
ORIGINAL INVESTIGATION

Role of the agranular insular cortex in contextual control
over cocaine-seeking behavior in rats

Amy A. Arguello1,2 & Rong Wang2 & Carey M. Lyons2 & Jessica A. Higginbotham2
&

Matthew A. Hodges2 & Rita A. Fuchs2

Received: 2 November 2016 /Accepted: 15 April 2017 /Published online: 2 May 2017
# Springer-Verlag Berlin Heidelberg 2017

Abstract
Rationale Environmental stimulus control over drug relapse
requires the retrieval of context-response-cocaine associa-
tions, maintained in long-term memory through active
reconsolidation processes. Identifying the neural substrates
of these phenomena is important from a drug addiction treat-
ment perspective.
Objectives The present study evaluated whether the agranular
insular cortex (AI) plays a role in drug context-induced co-
caine-seeking behavior and cocaine memory reconsolidation.
Methods Rats were trained to lever press for cocaine infusions
in a distinctive context, followed by extinction training in a
different context. Rats in experiment 1 received bilateral
microinfusions of vehicle or a GABA agonist cocktail (baclo-
fen and muscimol (BM)) into the AI or the overlying somato-
sensory cortex (SSJ, anatomical control region) immediately
before a test of drug-seeking behavior (i.e., non-reinforced
lever presses) in the previously cocaine-paired context. The
effects of these manipulations on locomotor activity were also
assessed in a novel context. Rats in experiment 2 received
vehicle or BM into the AI after a 15-min reexposure to the
cocaine-paired context, intended to reactivate context-
response-cocaine memories and initiate their reconsolidation.
The effects of these manipulations on drug context-induced
cocaine-seeking behavior were assessed 72 h later.

Results BM-induced pharmacological inactivation of the AI,
but not the SSJ, attenuated drug context-induced reinstatement
of cocaine-seeking behavior without altering locomotor activ-
ity. Conversely, AI inactivation after memory reactivation
failed to impair subsequent drug-seeking behavior and thus
cocaine memory reconsolidation.
Conclusions These findings suggest that the AI is a critical
element of the neural circuitry that mediates contextual control
over cocaine-seeking behavior.

Keywords Memory reconsolidation . Context . Cocaine
seeking . Agranular insular cortex . Self-administration .

Baclofenmuscimol . Reinstatement

Introduction

Relapse triggered by exposure to drug-associated environ-
mental contexts is a major challenge for the successful treat-
ment of cocaine use disorder (Rohsenow et al. 1990; Ehrman
et al. 1992; Childress et al. 1999; Foltin and Haney 2000).
Following retrieval, which can be induced by exposure to a
previously drug-paired context, drug-associated memories
produce cocaine craving and promote drug-seeking behavior.
At the same time, these memories can become unstable and
must undergo protein synthesis-dependent reconsolidation in
order to be updated or maintained over time (Taylor et al.
2009). Thus, manipulations that disrupt the motivational ef-
fects of drug-associated stimuli may interfere with an acute
relapse episode, while manipulations that interfere with the
reconsolidation of labile drug-associated memories may pre-
empt future relapse to drug-seeking and drug-taking behaviors
(Lee et al. 2005; Miller and Marshall 2005; Milekic et al.
2006; Tronson and Taylor 2007). Accordingly, identifying
the neural substrates involved in drug-seeking behavior and
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drug memory reconsolidation is critical for the identification
of effective pharmacotherapeutic targets for relapse
prevention.

Several subregions of the prefrontal cortex (PFC) have been
implicated in drug context-induced reinstatement of cocaine-
seeking behavior and some forms of memory reconsolidation
in rodents (Grant et al. 1996; Taylor et al. 2009; Fuchs et al.
2009; Ramirez et al. 2009; Sorg 2012). Specifically, drug
context-induced cocaine-seeking behavior depends on the func-
tional integrity of the dorsomedial PFC and ventral lateral
orbitofrontal cortex (lOFC) (Fuchs et al. 2005; Lasseter et al.
2009), and protein synthesis and/or mechanistic target of
rapamycin complex 1 activation in these brain regions is nec-
essary for drug memory reconsolidation under some experi-
mental conditions (Barak et al. 2013; Sorg et al. 2015; but see
Ramirez et al. 2009). However, much less is known about the
functional contributions of the anterior agranular insular cortex
(AI), a brain region that is laterally adjacent and similar in
connectivity to the lOFC (Schoenbaum et al. 2009).

