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Orbitofrontal Cortex in Relapse to Fentanyl Seeking after
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We recently developed a rat model of relapse to drug seeking after food choice-induced voluntary abstinence. Here, we used this model to
study the role of the orbitofrontal cortex (OFC) and its afferent projections in relapse to fentanyl seeking. We trained male and female rats
to self-administer palatable food pellets for 6 d (6 h/d) and intravenous fentanyl (2.5 �g/kg/infusion) for 12 d (6 h/d). We assessed relapse
to fentanyl seeking after 13–14 voluntary abstinence days, achieved through a discrete choice procedure between fentanyl infusions and
palatable food (20 trials/d). In both sexes, relapse after food choice-induced abstinence was associated with increased expression of the
activity marker Fos in the OFC. Pharmacological inactivation of the OFC with muscimol plus baclofen (50 � 50 ng/side) decreased relapse
to fentanyl seeking. We then determined projection-specific activation of OFC afferents during the relapse test by using Fos plus the
retrograde tracer cholera toxin B (injected into the OFC). Relapse to fentanyl seeking was associated with increased Fos expression in the
piriform cortex (Pir) neurons projecting to the OFC, but not in projections from the basolateral amygdala and thalamus. Pharmacological
inactivation of the Pir with muscimol plus baclofen decreased relapse to fentanyl seeking after voluntary abstinence. Next, we used an
anatomical disconnection procedure to determine whether projections between the Pir and OFC are critical for relapse to fentanyl
seeking. Unilateral muscimol plus baclofen injections into the Pir in one hemisphere plus unilateral muscimol plus baclofen injections
into the OFC in the contralateral, but not ipsilateral, hemisphere decreased relapse. Our results identify Pir–OFC projections as a new
motivation-related pathway critical to relapse to opioid seeking after voluntary abstinence.
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Introduction
A main feature of drug addiction is high rate of relapse during
abstinence (Hunt et al., 1971; Sinha, 2011). This feature of hu-
man addiction has been traditionally modeled in laboratory ani-

mals using extinction–reinstatement (Shalev et al., 2002; Kalivas
and McFarland, 2003) or home cage forced abstinence (Venniro
et al., 2016). However, from a human relapse perspective, a lim-
itation of these procedures is that the abstinence period is exper-
imenter imposed, whereas in humans abstinence is often
voluntary due to either adverse consequences of drug use or avail-
ability of competing nondrug reinforcers (Epstein and Preston,
2003; Katz and Higgins, 2003).
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Significance Statement

There are few preclinical studies of fentanyl relapse, and these studies have used experimenter-imposed extinction or forced
abstinence procedures. In humans, however, abstinence is often voluntary, with drug available in the drug environment but
forgone in favor of nondrug alternative reinforcers. We recently developed a rat model of drug relapse after palatable food
choice-induced voluntary abstinence. Here, we used classical pharmacology, immunohistochemistry, and retrograde tracing to
demonstrate a critical role of the piriform and orbitofrontal cortices in relapse to opioid seeking after voluntary abstinence.
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Based on these considerations, we recently developed a rat
model of relapse after voluntary abstinence, achieved by provid-
ing rats with a history of drug self-administration mutually ex-
clusive choices between high-carbohydrate palatable food and
drug (Caprioli et al., 2015; Venniro et al., 2017b). Our choice
procedure was inspired by studies showing that rats strongly pre-
fer saccharin or sucrose solutions over cocaine or heroin (Ahmed
et al., 2013). Using this model, we and others demonstrated a
role of dorsomedial striatum, nucleus accumbens core, ventral
anterior insular cortex (AIV), central amygdala (CeA), and
AIV-to-CeA projections in relapse to methamphetamine seek-
ing (Caprioli et al., 2017; Venniro et al., 2017a; Rossi et al.,
2020). In contrast, the brain mechanisms of relapse to opioid
seeking after voluntary abstinence are unknown.

The goal of our study was twofold. We first determined
whether food choice-induced voluntary abstinence from heroin,
and subsequent relapse when the food is removed (Venniro et al.,
2017b), generalizes to the potent synthetic opioid fentanyl (Jaffe,
1990). The second goal was to investigate circuits of relapse to
fentanyl seeking after food choice-induced abstinence. We stud-
ied orbitofrontal cortex (OFC) and its afferent projections be-
cause human studies showed that craving induced by heroin cues
is associated with increased activity in the OFC (Sell et al., 2000;
Langleben et al., 2008). In rats, relapse to heroin seeking after
forced abstinence is associated with increased expression of Fos
and other immediate early genes in the OFC (Koya et al., 2006;
Kuntz et al., 2008; Fanous et al., 2012). Additionally, muscimol
plus baclofen (GABAa and GABAb receptor agonists) inactiva-
tion of OFC or selective inactivation of Fos-expressing neurons,
using the Daun02 inactivation procedure (Cruz et al., 2013), de-
creases relapse to heroin seeking after forced abstinence (Fanous
et al., 2012). Inhibition of OFC neuronal activity or inhibition of
OFC projections to basolateral amygdala (BLA) decreases cue-
induced and context-induced reinstatement of cocaine seeking
after extinction (Fuchs et al., 2004; Lasseter et al., 2009, 2011,
2014; Arguello et al., 2017). Finally, in vivo electrophysiology
studies showed that cocaine or heroin self-administration im-
pairs OFC-mediated decision-making processes (Jentsch et al.,
2002; Torregrossa et al., 2008; Lucantonio et al., 2012, 2015), and
OFC activity is associated with choosing cocaine or heroin versus
food in the discrete-trial choice procedure (Guillem and Ahmed,
2018; Guillem et al., 2018).

Here, we showed that rats strongly prefer palatable food over
intravenous fentanyl and “relapsed” to fentanyl seeking when the
palatable food was removed. Relapse to fentanyl seeking was as-
sociated with increased Fos expression in the lateral and ventral
OFC (lOFC, vOFC). Fos expression data are correlational and
may reflect either the cause or consequence of lever pressing dur-
ing the relapse tests. Therefore, we next used muscimol plus
baclofen inactivation (McFarland and Kalivas, 2001) to demon-
strate a causal role of the OFC in relapse to fentanyl seeking. We
then combined cholera toxin subunit B (CTb; Luppi et al., 1990)
retrograde tracing (injected into the OFC) with Fos measurement
in OFC afferent projections to determine relapse-associated,
projection-specific activation (Marchant et al., 2009, 2014;
Mahler and Aston-Jones, 2012). Surprisingly, relapse to fentanyl
seeking was selectively associated with increased Fos expression
of piriform cortex (Pir) neurons projecting to the OFC, but not
other projections. In follow-up studies, we showed that musci-
mol plus baclofen inactivation of Pir or anatomical disconnec-
tion of projections between the Pir and OFC decreased relapse to
fentanyl seeking.

Materials and Methods
Subjects
We used 132 male and 133 female Sprague Dawley rats (body weight at
the time of intravenous surgery: males, 285–340 g; females, 195–225 g;
Charles River). The rats were �8 –10 weeks of age at the time of intrave-
nous surgery. We housed the rats two per cage for 1–3 weeks and then
individually after surgery. We maintained the rats under a reverse 12/12
h light/dark cycle (lights off at 8:00 A.M.) with food and water available
ad libitum. We performed the experiments in accordance with the Na-
tional Institutes of Health Guide for the Care and Use of Laboratory
Animals (eighth edition), under protocols approved by the Animal Care
and Use Committee of NIDA Intramural Research Program. We ex-
cluded 86 rats due to catheter failure (n � 6), cannula misplacement (n �
49), CTb injection misplacement (n � 15), illness (n � 14), or statistical
outliers [n � 2, �3 SDs during the relapse tests in experiment (exp.) 2].

Drugs
We received fentanyl citrate (fentanyl) from the NIDA pharmacy and
dissolved it in sterile saline. We chose a unit dose of 2.5 �g/kg/infusion
for self-administration training based on pilot and previous studies
(Wade et al., 2015). In Exp. 2–3 and 5– 6, we dissolved muscimol plus
baclofen (Tocris Bioscience) in sterile saline and injected it intracranially
at a dose of 50 � 50 ng in 0.5 �l/side (Stopper and Floresco, 2014;
Venniro et al., 2017a).

Intravenous surgery
We anesthetized the rats with isoflurane gas (5% induction; 2–3% main-
tenance; Butler Schein) and inserted Silastic (VWR) catheters into the
jugular vein, as previously described (Venniro et al., 2017a,b). We in-
jected the rats with ketoprofen (2.5 mg/kg, s.c.; Butler Schein) 1 h after
surgery and the following day to relieve pain and inflammation. We
allowed the rats to recover for 5–7 d before food self-administration
training. During the recovery and all experimental phases, we flushed the
catheters every 24 – 48 h with gentamicin (4.25 mg/ml; APP Pharmaceu-
ticals) dissolved in sterile saline. If we suspected catheter failure during
training, we tested patency with the short-acting barbiturate anesthetic
Brevital (methohexital sodium, Butler Schein; 10 mg/ml in sterile saline,
0.1– 0.2 ml injection volume, i.v.), and if not patent, we catheterized the
left jugular vein or eliminated the rat from the study.

