies using natural reinforcers have
shown that the degree of renewal under ABA (or ABC) conditions
depends of the strength of associations formed during acquisition.
These associations are influenced by the degree of generalization
from the extinction context (e.g. B) to the test context (e.g. A) [51].In
our experiments, the A and B contexts were easily distinguishable
based on the visual, tactile, and olfactory information provided.
Thus, our findings suggest that during conditioning the levers may
have acquired discriminative stimulus properties. Therefore, when
levers were not available during extinction responding at the active
lever was high during reinstatement.

Contextual associations and instrumental responses contribute
differently to SUD [1,2,52]. In addition, diverging neural systems
mediate cue-induced versus drug-primed incentive motivation for
drug and drug reinforcement [53]. The corticolimbic circuits
essential for extinction and reinstatement are central to action
selection, decision-making, and inhibitory control, and include the
prefrontal cortex, the basolateral amygdala, the nucleus accumbens
core and shell, the hippocampus, and the ventral tegmental area
[50]. We have recently shown that VNS paired with extinction
learning alters the expression of the phosphorylated transcription
factor cAMP response-element binding protein (pCREB) in a
network that includes the medial prefrontal cortex and the baso-
lateral amygdala [14], as well as the nucleus accumbens core and
shell [Childs et al., unpublished). The pathway between the medial
prefrontal cortex and the amygdala is important for extinction of
both drug self-administration and conditioned fear [54], and VNS
alters the ability to induce long-term synaptic plasticity in this
pathway [14,45]. How VNS facilitates plasticity in the extinction
network to facilitate extinction and reduce reinstatement is not
well understood, but likely results from increased neurotransmitter
release at active synapses. Vagal afferents relay signals to the nu-
cleus tractus solitarius (NTS), which then projects to the para-
brachial nucleus, hypothalamus, thalamus, amygdala, and
hippocampus [55,56]. Monoamine nuclei in the brainstem and cells
in the cholinergic basal forebrain also receive direct and/or indirect
projections from the NTS [57—60]. Stimulation of ascending fibers
of the cervical vagus nerve therefore leads to the release of several
neuromodulators, including norepinephrine, acetylcholine, sero-
tonin, and BDNF [61—67], causing widespread cortical and
subcortical activation [68—70], providing a tool for tight temporal
and network-specific release of neurotransmitters at physiological
concentrations. VNS has been shown to enhance cortical and
subcortical plasticity [14,38,39,45,71]. Consistent with the idea that
neuromodulators bias the manner in which cortical networks
process information [72] this VNS-induced plasticity may act as a
primer, modulating synaptic plasticity in response to specific inputs
that occur during sensory stimulation [38] or learning and memory
[14,39,45,46]. This may explain how VNS broadly augments func-
tions as diverse as memory consolidation [42,43], and motor ac-
tivity and the subsequent cortical map expansions [39]. The idea
that VNS leads to network-specific release of neurotransmitters
would also provide insight why in some cases (such as precise
sensory discriminations or repeated motor movements) the timing
of VNS delivery is very important [73—75], while in other learning
situations where multiple complex stimuli have to be integrated
over time the effective window can be considerably broader
[43,44], but see Ref. [46]. This may explain why in our CPP exper-
iments VNS given immediately after the extinction sessions was
equally effective for reducing conditioned place preference as VNS
given during extinction sessions.

Extinguishing reactivity to drug-associated environments and
extinguishing the instrumental response for drugs are both
important for the treatment of SUD [1,2,52,76]. What is accom-
plished in the clinic to reduce cue-reactivity is quickly undone
when patients return to their former drug-associated environment
[3,15]. Our findings are therefore clinically important for two rea-
sons: First, we show that when paired with VNS, extinction of the
instrumental response was similarly facilitated under AAA or ABA
context conditions, respectively. When supported with VNS, this
extinction learning was robust enough to reduce context-induced
reinstatement when the non-extinguished drug-paired context
was reintroduced (ABA). Second, while there was some evidence
for the extinction of contextual associations in our CPP data, our
self-administration experiments tell a different story. Extinction
without the opportunity to perform the instrumental response was
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effective in AAA or ABA context conditions, regardless of

whether VNS was applied or not. Taken together, these findings
further support the potential of VNS as an adjunct treatment during
exposure therapy, but they also highlight the need to model specific
instrumental responses in these rehabilitative approaches.
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