The first objective of the present study was to evaluate the
putative involvement of the AI in drug context-induced co-
caine-seeking behavior. Consistent with this possibility, a
meta-analysis of functional neuroimaging studies has indicat-
ed that the AI exhibits increased cue-induced activation in
cocaine users (Kühn and Gallinat 2011) despite a cocaine-
related decrease in gray matter density (Franklin et al. 2002).
Furthermore, reduced insular cortex activation during a drug-
unrelated decision-making task predicts treatment-seeking
methamphetamine users who relapse as opposed to those
who remain abstinent over an extended time period (Paulus
et al. 2005). In apparent contrast to these findings, work uti-
lizing animal models indicates that AI inactivation disrupts
explicit conditioned stimulus (CS)-induced reinstatement of
cocaine-seeking behavior (Cosme et al. 2015). To help resolve
this discrepancy, it is important to evaluate the generalizablity
of these findings to other animal models of drug relapse, in-
cluding the drug context-induced reinstatement paradigm.

The second objective of the present study was to assess the
role of the AI in the reconsolidaiton of cocaine-related mem-
ories that promote drug context-induced cocaine-seeking be-
havior. The insular cortex appears to be functionally heterog-
enous with respect to its involvement in memory
reconsolidation. The granular and dysgranular subregions of
the insular cortex, which are located posterior and dorsal rel-
ative to the AI, play critical roles in taste aversionmemory and
fear memory maintenance (Stehberg et al. 2009; Wang et al.
2012; García-DeLaTorre et al. 2009, 2010; Kobilo et al. 2007;
Zubedat and Akirav 2017). Furthermore, within the AI, pro-
tein synthesis and DNA methyltransferase activity are neces-
sary for the reconsolidation of Pavlovian amphetamine mem-
ories (Contreras et al. 2012) and Pavlovian naloxone-
precipitated morphine withdrawal memories (Liu et al.
2016), respectively. However, the contributions of the AI to

the reconsolidation of drug memories established in an instru-
mental paradigm have not been investigated.

To investigate these questions in the present study, a cock-
tail of GABAA and GABAB agonists was microinfused into
the AI to temporarily inhibit neuronal activity either immedi-
ately before or immediately after reexposure to the cocaine-
paired context. We hypothesized that AI neuronal inactivation
before drug context reexposure would inhibit the expression
of cocaine-seeking behavior. In addition, we postulated that
AI inactivation following drug context reexposure would in-
terfere with the reconsolidation of contextual cocaine memo-
ries and that the resulting memory impairment would be indi-
cated by a subsequent decrease in drug context-induced rein-
statement of cocaine-seeking behavior.

Materials and methods

Animals Male Sprague-Dawley rats (Harlan/Envigo,
Livermore, CA; N = 43; 275–300 g) were individually housed
in a temperature- and humidity-controlled vivarium on a re-
versed light-dark cycle. Rats were maintained on 20–25 g of
rat chow per day with water available ad libitum. All protocols
for the housing and treatment of animals were approved by the
Institutional Animal Care and Use Committee and followed
the Guide for the Care and Use of Laboratory Animals
(National Research Council 2011).

Food training Rats first received a 16-h overnight food train-
ing session to facilitate the acquisition of cocaine self-admin-
istration. During the session, food reinforcement was available
under a fixed-ratio 1 (FR1) schedule controlled using Graphic
State Notation software version 4.1.04 (Coulbourn). Presses
on a designated active lever resulted in the delivery of a single
food pellet (45 mg; Bio-serve, Flemington, NJ). Presses on a
second, inactive lever had no programmed consequences. The
session was conducted in sound-attenuated operant condition-
ing chambers (26 × 27 × 27 cm; Coulbourn Instruments,
Allentown, PA) dedicated to food training. Thus, during food
training, the rats had no access to the chambers or to the visual,
olfactory, tactile, and auditory stimuli that were subsequently
paired with cocaine access during self-administration training.

Surgery Forty-eight hours after food training, rats were fully
anesthetized with ketamine and xylazine (100.0 and 5.0 mg/
kg, respectively, intraperitoneal (i.p.)). Intravenous (i.v.) cath-
eters were constructed in-house and were inserted into the
right jugular vein, as described previously (Fuchs et al.
2007). The catheters ran subcutaneously and exited on the
back, between the scapulae. Rats were next placed into a ste-
reotaxic instrument (Stoelting, Wood Dale, IL), and 26-Ga
stainless steel guide cannulae (Plastics One, Roanoke, VA)
were aimed bilaterally at the AI (+2.8 anterior-posterior
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(AP), ±4.0 medial-lateral (ML), −4.1 dorsal-ventral (DV), mm
relative to bregma) or the jaw region of the somatosensory
cortex (SSJ; +2.8 AP, ±4.0 ML, −2.1 DV, mm relative to
bregma). Guide cannulae were secured to the skull with stain-
less steel screws and cranioplastic cement. The catheters were
flushed daily with 0.1 mL of an antibiotic solution of cefazolin
(100 mg/mL; Henry Schein Animal Health, Tualatin, OR)
dissolved in heparinized saline (70 U/mL; Patterson
Veterinary Supply, Sterling, MA) followed by 0.1 mL of hep-
arinized saline (10 U/mL), to maintain catheter patency.
Catheter patency was assessed periodically using propofol
(1 mg/0.1 mL; Abbott Laboratories, North Chicago, IL),
which produces rapid and temporary loss of muscle tone when
administered intravenously.