Intracranial surgery
Following the last day of self-administration, we anesthetized the rats
and, using a stereotaxic instrument (Kopf), implanted guide cannulas
(23 gauge; Plastics One) 1 mm above the lOFC, vOFC, AIV, or Pir. We set
the nose bar at �3.3 mm and used the following coordinates from breg-
ma: lOFC: anteroposterior (AP), �3.4 mm; mediolateral (ML), �3.5
mm (10° angle lateral to midline); dorsoventral (DV), �4.0 mm; vOFC:
AP, �3.4 mm; ML, �2.8 mm (10° angle lateral to midline); DV, �4.2
mm; AIV: AP, �2.8 mm; ML, �4.9 mm (10° angle); DV, �4.2 mm; Pir:
AP, �3.4 mm; ML, �3.9 mm (10° angle lateral to midline); DV, �6.2
mm. For the disconnection study (exp. 6), we used the same Pir coordi-
nates as above but targeted both lOFC and vOFC with the following
coordinates: contralateral to Pir: AP, �3.4 mm; ML, �3.1 mm (10° angle
lateral to midline); DV, �3.9 mm; ipsilateral to Pir: AP, �3.4 mm; ML,
�1.8 mm (5° angle medial to midline); DV, �4.2 mm. We counterbal-
anced the location of the cannulas into either the left or right hemisphere
in the Pir and ipsilateral or contralateral OFC. We anchored the cannulas
to the skull with jeweler’s screws and dental cement. We used the above
coordinates based on pilot and previous studies (Fanous et al., 2012; Li et
al., 2015b; Venniro et al., 2017a).

Intracranial injections
We dissolved muscimol plus baclofen (Tocris Bioscience) in sterile saline
and injected the drug 15 min before starting the relapse test sessions. The
doses of muscimol plus baclofen (50 � 50 ng in 0.5 �l/side) are based on
previous studies (Stopper and Floresco, 2014; Venniro et al., 2017a; Pel-
loux et al., 2018). We injected vehicle (saline) or drug at a rate of 0.5
�l/min and left the injectors (which extend 1.0 mm below the tips of the
guide cannulas) in place for an additional minute to allow diffusion. We
connected the syringe pump (Harvard Apparatus) to 10 �l Hamilton
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syringes attached to the 30-gauge injectors via polyethylene-50 tubing.
We habituated rats to the injection procedure for 3 d before testing. After
testing, we extracted the rats’ brains and stored them in 10% formalin.
We sectioned the rat brains (50 �m sections) using a Leica cryostat and
stained the sections with cresyl violet. Finally, we verified cannula place-
ments under a light microscope.

CTb injection into OFC
After self-administration training, we injected CTb (List Biological Lab-
oratories) into the OFC. We injected 30 nl of 1% CTb unilaterally into the
OFC over 5 min, with the needle left in place for an additional 5 min
(Mahler and Aston-Jones, 2012; Marchant et al., 2014, 2016; Venniro et
al., 2017a). We counterbalanced injections into either the left or right
hemisphere and used a 1.0 �l, 32-gauge Neuros syringe (Hamilton) at-
tached to UltraMicroPump with a SYS-Micro4 Controller (World Pre-
cision Instruments). The coordinates for the OFC were AP, �3.4 mm;
ML, �3.1 mm (10° angle lateral to midline); DV, �4.9 mm. These coor-
dinates are based on pilot studies in which the CTb injection encom-
passes both lateral and ventral OFC.

Immunohistochemistry
Immediately following the relapse test (exp. 1), we anesthetized the rats
with isoflurane and perfused them transcardially with �200 ml of 0.1 M

diethylpyrocarbonate (DEPC)-treated PBS, pH 7.4, followed by �400 ml
of 4% paraformaldehyde (PFA) in DEPC-treated PBS. We removed the
brains and postfixed them in 4% PFA for 2 h before transferring them to
30% sucrose in PBS for 48 h at 4°C. We froze the brains in dry ice and cut
coronal sections (40 �m) of the different brain areas using a Leica cryo-
stat. We collected the sections in PBS and stored them at 4°C until further
processing. We followed this same procedure for exp. 4, except that the
rats were transcardially perfused with �200 ml of 0.1 M PBS, pH 7.4,
followed by �400 ml of 4% PFA in PBS.

Fos labeling (exp. 1). We rinsed free-floating sections (3 � 8 min) in
PBS, incubated them for 1 h in 4% bovine serum albumin (BSA) in PBS
with 0.5% Triton X-100 (PBS-Tx), and incubated them for 48 h at 4°C
with rabbit anti-c-Fos primary antibody (1:1000; Phospho-c-Fos, 5348S,
RRID: AB_10557109, Cell Signaling Technology) diluted in 4% BSA in
PBS-Tx. We then rinsed the sections in PBS and incubated them for 4 h
with donkey anti-rabbit Alexa Fluor 594 secondary antibody (1:500; 711-
585-152, RRID: AB_2340621, Jackson ImmunoResearch) diluted in 4%
BSA in 0.5% PBS-Tx. We rinsed the sections again in PBS, mounted them
onto gelatin-coated slides, allowed them to air dry, and coverslipped
them with vectashield Hard Set Mounting Medium with DAPI (H-1500,
RRID: AB_2336788, Vector Laboratories).

CTb injection site verification (exp. 4). We selected a one-in-four series
of 40 �m sections from the OFC of each rat to determine CTb injection
sites. We repeatedly rinsed free-floating sections in PBS (3 � 10 min) and
incubated them for 1 h in 0.5% PBS-Tx with 10% normal horse serum
(NHS). We then incubated sections overnight at 4°C in goat anti-CTb
primary antibody (1:2000; 703, RRID: AB_10013220, List Biological Lab-
oratories) diluted in 0.5% PBS-Tx with 2% NHS. We rinsed the sections
with PBS and incubated them for 2 h in biotinylated horse anti-goat
secondary antibody (1:600; BA-9500, RRID: AB_2336123, Vector Labo-
ratories) diluted in 0.5% PBS-Tx with 2% NHS. We rinsed the sections
again in PBS and incubated them in avidin– biotin–peroxidase complex
(ABC Standard kit, PK-6100, RRID: AB_2336819, Vector Laboratories)
in 0.5% PBS-Tx for 1 h. We then rinsed the sections in PBS, developed
them in 3,3	-diaminobenzidine in 0.3% hydrogen peroxide, rinsed them
in PBS for 30 min, mounted them onto gelatin-coated slides, and air
dried them. We dehydrated the slides through a graded series of alcohol
concentrations (30, 60, 90, 95, 100% ethanol), cleaned the slides with
Citra Solv (Fisher Scientific), and coverslipped them with Permount
(Fisher Scientific). We only included rats in which the CTb injection site
was restricted to the OFC.

Fos and CTb double labeling (exp. 4). We processed a one-in-four series
of Pir, BLA, and thalamus for immunohistochemical detection of Fos
and CTb. We rinsed free-floating sections (3 � 10 min) and then incu-
bated them in 10% NHS with 0.5% PBS-Tx for 2 h. We then incubated
the sections for 48 h at 4°C in 0.5% PBS-Tx containing 2% NHS with

rabbit anti-c-Fos primary antibody (1:1000; Phospho-c-Fos, 5348S,
RRID: AB_10557109, Cell Signaling Technology) and goat anti-CTb pri-
mary antibody (1:1000; CTb 703, RRID: AB_10013220, List Biological
Laboratories). We rinsed the sections in PBS and incubated them for 4 h
in 0.5% PBS-Tx containing 2% NHS and donkey anti-rabbit Alexa Fluor
594 (1:500; 711-585-152, RRID: AB_2340621, Jackson ImmunoRe-
search,) and donkey anti-goat Alexa Fluor 488 (1:500; 705-546-147,
RRID: AB_2340430, Jackson ImmunoResearch). We rinsed the sections
in PBS (3 � 10 min) and mounted them onto gelatin-coated slides,
partially dried, and coverslipped the sections with vectashield Hard Set
Mounting Medium with DAPI (H-1500, RRID: AB_2336788, Vector
Laboratories).

Self-administration apparatus
We trained rats to self-administer food and fentanyl in standard self-
administration chambers (Med Associates) as described previously
(Caprioli et al., 2015, 2017; Venniro et al., 2017b). We equipped each
self-administration chamber with two operant panels with three levers
located 7– 8 cm above the stainless-steel grid floor. We equipped the right
panel of the chamber with a discriminative cue (white house light; ENV-
215M, Med Associates) that signaled the insertion and subsequent avail-
ability of the food-paired active (retractable) lever. We equipped the left
panel of the chamber with a discriminative cue (red light; ENV-221M,
red lens, Med Associates) that signaled the insertion and subsequent
availability of the fentanyl-paired active (retractable) lever. We also
equipped the right wall with an inactive (stationary) lever that had no
reinforced consequences. We placed a bottle of water and a food hopper
with standard laboratory chow on the chamber’s transparent polycar-
bonate door.

General procedure
The experiments generally consisted of three phases: food self-
administration (6 d) and fentanyl self-administration (12 d), voluntary
abstinence choice sessions (10 –12 sessions over 13–14 d), followed by
relapse and reacquisition tests. We provide details of the phases here.

Food pellet self-administration. Before the first self-administration
training session, we gave the rats a 1 h magazine training session, which
began with the presentation of the white house light, followed by the
noncontingent delivery of five pellets every 5 min. We used 45 mg “pre-
ferred” or palatable food pellets described in our previous studies (12.7%
fat, 66.7% carbohydrate, and 20.6% protein; TestDiet 45 mg pellet no.
1811155; Cifani et al., 2012; Pickens et al., 2012; Calu et al., 2014). We
then trained rats to lever press for food during six 1 h sessions that were
separated by 10 min for six consecutive days. The sessions began with the
presentation of the white house light, followed 10 s later by the insertion
of the food-paired active lever (right panel). The white house light re-
mained on for the duration of the session and served as a discriminative
cue for the palatable food. We trained the rats under a fixed-ratio-1 (FR1)
reinforcement schedule, where one lever press resulted in the delivery of
five 45 mg palatable food pellets and the presentation of a 20 s discrete
tone cue (ENV-223AM, Med Associates), during which additional lever
presses were not reinforced but still recorded. At the end of each 1 h
session, the white house light was turned off and the active lever was
retracted. To match the number of discrete cue presentations to that of
fentanyl (see below), we limited the number of food-reinforced deliveries
to 12/h.

Fentanyl self-administration. We trained rats to self-administer fenta-
nyl during six 1 h daily sessions that were separated by 10 min for 12 d.
Fentanyl was infused at a dose of 2.5 �g/kg/infusion over 3.5 s (0.1
ml/infusion). Sessions began with presentation of the red house light for
10 s followed by the insertion of the fentanyl-paired active lever; the red
house light remained on for the duration of the session and served as a
discriminative cue for fentanyl availability. We trained the rats under an
FR1 reinforcement schedule, where one lever press resulted in the deliv-
ery of a drug infusion paired with the 20 s discrete white light cue above
the fentanyl-paired active lever (ENV-221M, white lens, Med Associ-
ates). At the end of each 1 h session, the red light was turned off and the
active lever was retracted. To prevent overdose and decrease self-
injurious biting and excessive grooming, we limited the number of infu-
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sions to 12/h. In addition, to decrease self-injurious biting, we provided
Nylabones (Bio-Serv) in the home cage and in the operant chamber
beginning with the first day of food self-administration and removed the
Nylabones from the operant chamber for choice sessions and relapse and
reacquisition tests.

Discrete-trial choice procedure. We conducted the discrete choice ses-
sions using the same parameters (dose of fentanyl, number of palatable
food pellets per reinforcer delivery, stimuli associated with the two re-
tractable levers) used during the training phase. We allowed the rats to
choose between the fentanyl-paired and the palatable food-paired lever
in a discrete-trial choice procedure. We divided each 3 h choice session
into 20 discrete trials that were separated by 9 min, as previously de-
scribed (Caprioli et al., 2015; Venniro et al., 2017a, b). Each trial began
with the presentation of both discriminative cues previously associated
with palatable food or fentanyl, followed 10 s later by the insertion of
both the palatable food-paired and fentanyl-paired levers. Rats could
then select one of the two levers. If the rats responded within 6 min, the
reinforcer associated with the selected lever was delivered. Each rein-
forcer delivery was signaled by the fentanyl-associated or food-associated
cue (white cue light or tone, respectively), retraction of both levers, and
shutdown of the food and fentanyl discriminative cues. Thus, on a given
trial, the rat could earn the drug or food reinforcer, but not both. If a rat
failed to respond on either active lever within 6 min, both levers were
retracted and their related discriminative cues were shut down with no
reinforcer delivery until onset of the next trial (Caprioli et al., 2015). We
incorporated three choice sessions during fentanyl self-administration
training (each choice session occurred after 3 d of fentanyl self-admi-
nistration) to determine the time course of the choice behavior during
training.

Voluntary abstinence. After completion of the training phase, we al-
lowed the rats to choose between the fentanyl-paired lever (delivering
one infusion) and palatable food-paired lever (delivering five pellets)
during 20 discrete choice trials for 10 –12 daily sessions, as described
earlier. For exp. 2– 6, we started the voluntary abstinence choice sessions
on abstinence day 5.

Relapse and reacquisition tests. The relapse test in the presence of the
fentanyl-associated cues consisted of a single 30 –180 min session (see
specific experiments) on abstinence day 1 (exp. 1), 14 (exp. 1), or 15 (exp.
2– 6). The sessions began with the presentation of the red discriminative
cue light, followed 10 s later by the insertion of the fentanyl-paired active
lever; the red light remained on for the duration of the session. Active
lever presses during testing resulted in contingent presentations of the
light cue previously paired with drug infusions, but not an infusion of
fentanyl. For the 180 min relapse test sessions, there was a 10 min time-
out at the 60 and 120 min time points, during which the fentanyl-paired
active lever retracted, and the fentanyl-associated discriminative cue light
turned off (except where noted). Based on our previous studies (Bossert
et al., 2011; Li et al., 2015a; Caprioli et al., 2017; Venniro et al., 2017a) and
the time course of Fos induction (Morgan and Curran, 1991), the relapse
tests were 60 or 90 min in experiments in which we measured Fos
protein expression. In experiments in which we tested the effect of
muscimol plus baclofen on relapse, the test duration was 3 h. Either 1
or 2 d after the relapse test, we tested the rats on reacquisition of
fentanyl self-administration using the same parameters as the fenta-
nyl self-administration training. In exp. 6, we tested reacquisition 1
week after the relapse test.

Exp. 1: Effect of relapse to fentanyl seeking after voluntary
abstinence on Fos expression (n � 42)
The first goal of exp. 1 was to determine whether the food choice-induced
voluntary abstinence model generalizes to fentanyl in male (n � 22) and
female (n � 20) rats. The experiment consisted of three phases: food and
fentanyl self-administration training phase (3 weeks), choice-induced
voluntary abstinence phase (13 d), and relapse tests. In our previous
study, we found that food choice-induced abstinence prevents the emer-
gence of the time-dependent increases in heroin seeking that occur after
home cage forced abstinence (incubation of heroin craving; Venniro et
al., 2017b). Thus, in exp. 1, we tested whether this effect generalizes to
fentanyl by testing the rats for relapse on abstinence day 1 (30 min ses-

sion) and after food choice-induced abstinence (day 14, 60 min session).
We did not observe time-dependent increases in fentanyl seeking in the
comparison of the 30 min day 1 test with the first 30 min of the day 14 test
(abstinence day 1: 48 � 7 for males, 41 � 6 for females; abstinence day 14:
44 � 4 for males, 47 � 6 for females; data are the mean � SEM). Based on
these data, in subsequent experiments we omitted the day 1 testing and
only tested the rats after food choice-induced abstinence. Additionally,
because we did not observe any sex differences in exp. 1, we used an equal
number of male and female rats in the different groups in exp. 2– 6, which
were not powered to detect sex differences.

A second goal of exp. 1 was to determine whether relapse to fentanyl
seeking after voluntary abstinence is associated with increased Fos ex-
pression in the OFC after the 60 min day 14 relapse test. We also mea-
sured Fos in the adjacent anterior insular cortex dorsal (AID) and AIV
subregions, because recent studies demonstrated a role of this region in
reinstatement of nicotine and cocaine seeking after extinction and
relapse to methamphetamine after food choice-induced abstinence
(Cosme et al., 2015; Pushparaj et al., 2015; Rotge et al., 2017; Venniro et
al., 2017a).

We used a subset of rats in two groups (n � 7/group) in an experimen-
tal design that included the between-subjects factor of test condition (no
test, test). We matched the groups in exp. 1 (and in all other experiments)
for fentanyl intake during the training phase. On abstinence day 14, all
rats went through the relapse test, and only rats from the test group were
perfused immediately after the relapse test. Rats from the no test group
were perfused the following day (Fig. 1).