Cocaine self-administration training Cocaine self-
administration training was conducted in the operant condi-
tioning chambers configured to one of two contexts. Context 1
consisted of a continuous red house light (0.4 fc brightness),
intermittent pure tone (80 dB, 1 kHz; 2-s on, 2-s off), pine-
scented air freshener (Car Freshener Corp., Watertown, NY),
and wire mesh flooring (26 cm × 27 cm). Context 2 consisted
of an intermittent white stimulus light over the inactive lever
(1.2 fc brightness; 2-s on, 2-s off), continuous pure tone
(75 dB, 2.5 kHz), vanilla-scented air freshener (Sopus
Products, Moorpark, CA), and a slanted ceramic tile wall that
bisected the bar flooring (19 cm× 27 cm). Rats were randomly
assigned to context 1 or context 2 for cocaine self-
administration training. Daily training sessions took place dur-
ing the rats’ dark cycle for a period of 2 h.

During each drug self-administration session, active lever
presses resulted in i.v. cocaine infusions (cocaine hydrochlo-
ride dissolved in sterile saline; 0.15 mg/0.05 mL per infusion,
delivered over 2 s; NIDA Drug Supply System, Research
Triangle Park, NC) under a FR1 schedule of reinforcement
with a 20-s timeout period. Active lever presses had no pro-
grammed consequences during the timeout period. Inactive
lever presses were recorded but had no programmed conse-
quences. Training continued until rats reached the acquisition
criterion (≥10 cocaine infusions per session) on at least ten
training days.

Extinction training After reaching the acquisition criterion,
rats received daily 2-h extinction training sessions. Rats that
had access to cocaine in context 1 underwent extinction train-
ing in context 2 and vice versa. During the sessions, active and
inactive lever presses were recorded but had no programmed
consequences. Immediately before (experiment 1) or after (ex-
periment 2) the fourth extinction session, rats were adapted to
the intracranial microinfusion procedure. Stainless steel injec-
tion cannulae (33 Ga, Plastics One) were inserted 2 mm below
the tip of the guide cannulae. The injector cannulae remained
in place for 4 min with no infusion of fluids.

Experiment 1: effects of AI or SSJ neural inactivation
on drug context-induced reinstatement of cocaine-seeking
behavior

After a minimum of seven extinction sessions (plus additional
sessions until active lever presses fell to or below 25/session
on two consecutive days), rats received bilateral
microinfusions of phosphate-buffered saline vehicle (VEH)
or baclofen and muscimol (BM; 1.0 mM/0.1 mM; Alexis
Biochemicals) at volumes of 0.5 μL per hemisphere into the
AI or the SSJ (anatomical control region) over 2 min, using
protocols described previously (Arguello et al. 2014). BM
infused into the lOFC or basolateral amygdala (BLA) at this
dose disrupts the expression of drug-seeking behavior and the
reconsolidation of cocaine-associated contextual memories,
respectively (Lasseter et al. 2009; Wells et al. 2011).
Treatment assignment was counterbalanced based on previous
cocaine intake and active lever-pressing history. After the
microinfusions, rats were placed into the previously cocaine-
paired context for a 2-h test session during which lever presses
had no programmed consequences.

Experiment 2: effect of AI neuronal inactivation
on cocaine-context memory reconsolidation

After cocaine self-administration training, all rats in experi-
ment 2 received seven extinction sessions in order to keep
memory age , a boundary cond i t ion of memory
reconsolidation (Tronson and Taylor 2007), uniform at the
time of memory reactivation and AI manipulation. During
the memory reactivation session, rats were reexposed to the
cocaine-paired context for 15 min to destabilize cocaine mem-
ories and trigger memory reconsolidation (Nader et al. 2000;
Tronson and Taylor 2007). This session length was selected
because parametric analyses demonstrated that it is sufficient
to destabilize cocaine memories without producing overt be-
havioral extinction (Fuchs et al. 2009). During the session,
lever presses had no programmed consequences.
Immediately after the session, rats received bilateral intra-AI
microinfusions of VEH or BM, as in experiment 1. They were
then returned to their home cages. Next, rats received addi-
tional extinction training sessions until the total number of
active lever presses/session fell to or below 25 on two consec-
utive training days (i.e., minimum two sessions). Rats were
then placed into the previously cocaine-paired context for a
2-h test session during which lever responses had no pro-
grammed consequences.