Exp. 2: Effect of OFC inactivation on relapse to fentanyl seeking
after voluntary abstinence (n � 38)
In exp. 1, we found that relapse to fentanyl seeking was associated with
strong increase in Fos expression in the lOFC and vOFC. Therefore, the
goal of exp. 2 was to determine whether these OFC subregions play causal
roles in relapse to fentanyl seeking after voluntary abstinence. The exper-
iment consisted of three phases: food and fentanyl self-administration
training phase (3 weeks), choice-induced voluntary abstinence phase (10
sessions over 14 d), and relapse test and reacquisition tests. We targeted
the lOFC and vOFC separately using different stereotaxic coordinates.
Because we did not observe any differences between the vehicle lOFC and
vehicle vOFC groups in either relapse or reacquisition, we combined the
data for a total of three groups (n � 17 vehicle, n � 11 lOFC muscimol
plus baclofen, n � 10 vOFC muscimol plus baclofen). Due to an exper-
imenter error, during the relapse test for four rats, the fentanyl-paired
active lever was inserted during the entire 180 min session with no time-
outs at the 60 and 120 min time points (Fig. 2). These rats were included
in the analyses because their data did not differ from the other rats within
their treatment groups.

Exp. 3: Effect of AIV inactivation on relapse to fentanyl seeking
after voluntary abstinence (n � 26)
In exp. 1, we found that relapse to fentanyl seeking was associated with a
modest but significant increase in Fos expression in the AIV. The goal of
exp. 3 was to determine whether this region also plays a causal role in
relapse to fentanyl seeking. The experiment consisted of three phases:
food and fentanyl self-administration training phase (3 weeks), choice-
induced voluntary abstinence phase (10 sessions over 14 d), and relapse
and reacquisition tests. We tested two groups of rats (n � 13/group) in an
experimental design that included the between-subjects factor of drug
condition (vehicle, muscimol plus baclofen; Fig. 3).

Exp. 4: Effect of relapse to fentanyl seeking on Fos expression in
afferent projections to OFC (n � 12)
The goal of exp. 4 was to characterize the circuitry of relapse to fentanyl
seeking after voluntary abstinence by determining whether this relapse is
associated with selective activation of one or more afferent projections
into the OFC. The experiment consisted of three phases: food and fenta-
nyl self-administration training phase (3 weeks), choice-based voluntary
abstinence phase (10 sessions over 14 d), and relapse test. We injected
CTb into the OFC 1 d after the last self-administration session and started
the voluntary abstinence phase 4 d after these injections. We used two
groups of rats (n � 5–7/group) in an experimental design that included
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the between-subjects factor of test condition (no test, test). On test day,
we brought the rats from the no test group directly from their home
cage and perfused them at the same time as the rats from the test
group (Fig. 4).

Exp. 5: Effect of Pir inactivation on relapse to fentanyl seeking
after voluntary abstinence (n � 29)
The goal of exp. 5 was to determine whether the Pir plays a causal role in
relapse to fentanyl seeking after voluntary abstinence. The experiment
consisted of three phases: food and fentanyl self-administration training
phase (3 weeks), choice-induced voluntary abstinence phase (10 sessions
over 14 d), and relapse and reacquisition tests. Due to an experimenter
error, on the first day of voluntary abstinence, 12 male rats received
access to fentanyl self-administration for 2 h before the initial choice
session. Data from these rats did not differ from the rest of the rats within
their treatment groups and were included in subsequent analyses. We
tested two groups of rats (n � 14 –15/group) in an experimental design
that included the between-subjects factor of drug condition (vehicle,
muscimol plus baclofen; Fig. 5).

Exp. 6: Effect of anatomical disconnection between Pir and OFC
on relapse to fentanyl seeking (n � 32)
The goal of exp. 6 was to determine whether projections between Pir and
OFC play a causal role in relapse to fentanyl seeking. For this purpose, we
used an anatomical disconnection procedure, in which the role of a neu-
ronal pathway or projection in a given behavior is then inferred when
behavior is disrupted by the contralateral, but not ipsilateral, inactivation
of two anatomically connected brain regions (Gaffan et al., 1993; Setlow
et al., 2002). Importantly, the Pir projections to the OFC are primarily
ipsilateral with minimal contralateral retrograde labeling in the Pir
(Murphy and Deutch, 2018). This ipsilateral connectivity is required to
properly interpret findings from anatomical disconnection studies.

The experiment consisted of three phases: food and fentanyl self-
administration training phase (3 weeks), choice-induced voluntary ab-
stinence phase (10 sessions over 14 d), and a relapse test. We tested four
groups of rats (n � 5–11/group) using a 2 (drug condition: vehicle,
muscimol plus baclofen) � 2 (disconnection manipulation: ipsilateral,
contralateral injections) experimental design. Because we did not ob-
serve any differences in the vehicle ipsilateral and vehicle contralateral
groups, we combined data from these two groups for a total of three
groups (n � 12 vehicle, n � 9 ipsilateral muscimol plus baclofen, n � 11
contralateral muscimol plus baclofen). We tested a subset of rats from the
contralateral condition (n � 5/group) for reacquisition of fentanyl self-
administration 1 week after the relapse test. The experimental design
included the between-subjects factor of drug condition (vehicle, musci-
mol plus baclofen). One rat began the reacquisition session �1 h after
receiving the injection (Fig. 6).

Quantification and statistical analysis
Image acquisition and neuronal quantification. For cannula placements
and CTb injection site verification, we used a Retiga 2000R Fast 1394
(QImaging) attached to a Zeiss Axio Scope Imager A1 using iVision
(V.0.15 and 4.5.0, Biovision Technologies). For exp. 1, we used an EXi
Aqua camera (QImaging) attached to a Zeiss Axio Scope Imager M2
using iVision (V.0.15 and 4.5.0, Biovision Technologies), and for exp. 4,
we used an ORCA Flash 4.0LT (Hamamatsu Photonics) attached to a
Zeiss Axio Scope Imager M2 using MicroManager (V1.4) (Edelstein
et al., 2014).

Exp. 1: Fos quantification. We captured immunofluorescent images for
Fos immunoreactive (IR) cells in the OFC, AIV, and AID using a 10�
objective. We analyzed the sections of OFC, AIV, and AID within the
bregma coordinates of �4.2 to �2.8 mm. For each rat, we identified
Fos� cells by a fluorescent stain in the nuclei. We quantified cells in two
hemispheres of two sections and computed the mean of these counts per
area (i.e., each rat provides an individual data point for data analyses with
data averaged from four images for each rat). We performed image-based
quantification in a blind manner (inter-rater reliability for OFC, AIV,
and AID counting between DJR and CC, r � 0.963, p � 0.05).

Exp. 4: Fos plus CTb quantification. We captured immunofluorescent
images for Fos-IR and CTb-IR cells in the Pir, BLA, and thalamus using a

10� objective. For each rat, we quantified cells in the same hemisphere as
the CTb injection in the following bregma coordinates: Pir (�4.2 to �3.0
mm), BLA (�1.8 to �2.6 mm), thalamus (�1.8 to �3.0 mm). For each
rat, we identified CTb� cells by a fluorescent stain in the cytoplasm and
Fos� cells by a fluorescent stain in the nuclei. We quantified cells in the
hemisphere ipsilateral to the injection site in four sections and computed
the mean of these counts per area (i.e., each rat provides an individual
data point for data analyses with data averaged from four images for each
rat). We performed image-based quantification of CTb�, Fos�, and
CTb�/Fos� cells in ImageJ (NIH) in a blind manner (inter-rater reli-
ability between DJR and OML, r � 0.970, p � 0.05, and between DJR and
SG, r � 0.974, p � 0.05).

Statistical analysis. We analyzed the data with repeated-measures or
mixed-factorial ANOVAs using SPSS (version 23, IBM; GLM proce-
dure). We followed significant main effects and interactions ( p 
 0.05)
with post hoc tests (univariate ANOVAs or Fisher’s PLSD). We describe
the different between-subjects and within-subjects factors for the differ-
ent statistical analyses in the Results section. We only report significant
effects that are critical for data interpretation, as our multifactorial
ANOVAs yielded multiple main and interaction effects. We indicate the
results of post hoc analyses with asterisks in the figures but do not describe
them in the text. For individual data of bar graphs described in Figures
1–6, see Extended Data Fig. 1-1, available at https://doi.org/10.1523/
JNEUROSCI.2693-19.2020.f1-1; Fig. 2-1, available at https://doi.org/
10.1523/JNEUROSCI.2693-19.2020.f2-1; Fig. 3-1, available at https://
doi.org/10.1523/JNEUROSCI.2693-19.2020.f3-1; Fig. 4-1, available at
https://doi.org/10.1523/JNEUROSCI.2693-19.2020.f4-1; Fig. 5-1, avail-
able at https://doi.org/10.1523/JNEUROSCI.2693-19.2020.f5-1; and Fig.
6-1, available at https://doi.org/10.1523/JNEUROSCI.2693-19.2020.
f6-1. For group means and individual data of rats with cannula misplace-
ments from exp. 2, 3, 5, and 6, see Extended Data Fig. 2-2, available at
https://doi.org/10.1523/JNEUROSCI.2693-19.2020.f2-2.