Locomotor activity To evaluate whether the observed effects
of AI inactivation on lever pressing were due to altered motor
activity, a subset of rats from experiment 1 was assigned to
receive bilateral infusion of VEH or BM into the AI.
Locomotor activity was assessed immediately after VEH or
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BM infusion, 2–4 days after the test of cocaine-seeking be-
havior. Testing was conducted in novel Plexiglas chambers
(42 × 20 × 20 cm) equipped with eight light sources and
photodetectors. Photobeam breaks were measured for 1 h by
a computerized system (San Diego Instruments, San Diego,
CA).

Brain histology Rats were overdosed with ketamine and
xylazine (300 and 15 mg/kg, respectively, i.p. or i.v.). The
brains were dissected, flash frozen in isopentane (−20 °C),
and stored at −80 °C. Brains were sectioned in the coronal
plane at 40 μm using a cryostat. Brain sections were mounted
on glass slides and stained with cresyl violet (Fisher
Scientific). Using light microscopy, the most ventral portion
of each cannula tract was recorded on appropriate plates of the
rat brain atlas (Paxinos and Watson 2014). Data of rats with
misplaced injection cannulae were excluded from data
analysis.

Statistical data analysis Separate analyses of variance
(ANOVAs) or t tests were conducted to test for possible
preexisting group differences in cocaine intake and lever
responding during cocaine self-administration training (mean
of last 3 days), extinction training, and the memory reactiva-
tion session and to test for group differences in the number of
sessions required to reach the extinction criterion. Non-
reinforced lever responses during the test session and preced-
ing extinction session were analyzed using mixed factorial
ANOVAs with treatment (VEH or BM) as the between-
subject factor and testing context (extinction, cocaine-paired)
and time (20-min intervals) as within-subject factors, when
appropriate. Significant effects were further probed using
Tukey’s HSD post hoc tests, when appropriate. Alpha was
set at 0.05.

Results

Cannula placement

Target brain regions were defined as the anterior agranular
insular cortex (AI) and the somatosensory cortex (SSJ).
Cannula tracts were located bilaterally within the target re-
gions for the following number of rats per group: experiment
1—VEH AI, n = 8; BM AI, n = 9; VEH SSJ, n = 6; BM SSJ,
n = 7 (Fig. 1a) and experiment 2—VEH AI, n = 6; BM AI,
n = 7 (Fig. 1b). The microinfusions did not produce unusual
gliosis or cell loss visible at ×25 magnification (Fig. 1c).

Behavioral history

Rats exhibited stable responding on the active lever during the
last 3 days of drug self-administration training (≤10%

variability in daily cocaine intake). In experiments 1–2, there
were no preexisting differences in active lever responding,
inactive lever responding, or cocaine intake between the
groups that later received VEH or BM into the AI or SSJ (data
not shown). Upon exposure to the extinction context, active
lever responding gradually declined (data not shown), and the
subsequent treatment groups did not differ in active lever
responding in the extinction context across the (first) seven
extinction training sessions. The 2 × 7 ANOVAs of non-
reinforced active lever presses revealed significant time main
effects only (F6,11–15 = 3.84–14.76, P = 0.0001–0.02). Thus,
active lever responding gradually decreased during extinction
training for both groups (Ext D1 > D7, Tukey’s tests,
P < 0.01). In experiment 1, the subsequent treatment groups
did not differ in the number of days needed to reach the ex-
tinction criterion prior to the test session. Inactive lever presses
remained low during extinction training in all groups.

Effects of intra-AI BM administration on drug
context-induced reinstatement of cocaine-seeking
behavior

AI inactivation impaired the expression of cocaine-seeking
behavior in the previously cocaine-paired context relative to
VEH pretreatment (Fig. 2b). The ANOVA of active lever
presses during the last extinction session and the test session
revealed a significant context × treatment interaction effect
(F1,15 = 5.38, P = 0.04), context main (F1,15 = 36.35,
P = 0.0001), and treatment main (F1,15 = 7.33, P = 0.02) ef-
fects. The VEH-pretreated group exhibited more active lever
responding in the cocaine-paired context than in the extinction
context (Tukey’s test, P < 0.01), whereas the BM-pretreated
group did not. In addition, the BM-pretreated group exhibited
less active lever responding than the VEH-pretreated group in
the cocaine-paired context (Tukey’s test, P < 0.01) but not in
the extinction context. A time course analysis of active lever
presses in the cocaine-paired context revealed significant time
main (F5,15 = 21.15, P = 0.0001) and treatment main
(F1,15 = 5.53, P = 0.033) effects but no time × treatment
interaction. Accordingly, the BM-pretreated group exhibited
less active lever responding than the VEH-pretreated group at
test, and active lever responding declined at similar rates in
both groups after the first 20 min of the test session (Fig. 2c;
Bin1 > Bin 2–6, Tukey’s tests, P < 0.01).