Results
Self-administration training and choice
In all experiments, male and female rats reliably self-admini-
stered palatable food and fentanyl (Figs. 1B, 2B, 3B, 4B, 5B, 6B)
and strongly preferred palatable food over fentanyl in the three
choice sessions during training (Figs. 1C, 2C, 3C, 4C, 5C, 6C) and
during food choice-induced voluntary abstinence (Figs. 1D, 2D,
3D, 4D, 5D, 6D). We observed no sex differences in food or
fentanyl self-administration in the different experiments. In exp.
1, preference for palatable food was higher in males than in fe-
males during choice-induced voluntary abstinence (Fig. 1D;
F(1,40) � 16.2, p 
 0.001). We did not observe additional sex
differences in any of the measures in subsequent experiments and
combined data from males and females in exp. 2– 6.

Exp. 1: Effect of relapse to fentanyl seeking after voluntary
abstinence on Fos expression
The goal of exp. 1 was to determine whether relapse to fentanyl
seeking after food choice-induced voluntary abstinence was associ-
ated with activation of the OFC, as assessed by the activity marker
Fos. We also measured Fos in the nearby AID and AIV. The timeline
of exp. 1 is provided in Figure 1A.

Relapse test (day 14)
The number of lever presses on the active lever were greater than
on the inactive lever during relapse to fentanyl seeking (Fig. 1E,
left; Extended Data Fig. 1-1A, available at https://doi.org/10.1523/
JNEUROSCI.2693-19.2020.f1-1 for individual data). The repeated-
measures ANOVA for total number of lever presses included the
between-subjects factor of sex and the within-subjects factor of
lever (active, inactive). This analysis showed significant effects
of lever (F(1,40) � 175.1, p 
 0.001) but not sex (F(1,40) � 1.2,
p � 0.271) or an interaction between the two factors (F(1,40) �
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0.4, p � 0.56). For the time course
of lever presses (Fig. 1E, right), the
repeated-measures ANOVA included
the between-subjects factor of sex and
the within-subjects factors of session
time (20, 40, 60 min) and lever. This anal-
ysis showed significant effects of session
time (F(2,80) � 119.1, p 
 0.001) and lever
(F(1,40) � 175.1, p 
 0.001) and an inter-
action between the two factors (F(2,80) �
119.9, p 
 0.001). There were no signifi-
cant effects of sex or interactions between
sex and the other within-subjects factors
(p � 0.05; Fig. 1E).

Fos expression
We measured Fos expression after the day
14 relapse test (Fig. 1F,G; Extended Data
Fig. 1-1B, available at https://doi.org/
10.1523/JNEUROSCI.2693-19.2020.f1-1
for individual data). This relapse was as-
sociated with a large increase in Fos ex-
pression in the lOFC and vOFC, a modest
increase in the AIV, and no change in the
AID. The mixed-factorial ANOVA for
number of Fos� cells/mm 2 in OFC or AI
subregions included the between-subjects
factor of test condition (no test, test) and
the within-subjects factor of brain region
(lOFC, vOFC, AID, AIV). This analysis
showed significant effects of test condi-
tion (F(1,11) � 31.3, p 
 0.001), brain re-
gion (F(1,11) � 34.4, p 
 0.001), and an
interaction between the two factors
(F(1,11) � 31.0, p 
 0.001).

Together, relapse to fentanyl seeking
was associated with increased Fos expres-
sion in the OFC and AIV.

Exp. 2: Effect of OFC inactivation on relapse to fentanyl
seeking after voluntary abstinence
In exp. 1, we found that relapse after voluntary abstinence was
associated with a large increase in Fos expression in OFC. The
goal of exp. 2 was to determine a causal role of the lOFC and
vOFC in this relapse. Because we did not observe any differences
between vehicle injections in the two OFC subregions in either
relapse or reacquisition, we combined the data for the vehicle
groups. The timeline of exp. 2 is provided in Figure 2A.

Relapse test
Muscimol plus baclofen injections into the lOFC, but not the
vOFC, significantly decreased relapse to fentanyl seeking (Fig. 2E,
left; Extended Data Fig. 2-1A, available at https://doi.org/10.1523/
JNEUROSCI.2693-19.2020.f2-1 for individual data). The repeated-
measures ANOVA for number of total lever presses included the
between-subjects factor of drug condition (vehicle, lOFC musci-
mol plus baclofen, vOFC muscimol plus baclofen) and the
within-subjects factor of lever. This analysis showed significant
effects of drug condition (F(2,35) � 3.3, p � 0.048), lever (F(1,35) �
121.7, p 
 0.001), and a significant interaction between drug
condition and lever (F(2,35) � 3.4, p � 0.042). For the time course
of lever presses (Fig. 2E, right), the mixed-factorial ANOVA for
number of active lever presses included the between-subjects fac-

tor of drug condition and the within-subjects factor of session
hour (1–3). This analysis showed significant effects of drug con-
dition (F(2,35) � 3.5, p � 0.04) and session hour (F(2,70) � 79.2,
p 
 0.001) but not an interaction between the two factors (F(4,70)

� 2.3, p � 0.065). Additionally, there were no significant effects
for inactive lever presses, which were very low (p � 0.05; Fig. 2E).
There was no difference in relapse responding for rats with can-
nula misplacements from this experiment (p � 0.37; n � 2 vehi-
cle, n � 6 muscimol plus baclofen; Extended Data Fig. 2-2,
available at https://doi.org/10.1523/JNEUROSCI.2693-19.2020.
f2-2).

Reacquisition test
Muscimol plus baclofen injections into either the lOFC or vOFC
had no effect on reacquisition of fentanyl self-administration
(Fig. 2F; Extended Data Fig. 2-1B, available at https://doi.org/
10.1523/JNEUROSCI.2693-19.2020.f2-1 for individual data).
The mixed-factorial ANOVA for number of infusions in-
cluded the between-subjects factor of drug condition and the
within-subjects factor of session hour (1– 6). This analysis
showed a significant effect of session hour (F(5,170) � 2.9, p �
0.016) but no effect of drug condition (F(3,34) � 2.3, p � 0.121)
or an interaction between the two factors (F(10,170) � 1.5, p �
0.144).

Figure 1. Effect of relapse to fentanyl seeking after voluntary abstinence on Fos expression. A, Timeline of exp. 1. B, Self-
administration: number of reinforced responses (food, 5 pellets/reinforcer delivery; fentanyl, 2.5 �g/kg/infusion) during the 6 h
sessions. C, Choice during training: number of food-reinforced responses and fentanyl infusions earned during the 3 h choice
sessions (20 trials/session), denoted by C1, C2, and C3 in B. D, Voluntary abstinence: number of food-reinforced responses and
fentanyl infusions earned during the 3 h choice sessions (20 trials/session). E, Relapse test: number of active and inactive lever
presses during 60 min test session (left) and the 20 min time course (right; n � 22 males, 20 females, between-subjects design).
*p 
 0.05, different from the inactive lever. F, Representative images of Fos� cells in orbitofrontal and anterior insular cortex, at
10� magnification. Scale bar, 100 �m. G, Fos-IR quantification: number of Fos� cells (counts/mm 2). *p 
 0.05, different from
the no test group (n � 7/group, between-subjects design). Data are the mean � SEM. For individual data, see Extended Data
Figure 1-1, available at https://doi.org/10.1523/JNEUROSCI.2693-19.2020.f1-1.
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Together, OFC inactivation decreased relapse to fentanyl
seeking but had no effect on reacquisition to fentanyl self-
administration.

Exp. 3: Effect of AIV inactivation on relapse to fentanyl
seeking after voluntary abstinence
In exp. 1, we found that relapse after voluntary abstinence was
associated with a modest increase in Fos expression in the AIV.
The goal of exp. 3 was to determine a causal role of the AIV in this
relapse. The timeline of exp. 3 is provided in Figure 3A.

Relapse test
Muscimol plus baclofen injections into the AIV significantly de-
creased relapse to fentanyl seeking (Fig. 3E, left; Extended Data
Fig. 3-1A, available at https://doi.org/10.1523/JNEUROSCI.2693-
19.2020.f3-1 for individual data). The repeated-measures ANOVA
for number of total lever presses included the between-subjects
factor of drug condition (vehicle, muscimol plus baclofen) and

the within-subjects factor of lever. This
analysis showed significant effects of drug
condition (F(1,24) � 4.3, p � 0.049), lever
(F(1,24) � 66.6, p 
 0.001), and a signifi-
cant interaction between drug condition
and lever (F(1,24) � 4.6, p � 0.043). For the
time course (Fig. 3E, right), the mixed-
factorial ANOVA for number of active le-
ver presses showed significant effects of
drug condition (F(1,24) � 4.5, p � 0.045)
and session hour (F(2,48) � 44.7, p 

0.001) but no interaction between the two
factors (F(1,46) � 1.7, p � 0.19). A similar
analysis of inactive lever showed a signifi-
cant effect of session hour (F(2,48) � 10.7,
p 
 0.001) but no effect of drug condition
or an interaction between the two factors
(p � 0.05; Fig. 3E). There was no differ-
ence in relapse responding for rats with
cannula misplacements (p � 0.94; n � 4
vehicle, n � 7 muscimol plus baclofen;
Extended Data Fig. 2-2, available at https://
doi.org/10.1523/JNEUROSCI.2693-19.2020.
f2-2).

Reacquisition test
Muscimol plus baclofen injections into
the AIV had no effect on reacquisition of
fentanyl self-administration (Fig. 3F; Ex-
tended Data Fig. 3-1B, available at https://
doi.org/10.1523/JNEUROSCI.2693-19.
2020.f3-1 for individual data). The mixed-
factorial ANOVA showed a significant ef-
fect of session hour (F(5,120) � 7.7, p 

0.001) but no effect of drug condition
(F(1,24) � 0.2, p � 0.7) or an interaction
between the two factors (F(5,120) � 1.2,
p � 0.31).

Together, AIV inactivation decreased
relapse to fentanyl seeking but had no
effect on reacquisition to fentanyl self-
administration.

Exp. 4: Effect of relapse to fentanyl seeking on Fos expression
in afferent projections to OFC
The goal of exp. 4 was to determine which afferent projections to
the OFC are activated after relapse to fentanyl seeking, using the
retrograde tracer CTb in combination with Fos. The timeline of
exp. 4 is provided in Figure 4A, and representative CTb injections
in the OFC are shown in Figure 4F.

Relapse test
The number of lever presses on the active lever was greater than
on the inactive lever during relapse to fentanyl seeking (Fig. 4E;
Extended Data Fig. 4-1A, available at https://doi.org/10.1523/
JNEUROSCI.2693-19.2020.f4-1 for individual data). The repeat-
ed-measures ANOVA for number of lever presses included the
within-subjects factors of session time (30, 60, 90 min) and lever
(active, inactive). This analysis showed significant effects of
session time (F(2,12) � 72.7, p 
 0.001) and lever (F(1,6) � 71.0,

Figure 2. Effect of OFC inactivation on relapse to fentanyl seeking after voluntary abstinence. A, Timeline of exp. 2. B, Self-
administration: number of reinforced responses (food, 5 pellets/reinforcer; fentanyl, 2.5 �g/kg/infusion) during the 6 h sessions.
C, Choice during training: number of food-reinforced responses and fentanyl infusions earned during the 3 h choice sessions (20
trials/session), denoted by C1, C2, and C3 in B. D, Voluntary abstinence: number of food-reinforced responses and fentanyl
infusions earned during the 3 h choice sessions (20 trials/session). E, Relapse test: number of active and inactive lever presses
during the 3 h test session (left) and 1 h time course (right) after vehicle or muscimol plus baclofen (M�B) injections. *p 
 0.05,
different from vehicle group. F, Reacquisition test: number of fentanyl infusions (2.5 �g/kg/infusion) during the 1 h time course of
the 6 h session after vehicle or muscimol plus baclofen injection (n � 10 –17/group, between-subjects design). Data are the
mean � SEM. G, Images showing placement of cannula into the OFC at 2.5� magnification. Scale bar, 500 �m. Placements for
lateral OFC are shown in red, and placements for ventral OFC are shown in black. Vehicle placements are shown with open circles,
and muscimol plus baclofen placements are shown with closed circles. For individual data, see Extended Data Figure 2-1, available
at https://doi.org/10.1523/JNEUROSCI.2693-19.2020.f2-1. For data from cannula misplacements, see Extended Data Figure 2-2,
available at https://doi.org/10.1523/JNEUROSCI.2693-19.2020.f2-2.
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p 
 0.001) and an interaction between
the two factors (F(2,12) � 79.1, p 

0.001).

Fos plus CTb quantification
Relapse to fentanyl seeking after voluntary
abstinence was associated with selective
activation of Pir¡OFC projections but
not projections from other brain regions
to the OFC (Fig. 4G; Extended Data Fig.
4-1B, available at https://doi.org/10.1523/
JNEUROSCI.2693-19.2020.f4-1 for indi-
vidual data). For Fos� alone, the mixed-
factorial ANOVA for number of Fos�
cells/mm 2 in the Pir, BLA, mediodorsal
thalamic nucleus (MD), or submedius
thalamic nucleus (SM) included the
between-subjects factor of test condition
(no test, test) and the within-subjects fac-
tor of brain region (Pir, BLA, MD, SM).
This analysis showed significant effects of
test condition (F(1,9) � 51.1, p 
 0.001),
brain region (F(3,27) � 34.6, p 
 0.001),
and an interaction between the two fac-
tors (F(3,27) � 24.0, p 
 0.001). For the
analysis of CTb alone, the mixed-factorial
ANOVA showed a significant effect of
brain region (F(3,27) � 10.5, p 
 0.001)
and no effect of test condition (F(1,9) �
0.49, p � 0.50) or interaction between the
two factors (F(3,27) � 0.97, p � 0.42). For
Fos plus CTb double labeling, the analysis
showed significant effects of test condition
(F(1,9) � 46.2, p 
 0.001), brain region
(F(3,27) � 16.4, p 
 0.001), and an inter-
action between the two factors (F(3,27) �
1.0, p 
 0.001). The significant interac-
tion is due to a selective increase in relapse
test-induced double-labeled neurons in
the Pir but not the other brain regions.

Together, relapse to fentanyl seeking
was associated with increased Fos expres-
sion in OFC-projecting Pir neurons.

Exp. 5: Effect of Pir inactivation on relapse to fentanyl seeking
after voluntary abstinence
In exp. 4, we found that relapse to fentanyl seeking was associated
with activation of the Pir and the projections from Pir¡OFC.
The goal of exp. 5 was to determine whether the Pir plays a causal
role in relapse using reversible inactivation (muscimol plus
baclofen). The timeline of exp. 5 is provided in Figure 5A.

Relapse test
Muscimol plus baclofen injections into the Pir significantly de-
creased relapse to fentanyl seeking (Fig. 5E, left; Extended Data
Fig. 5-1A, available at https://doi.org/10.1523/JNEUROSCI.
2693-19.2020.f5-1 for individual data). The repeated-measures
ANOVA for number of total lever presses included the between-
subjects factor of drug condition and the within-subjects factor of
lever. This analysis showed significant effects of drug condition
(F(1,27) � 5.8, p � 0.023), lever (F(1,27) � 81.7, p 
 0.001), and a
significant interaction between the two factors (F(1,27) � 4.9, p �
0.036). For the time course (Fig. 5E, right), the mixed-factorial

ANOVA for number of active lever presses showed significant
effects of drug condition (F(1,27) � 5.4, p � 0.028) and session
hour (F(2,54) � 32.3, p 
 0.001) but no interaction between the
two factors (F(2,54) � 1.2, p � 0.305). A similar analysis of inactive
lever showed a significant effect of session hour (F(2,54) � 9.2, p 

0.001) but no effect of drug condition or an interaction be-
tween the two factors ( p � 0.05; Fig. 5E). There was no differ-
ence in relapse responding for rats with cannula misplacements in
this experiment (p � 0.25; n � 6 vehicle, n � 5 muscimol plus
baclofen; Extended Data Fig. 2-2, available at https://doi.org/10.
1523/JNEUROSCI.2693-19.2020.f2-2).