AI inactivation did not alter inactive lever responding in the
cocaine-paired or extinction context relative to VEH treatment
(Fig. 2d). The ANOVA of inactive lever presses did not reveal
any context or treatment main or interaction effects.
Furthermore, the time course analysis of inactive lever presses
at test revealed a significant time main effect only
(F5,15 = 4.48, P = 0.001). Thus, inactive lever responding
declined after the first 20 min of the session (Fig. 2e;
Bin1 > Bin 2–6, Tukey’s tests, P < 0.05).
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Effects of intra-SSJ BM administration on drug
context-induced reinstatement of cocaine-seeking
behavior

Inactivation of the SSJ anatomical control region did not alter
cocaine-seeking behavior in the cocaine-paired or the extinc-
tion context relative to VEH treatment (Fig. 3b). The ANOVA

of active lever presses during the last session of extinction and
the test session revealed a context main effect only
(F1,11 = 76.67, P = 0.0001). Both groups exhibited more ac-
tive lever responding in the cocaine-paired context than in the
extinction context. Additionally, the time course analysis of
active lever presses in the cocaine-paired context revealed a
time main effect only (F5,11 = 21.76, P = 0.0001), as active

Fig. 2 AI neural inactivation impairs drug context-induced reinstatement
of extinguished cocaine-seeking behavior. a Schematic depicting the
timeline for experiment 1. b Active and d inactive lever responses
(mean ± SEM/2 h) during self-administration training (SA, mean of last
three sessions), extinction training in the extinction context (EXT, last
session), and testing in the cocaine-paired context (COC-paired) for rats
that received VEH (white bars/symbols) or BM (1.0 mM/0.1 mM; 0.5 μL

per hemisphere; black bars/symbols) into the AI immediately before
testing. Time course of c active and e inactive lever responses
(mean ± SEM/20 min) at test in the cocaine-paired context. Symbols
represent difference relative to the EXT context (*Tukey’s test,
P < 0.01), relative to the VEH group (a †Tukey’s test, P < 0.01 and b
ANOVA treatment main effect, P = 0.03), or relative to the first 20-min
interval (#Tukey’s test, P < 0.01)

Fig. 1 Photomicrograph and
schematics depicting of cannula
placements within the agranular
insular cortex (AI) and the jaw
region of the somatosensory
cortex (SSJ). The most ventral
point of injector cannula tracts is
shown for rats that received
phosphate-buffered saline vehicle
(VEH) into the AI (open circles)
or SSJ (open triangles) and/or for
rats that received baclofen and
muscimol (BM; 1.0/0.1 mM) into
the AI (filled circles) or SSJ (filled
triangles) in a experiment 1 or b
in experiment 2. Numbers denote
distance from bregma in
millimeters on the schematics
modified from the rat brain atlas
of Paxinos & Watson (2014)
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lever responding declined after the first 20 min of the session
(Fig. 3c; Bin1 > Bin 2–6, Tukey’s tests, P < 0.01).

Similarly, SSJ inactivation did not alter inactive lever
responding in the cocaine-paired or extinction context relative
to VEH treatment (Fig. 3d). Furthermore, the time course
analysis of inactive lever presses in the cocaine-paired context
revealed a time main effect only (F5,11 = 16.76, P = 0.001).
Thus, inactive lever responding declined after the first 20 min
of the test session (Fig. 3e; Bin1 > Bin 2–6, Tukey’s tests,
P < 0.01).

Effects of intra-AI BM administration following cocaine
memory reactivation on subsequent cocaine-seeking
behavior

Prior to intracranial treatment, the groups did not differ in
active or inactive lever responding during the 15-min memory
reactivation session. Likewise, after memory reactivation and
intracranial treatment, there was no difference between the
groups in the number of days needed to reach the extinction
criterion (mean ± SEM, 2.00 ± 0.00). Thus, testing of cocaine-
seeking behavior occurred 72 h after memory reactivation and
intracranial manipulation in all subjects.

AI inactivation after cocaine memory reactivation did not
alter cocaine-seeking behavior 72 h later (Fig. 4b). The
ANOVA of active lever presses during the last extinction ses-
sion and the test session revealed a context main effect only
(F1,11 = 23.45, P = 0.001). Both groups exhibited more active
lever responding in the cocaine-paired context than in the
extinction context. The time course analysis of active lever
presses at tes t revealed a t ime main effect only
(F5,11 = 10.96, P = 0.0001). Thus, active lever responding
declined after the first 20 min of the test session (Fig. 3c;
Bin1 > Bin 2–6, Tukey’s tests, P < 0.01).