Reacquisition test
Muscimol plus baclofen injections into the Pir had no effect on
reacquisition of fentanyl self-administration (Fig. 5F; Extended Data
Fig. 5-1B, available at https://doi.org/10.1523/JNEUROSCI.
2693-19.2020.f5-1 for individual data). The mixed-factorial
ANOVA for number of infusions showed significant effects of
session hour (F(5,135) � 11.2, p 
 0.001) and drug condition by

Figure 3. Effect of AIV inactivation on relapse to fentanyl seeking after voluntary abstinence. A, Timeline of exp. 3. B, Self-
administration: number of reinforced responses (food, 5 pellets/reinforcer; fentanyl, 2.5 �g/kg/infusion) during the 6 h sessions.
C, Choice during training: number of food-reinforced responses and fentanyl infusions earned during the 3 h choice sessions (20
trials/session), denoted by C1, C2, and C3 in B. D, Voluntary abstinence: number of food-reinforced responses and fentanyl
infusions earned during the 3 h choice sessions (20 trials/session). E, Relapse test: number of active and inactive lever presses
during the 3 h test session (left) and 1 h time course (right) after vehicle or muscimol plus baclofen (M�B) injections. *p 
 0.05,
different from vehicle group. F, Reacquisition test: number of fentanyl infusions (2.5 �g/kg/infusion) during the 1 h time course of
the 6 h session after vehicle or muscimol plus baclofen injections (n � 13/group, between-subjects design). Data are the mean �
SEM. G, Images showing placement of cannula into AIV at 2.5� magnification. Scale bar, 500 �m. Vehicle placements are shown
with open circles, and muscimol plus baclofen placements are shown with closed circles. For individual data, see Extended Data
Figure 3-1, available at https://doi.org/10.1523/JNEUROSCI.2693-19.2020.f3-1. For data from cannula misplacements, see Ex-
tended Data Figure 2-2, available at https://doi.org/10.1523/JNEUROSCI.2693-19.2020.f2-2.
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session hour interaction (F(5,135) � 2.8, p � 0.02) but no effect of
drug condition (F(1,27) � 0.9, p � 0.35). The significant interac-
tion is due to group differences in the third hour of the reacqui-
sition test.

Together, Pir inactivation decreased relapse to fentanyl seeking
but had no effect on reacquisition to fentanyl self-administration.

Exp. 6: Effect of anatomical disconnection between Pir and
OFC on relapse to fentanyl seeking
The goal of exp. 6 was to determine whether projections between the
Pir and OFC play a causal role in relapse to fentanyl seeking. For this
purpose, we used an anatomical disconnection procedure (Setlow et
al., 2002). The timeline of exp. 6 is provided in Figure 6A.

Relapse test
Muscimol plus baclofen injections into the Pir plus contralateral,
but not ipsilateral, OFC significantly decreased the number of
active lever presses during relapse to fentanyl seeking (Fig. 6E,
left; Extended Data Fig. 6-1 A, available at https://doi.org/
10.1523/JNEUROSCI.2693-19.2020.f6-1 for individual data).
The repeated-measures ANOVA for number of total lever presses
included the between-subjects factor of drug condition (vehicle,

muscimol plus baclofen ipsilateral, mus-
cimol plus baclofen contralateral) and the
within-subjects factor of lever (inactive,
active). This analysis showed significant
effects of drug condition (F(2,29) � 2.7,
p � 0.046) and lever (F(1,9) � 100.6, p 

0.001) but not a significant interaction be-
tween drug condition and lever (F(2,29) �
2.3, p � 0.117). For the time course (Fig.
6E, right), the mixed-factorial ANOVA
for number of active lever presses in-
cluded the between-subjects factor of
drug and the within-subjects factor of ses-
sion hour. This analysis showed a signifi-
cant effect of session hour (F(2,58) � 81.8,
p � 
 0.001) and a drug condition by
session hour interaction (F(4,58) � 4.8, p �
0.002) but no effect of drug condition
(F(2,29) � 2.74, p � 0.081). The significant
interaction is due to group differences in
the first hour of the relapse test but not
hours 2 and 3. A similar analysis of inac-
tive lever showed a significant effect of drug
condition (F(2,29) � 4.4, p � 0.022) and ses-
sion hour (F(2,58) � 12.2, p 
 0.001) but no
interaction between the two factors (p �
0.05; Fig. 6E). There was no difference in
relapse responding for rats with cannula
misplacements from this experiment
(p � 0.23; n � 3 vehicle, n � 16 muscimol
plus baclofen; Extended Data Fig. 2-2, avail-
able at https://doi.org/10.1523/JNEUROSCI.
2693-19.2020.f2-2).

Reacquisition test
Muscimol plus baclofen injections in the
contralateral condition had no effect on
reacquisition of fentanyl self-admi-
nistration (Fig. 6F; Extended Data Fig.
6-1B, available at https://doi.org/10.1523/
JNEUROSCI.2693-19.2020.f6-1 for indi-
vidual data). The mixed-factorial ANOVA

for number of infusions showed no effect of drug condition (F(1,8)

� 0.1, p � 0.815), session hour (F(5,40) � 0.9, p � 0.505), or an
interaction between the two factors (F(4,40) � 0.28, p � 0.92).

Together, contralateral disconnection of the Pir and OFC de-
creased relapse to fentanyl seeking but had no effect on reacqui-
sition of fentanyl self-administration.

Discussion
We determined whether food choice-induced voluntary absti-
nence from heroin generalizes to the synthetic opioid fentanyl
and investigated circuits of relapse to fentanyl seeking after vol-
untary abstinence. In agreement with our previous heroin study
(Venniro et al., 2017b), there were no sex differences in fentanyl
self-administration, the strong preference for palatable food, or
relapse to fentanyl seeking. Relapse to fentanyl seeking was asso-
ciated with a large increase in Fos expression in the OFC and a
modest increase in Fos expression in the AIV, and reversible in-
activation of these regions decreased relapse. Most importantly,
relapse to fentanyl seeking was associated with increased Fos ex-
pression in the Pir and in OFC-projecting Pir neurons, and re-
versible inactivation of the Pir or projections between the Pir and

Figure 4. Effect of relapse to fentanyl seeking on Fos expression in afferent projections to the OFC. A, Timeline of exp. 4.
B, Self-administration: number of reinforced responses (food, 5 pellets/reinforcer; fentanyl, 2.5 �g/kg/infusion) during
the 6 h sessions. C, Choice during training: number of food-reinforced responses and fentanyl infusions earned during the
3 h choice sessions (20 trials/session), denoted by C1, C2, and C3 in B. D, Voluntary abstinence: number of food-reinforced
responses and fentanyl infusions earned during the 3 h choice sessions (20 trials/session). E, Relapse tests: number of active
and inactive lever presses during the 90 min test session (left) and the 30 min time course (right). *p 
 0.05, different from
inactive lever. F, Placement of CTb injection into the OFC and representative image captured at 2.5� magnification (scale
bar, 500 �m). G, From left to right: number of Fos� cells (counts/mm 2) in the Pir, BLA, and thalamus; number of CTb�
cells per mm 2 in all 4 regions; and number of CTb� cells that colabel with Fos in all four regions. *p 
 0.05, different from
no test group. Representative images showing Fos (red) or CTb (green; 40� magnification). Scale bar, 100 �m. Red arrows
denote Fos� cell, and green arrows denote CTb� cell (n � 5–7/group, between-subjects design). Data are the mean �
SEM. For individual data, see Extended Data Figure 4-1, available at https://doi.org/10.1523/JNEUROSCI.2693-
19.2020.f4-1.
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OFC decreased relapse. Finally, inactiva-
tion of the OFC, AIV, Pir, and Pir-OFC
disconnection had no effect on reacquisi-
tion, suggesting dissociable brain mecha-
nisms for reinforced opioid taking and
nonreinforced opioid seeking (Bossert et
al., 2013; Reiner et al., 2019).

Food choice-induced
voluntary abstinence
We observed a strong preference for pal-
atable food over fentanyl, in agreement
with our previous studies with heroin and
methamphetamine (Caprioli et al., 2015;
Venniro et al., 2017b) and previous re-
ports of strong preference for saccharin
over heroin (Lenoir et al., 2013; Madsen
and Ahmed, 2015). However, Townsend
et al. (2019) reported increased fentanyl
preference over liquid Ensure. These dis-
crepant findings are likely due to different
experimental parameters, including ses-
sion duration, fentanyl dose (2.5 �g/kg/
infusion in our study vs 0.32–10 �g/kg/
infusion in the Townsend et al. study) and
food type (high-carbohydrate pellets in
our study vs diluted Ensure in the
Townsend et al. study).

Role of OFC and AIV in relapse to
drug seeking
We found that relapse to fentanyl seeking
was associated with increased Fos expres-
sion in the OFC, and that reversible inac-
tivation of the lOFC decreased relapse
after voluntary abstinence. These data
agree with a previous study showing that
muscimol plus baclofen or Daun02 inac-
tivation of Fos-expressing neurons in the
OFC decreases heroin seeking after forced
abstinence (Fanous et al., 2012). Thus,
OFC activity appears critical for relapse to
opioid seeking, independent of the opioid
or abstinence procedure. Other studies re-
ported that inhibition of OFC activity decreases cue-induced and
context-induced reinstatement of cocaine seeking after extinc-
tion (Fuchs et al., 2004; Lasseter et al., 2009, 2011). However, in
our recent methamphetamine studies, we found that OFC inac-
tivation has no effect on relapse after either forced or food choice-
induced abstinence (Li et al., 2015a; Venniro et al., 2017a).
Together, the present and previous results indicate a role of the
OFC in relapse to opioid and cocaine seeking, but surprisingly,
not methamphetamine seeking.