AI inactivation after cocaine memory reactivation did not
alter inactive lever responding in the cocaine-paired context
72 h later (Fig. 4b). The ANOVA of inactive lever responding
revealed a context main effect only (F1,11 = 5.35, P = 0.04).
Both groups exhibited a slight increase in inactive lever
responding in the cocaine-paired context relative to
responding in the extinction context, similar to earlier studies
(e.g., Fuchs et al. 2009). Additionally, the time course analysis
of inactive lever presses in the cocaine-paired context revealed
a time main effect only (F5,11 = 7.64, P = 0.001). Thus, inac-
tive lever responding declined after the first 20 min of the test
session (Fig. 4e; Bin1 > Bin 2–6, Tukey’s tests, P < 0.01).

Fig. 3 SSJ neural inactivation, adjacent to the AI, does not alter drug
context-induced reinstatement of extinguished cocaine-seeking behavior.
a Schematic depicting the timeline. b Active and d inactive lever re-
sponses (mean ± SEM/2 h) during self-administration training (SA, mean
of last three sessions), extinction training in the extinction context (EXT,
last session), and testing in the cocaine-paired context (COC-paired) for

rats that received VEH (white bars/symbols) or BM (1.0 mM/0.1 mM;
0.5 μL per hemisphere; black bars/symbols) into the SSJ immediately
before testing. Time course of c active and e inactive lever responses
(mean ± SEM/20 min) at test. Symbols represent difference relative to
the EXTcontext (*ANOVA context main effect, P = 0.0001) or relative to
the first 20-min interval (#Tukey’s test, P < 0.01)
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Locomotor activity

The ANOVA of photobeam interruptions during the 1-h test
revealed a time main effect only (F2,10 = 87.93, P = 0.0001).
Thus, the number of photobeam breaks declined after the first
20 min of the 1-h test session (Tukey’s tests, P < 0.01), and AI
inactivation (n = 6) did not alter locomotor activity relative to
VEH pretreatment (n = 6) (Fig. 5).

Discussion

In the present study, BM-induced pharmacological inactiva-
tion of the AI had different effects on the expression of drug
context-induced cocaine-seeking behavior and on cocaine
memory reconsolidation. Specifically, AI inactivation attenu-
ated the reinstatement of extinguished cocaine-seeking behav-
ior upon exposure to the cocaine-paired context relative to
vehicle pretreatment (Fig. 2b, c). The BM-induced decrease
in cocaine-seeking behavior was not due to impairment in
general motor activity given that AI inactivation did not atten-
uate inactive lever responding in the cocaine-paired context
(Fig. 2d, e). A floor effect could have prevented the detection
of a BM effect on inactive lever responding; however, AI

inactivation also failed to alter locomotor activity in a novel
context (Fig. 5). The effect of AI inactivation on reinstatement
was anatomically selective to the AI in that BM administration
into the SSJ, a dorsally adjacent brain region that is in the most
likely path of unintended BM diffusion away from the AI, did
not alter cocaine-seeking behavior (Fig. 3b–e). Contrary to our
hypothesis, BM-induced AI inactivation at the time of

Fig. 4 AI neural inactivation following cocaine memory reactivation
does not alter subsequent drug context-induced reinstatement of
extinguished cocaine-seeking behavior. a Schematic depicting the time-
line for experiment 2. b Active and d inactive lever responses
(mean ± SEM) during self-administration training (SA, mean of last three
2-h sessions), during the 15-min memory reconsolidation session (MR,
15-min session), during extinction training in the extinction context
(EXT, last 2-h session following MR), and at testing in the cocaine-

paired context (COC-paired, 2-h session) for rats that had received
VEH (white bars/symbols) or BM (1.0 + 0.1 mM/0.5 μL per hemisphere;
black bars/symbols) into the AI immediately after the memory reactiva-
tion session. Time course of c active and e inactive lever responses
(mean ± SEM/20 min) at test. Symbols represent difference relative to
the EXT context (a*ANOVA context main effect, P = 0.0001 and b
ANOVA context main effect, P = 0.04) or relative to the first 20-min
interval (#Tukey’s test, P < 0.01)

Fig. 5 AI neural inactivation fails to alter locomotor activity (mean
photobeam breaks/1 h + SEM) in a novel context. VEH (white squares)
or BM (1.0 + 0.1 mM/0.5 μL per hemisphere, black squares) into the AI
immediately before testing. Symbols represent difference relative to the
first 20-min interval (*Tukey test, P < 0.01)
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memory reconsolidation (i.e., immediately after brief reexpo-
sure to the previously cocaine-paired context) failed to inhibit
drug context-induced reinstatement of cocaine-seeking behav-
ior approximately 72 h later (Fig. 4b–e). Expanding upon
earlier studies that demonstrate the role of the AI in explicit
CS-induced reinstatement of cocaine-seeking and nicotine-
seeking behaviors (Cosme et al. 2015; Pushparaj et al.
2015a), the present findings indicate that the AI mediates the
expression of drug context-induced cocaine-seeking behavior
as opposed to the long-term, reconsolidation-dependent main-
tenance of cocaine memories established in the reinstatement
paradigm.

Extant literature suggests that the AI may facilitate the ex-
pression of drug context-induced cocaine-seeking behavior
through multiple, related mechanisms. Sensory input from
the thalamus passes through the granular and dysgranular in-
sular cortices, which encode stimulant reward (Contreras et al.
2007; Pushparaj et al. 2013), before it enters the AI. In turn,
the AI is thought to maintain cognitive representations of in-
teroceptive states associated with previous experiences, pre-
sumably including context-dependent drug experiences, and
combines these into a conscious affective state (Contreras
et al. 2007; Naqvi et al. 2014). In line with this, the AI is
recruited to control goal-directed behavior upon exposure to
stimuli that are more likely to engender a distinct interoceptive
state. For instance, when CS salience is limited (i.e., a single
vs compound cue is paired with cocaine infusions), lidocaine-
induced AI inactivation inhibits the reinstatement of drug-
seeking behavior when response-contingent CS presentation
occurs in the presence of an olfactory, but not an auditory,
background stimulus during training and testing (Di Pietro
et al. 2006). This also suggests that AI recruitment was likely
optimized in the present study since the cocaine-paired con-
text included tactile and olfactory, in addition to visual and
auditory, stimuli. In further support of this possibility,
drug-associated multi-modal contextual stimuli in partic-
ular elicit insula activation and an associated increase in
subsequent smoking behavior in cigarette smokers
(McClernon et al. 2016).

Interestingly, chronic and acute AI dysfunctions appear to
differently alter drug seeking and impulsivity (a cognitive fac-
tor contributing to relapse propensity). Cocaine users exhibit
decreases in insular cortex gray matter density (Franklin et al.
2002). Insular cortex gray matter volume reduction in cocaine
users (Moreno-López et al. 2012), AI cortical thinness in rats
(Belin-Rauscent et al. 2016), and insular cortex lesions in
drug-naïve individuals (Clark et al. 2008) and AI lesions in
rats (Belin-Rauscent et al. 2016) positively correlate with
measures of risky decision making and trait impulsivity.
Furthermore, diminished insular cortex activation during a
drug-unrelated decision-making task in methamphetamine
users (Paulus et al. 2005) and reduced resting functional con-
nectivity between the insular cortex and sensorimotor cortices

in smokers (Addicott et al. 2015) are associated with increased
probability of drug relapse. Similarly, AI lesions in rats poten-
tiate cocaine-seeking behavior after forced abstinence
(Pelloux et al. 2013). Thus, we speculate that tonic AI
hypoactivity may contribute to heightened CS-induced AI ac-
tivation in cocaine users (Kühn and Gallinat 2011) and in-
creased drug context-induced AI activation and smoking be-
havior in cigarette smokers (McClernon et al. 2016).
Consistent with this, transient AI inactivation reliably inhibits
CS- and drug context-induced drug-seeking behavior (present
study; Cosme et al. 2015; Pushparaj et al. 2015a), and it can
reduce impulsive behavior (Pushparaj et al. 2015b; Ishii et al.
2012, but see St. Onge and Floresco 2010) in rats. Based on
similar observations in the lOFC (Fuchs et al. 2004; Lasseter
et al. 2009), we propose that neural activity in the AI in re-
sponse to drug context- or CS-related sensory cortical inputs
encourages prepotent responses, such as drug-seeking behav-
ior, and this neural response may be magnified by tonic AI
hypoactivity and/or related neuroadaptations in chronic drug
users.

The finding that pharmacological inactivation of the AI
after cocaine memory reactivation failed to alter subsequent
drug context-induced reinstatement of cocaine-seeking behav-
ior was not due to insufficient memory destabilization or BM
dosing. Studies from our laboratory indicate that 15-min ex-
posure to the cocaine-paired context results in reliable cocaine
memory destabi l izat ion and subsequent memory
reconsolidation in our paradigm (Fuchs et al. 2009; Ramirez
et al. 2009; Wells et al. 2011; Wells et al. 2013; Arguello et al.
2014). In addition, the BM dose used in the present study
disrupted the expression of cocaine-seeking behavior after
infusion into the AI (Fig. 2b) and has been shown to inhibit
cocaine memory reconsolidation upon infusion into the BLA
or the dorsal hippocampus (DH) in our paradigm (Fuchs et al.
2009; Ramirez et al. 2009). Despite the use of identical meth-
odology, responding during the memory reactivation session
was slightly greater in AI-cannulated rats in the present study
(Fig. 4) than in BLA- or DH-cannulated rats in our previous
memory reconsolidation studies (20–30/15-min session;
Fuchs et al. 2009; Ramirez et al. 2009). However, the magni-
tude of cocaine-seeking behavior, and thus the sensitivity for
detecting a BM effect, at test was identical across these stud-
ies. Based on these considerations, we conclude that the func-
tional integrity of the AI is not necessary for cocaine memory
reconsolidation and thus for lasting contextual stimulus-
control over cocaine-seeking behavior under the current ex-
perimental parameters.

The absence of an AI inactivation effect on cocaine mem-
ory reconsolidation (Fig. 4) was unexpected, given that the AI
plays an important role in the reconsolidation of Pavlovian
context-amphetamine memories (Contreras et al. 2012).
Specifically, intra-AI administration of the protein synthesis
inhibitor, anisomycin, at the time of drug memory
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reconsolidation [i.e., immediately after a conditioned place
preference (CPP) test] produces long-lasting inhibition in am-
phetamine CPP concomitant with a decrease in AI zif268
immunoreactivity. The effect on zif268 immunoreactivity is
notable because zif268 expression in the BLA is known to
play a fundamental role in cocaine memory reconsolidation
both in Pavlovian models of conditioned drug effects and in
instrumental models of cue-induced drug seeking (Lee et al.
2005; Lee et al. 2006; Théberge et al. 2010). Accordingly, the
apparent discrepancy between these and the present findings
may reflect that the AI selectively contributes to memory
reconsolidation in Pavlovian paradigms. The AI is not unique
in this respect; the nucleus accumbens (NAc) appears to me-
diate cocaine memory reconsolidation similarly in Pavlovian,
but not in instrumental, paradigms (Miller and Marshall 2005;
Théberge et al. 2010; Wells et al. 2013). Methodological dif-
ferences and consequent dissimilarities in memory age,
strength, and structure (i.e., Pavlovian context-drug memories
versus instrumental context-response-drug associative memo-
ries) in these paradigms may lead to the differential recruit-
ment of the AI and other brain regions. However, our findings
do not rule out the possibility that the AI may play a role in
instrumental memory reconsolidation under other experimen-
tal conditions or that it may regulate phenomena, like memory
destabilization, that prompt memory reconsolidation.

Conclusions

The AI plays a general role in the expression of cocaine-
seeking behavior elicited by exposure to a drug-associated
context (present study) or explicit CS (Di Pietro et al. 2006;
Cosme et al. 2015), and it appears to promote selectively the
reconsolidation of drug memories established in Pavlovian
(Contreras et al. 2012), but not in instrumental (present study),
models. The AI is in an ideal position to influence multiple
hedonic, motivational, and executive cognitive functions that
bring about drug relapse through its outputs directed at several
brain regions, including the dorsomedial PFC, lOFC, BLA,
hippocampus, and NAc (Naqvi et al. 2014). The AI may be
particularly important for the retrieval of cue/drug-related
emotional associations and the anticipation of impending drug
experiences (Lovero et al. 2009). AI input regarding con-
scious emotional state may be utilized by the BLA to assess
the motivational effects of drug-predictive stimuli based on
predicted outcome value (Fuchs and See 2002; Naqvi et al.
2014). Tight functional connection between the AI and BLA
can also be inferred based on the similar, cue type-independent
involvement of these brain regions in cue-induced cocaine-
seeking behavior, but not in drug-primed reinstatement
(Grimm and See 2000; Fuchs et al. 2005; Cosme et al.
2015). The AI also functions as a detector of salient events
and signals information to the dorsomedial PFC and lOFC

upon exposure to cocaine-paired environmental stimuli, and
thus, it guides executive functions that impact response selec-
tion (Lasseter et al. 2010; Menon and Uddin 2010; Khani and
Rainer 2016). Finally, excitatory input from the AI to the NAc
core increases the vigor of drug-seeking behavior despite neg-
ative consequences, as indicated by a decrease in quinine-
laced alcohol-seeking behavior following optogenetic inhibi-
tion of AI neurons that project to the NAc core (Seif et al.
2013). This suggests that the AI is a critical hub of information
processing within the relapse circuitry. Therefore, future stud-
ies will need to identify critical neural pathways through
which the AI supports cue-induced relapse to cocaine-
seeking behavior and cocaine-induced plasticity, as well as
possible sex differences in these pathways, in order to increase
our neurobiological understanding of drug addiction.
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