Previous studies primarily examined the role of the lOFC in
drug seeking, but two studies showed that inactivation of the
vOFC or medial OFC has no effect on heroin seeking after forced
abstinence or cocaine cue-induced reinstatement to cocaine
seeking after extinction (Fuchs et al., 2004; Fanous et al., 2012).
However, the role of OFC subregions in a given reinforcer-
related behavior may be more nuanced (Izquierdo, 2017). In-
deed, Malvaez et al. (2019) reported that lOFC and medial OFC
projections to the BLA play different roles in encoding the posi-
tive value of a reinforcer and retrieving this value from memory.

Although our data suggest that both lOFC and vOFC subregions
are critical for relapse to fentanyl seeking, we did not observe a
statistically significant effect for vOFC inactivation (p � 0.078).
This is likely due to one high responder in the vOFC muscimol
plus baclofen condition (326 lever presses during testing; Ex-
tended Data Fig. 2-1A, available at https://doi.org/10.1523/
JNEUROSCI.2693-19.2020.f2-1) that did not meet our outlier
exclusion criterion (3 SDs above the group mean).

We also found that relapse to fentanyl seeking was associated
with increased Fos expression in the AIV, and that AIV inactiva-
tion decreased relapse. These results extend our previous results
on AIV role in relapse to methamphetamine seeking after food
choice-induced abstinence (Venniro et al., 2017a). Inactivation
of anterior insular cortex decreases cue-induced reinstatement of
cocaine and nicotine seeking and context-induced reinstatement
of cocaine seeking (Cosme et al., 2015; Pushparaj et al., 2015;
Rotge et al., 2017). Together, these results identify an important
role of this brain region in relapse to drug seeking across drug
classes and relapse models.

Figure 5. Effect of Pir inactivation on relapse to fentanyl seeking after voluntary abstinence. A, Timeline of exp. 5. B, Self-
administration: number of reinforced responses (food, 5 pellets/reinforcer; fentanyl, 2.5 �g/kg/infusion) during the 6 h sessions.
C, Choice during training: number of food-reinforced responses and fentanyl infusions earned during the 3 h choice sessions (20
trials/session), denoted by C1, C2, and C3 in B. D, Voluntary abstinence: number of food-reinforced responses and fentanyl
infusions earned during the 3 h choice sessions (20 trials/session). E, Relapse test: number of active and inactive lever presses
during the 3 h test session (left) and 1 h time course (right) after vehicle or muscimol plus baclofen (M�B) injections. *p 
 0.05,
different from vehicle group. F, Reacquisition test: number of fentanyl infusions (2.5 �g/kg/infusion) during the 1 h time course of
the 6 h session after vehicle or muscimol plus baclofen injections (n � 14 –15/group, between-subjects design). Data are the
mean�SEM. G, Images showing placement of cannula into the Pir at 2.5�magnification. Scale bar, 500 �m. Vehicle placements
are shown with open circles, and muscimol plus baclofen placements are shown with closed circles. For individual data, see
Extended Data Figure 5-1, available at https://doi.org/10.1523/JNEUROSCI.2693-19.2020.f5-1. For data from cannula misplace-
ments, see Extended Data Figure 2-2, available at https://doi.org/10.1523/JNEUROSCI.2693-19.2020.f2-2.
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Role of Pir and projections between Pir and OFC in relapse to
fentanyl seeking after voluntary abstinence
To determine relapse-associated, projection-specific activation
of OFC afferents, we combined the retrograde tracer CTb with
the activity marker Fos. We analyzed major projection targets of
OFC: Pir, BLA, and thalamic nuclei [mediodorsal nucleus and
submedius nucleus (Chen et al., 2014; Murphy and Deutch,
2018)]. Surprisingly, we found that relapse to fentanyl seeking
was associated with a selective increase in Fos-expressing neurons
projecting from the ipsilateral Pir to the OFC. Consistent with a
prior anatomical study (Murphy and Deutch, 2018), we did not
observe CTb labeling in Pir contralateral to the OFC injection site
(Extended Data Fig. 4-1C, available at https://doi.org/10.1523/
JNEUROSCI.2693-19.2020.f4-1). Consistent with prior studies
(Chen et al., 2014; Murphy and Deutch, 2018), we found more
CTb� neurons in anterior portions of the Pir at the level of the
OFC (4.2–2.8 mm anterior to bregma) compared with posterior

sections (data not shown). We also found
a small proportion of Fos� Pir neurons
were colabeled with CTb (�5%). This
small proportion of activated neurons is
consistent with the neuronal ensemble
hypothesis, which posits that a small per-
centage of neurons control a given learned
behavior (Hebb, 1949). Indeed, studies
using the Daun02 inactivation procedure
(Cruz et al., 2013) have shown that inhi-
bition of a small proportion of relapse-
associated Fos� neurons in different
brain areas decreases relapse to drug seek-
ing (Bossert et al., 2011; Caprioli et al.,
2017; Warren et al., 2019).

In follow-up experiments, we found
that Pir inactivation and unilateral Pir
inactivation plus unilateral OFC inactiva-
tion in the contralateral, but not ipsilat-
eral, hemisphere decreased relapse to
fentanyl seeking. Given our data showing
increased Fos expression in OFC-projecting
Pir neurons, and that Pir¡OFC projections
are ipsilateral, we interpret these data to sug-
gest that Pir¡OFC projections contribute
to relapse to fentanyl seeking. The Pir is an
olfaction region and an extension of the
olfactory cortex (Stettler and Axel, 2009).
The role of the Pir in the behavioral effects
of drugs is largely unknown, and the pub-
lished papers are limited to correlational
results. Cue-induced reinstatement of al-
cohol seeking is associated with increased
phosphorylated calmodulin-dependent
protein kinase II in the Pir (Salling et al.,
2017). Cocaine conditioned place prefer-
ence is associated with increased Fos ex-
pression in the Pir (Crawford et al., 1995),
and withdrawal from experimenter-
injected cocaine is associated with in-
creased oxytocin receptor binding in the
Pir (Georgiou et al., 2016).

Finally, our results on the role of the
Pir in conditioned drug effects and moti-
vated behavior extend previous studies on
the role of the Pir in conditioned odor or

flavor preference and the social transmission of food preference.
Ross and Eichenbaum (2006) reported that memory retrieval of
social transmission of food preference is associated with in-
creased Fos expression in the Pir (and OFC). Loureiro et al.
(2019) showed a critical role of a Pir to prefrontal cortex projec-
tions in this behavior. Acquisition of conditioned flavor prefer-
ence is associated with increased Fos expression in the Pir
(Mediavilla et al., 2016), and lesions or antagonists of NMDA or
cannabinoid type 1 receptors decrease conditioned flavor prefer-
ence (Mediavilla et al., 2016; Mukherjee and Yuan, 2016; Terral et
al., 2019).

Methodological considerations
One methodological issue is that intracranial muscimol plus
baclofen injections may cause nonspecific motor deficits. This is
unlikely because, in all experiments, muscimol plus baclofen
inactivation had no effect on reacquisition of fentanyl self-

Figure 6. Effect of anatomical disconnection between the Pir and OFC on relapse to fentanyl seeking. A, Timeline of exp.
6. B, Self-administration: number of reinforced responses (food, 5 pellets/reinforcer; fentanyl, 2.5 �g/kg/infusion) during
the 6 h sessions. C, Choice during training: number of food-reinforced responses and fentanyl infusions earned during the
3 h choice sessions (20 trials/session), denoted by C1, C2, and C3 in B. D, Voluntary abstinence: number of food-reinforced
responses and fentanyl infusions earned during the 3 h choice sessions (20 trials/session). E, Relapse test: number of active
and inactive lever presses during the 3 h test session (left) and 1 h time course (right) after unilateral Pir and ipsilateral or
contralateral OFC vehicle or muscimol plus baclofen (M�B) injections. *p 
 0.05, different from vehicle and ipsilateral
groups (n � 9 –12/group, between-subjects design). F, Reacquisition test: number of fentanyl infusions (2.5 �g/kg/
infusion) during the 1 h time course of the 6 h session after unilateral Pir and contralateral OFC vehicle or muscimol plus
baclofen injections (n � 5/group, between-subjects design). Data are the mean � SEM. G, Images showing placement of
cannulas in the OFC and Pir at 2.5� magnification. Scale bar, 500 �m. Placements in the ipsilateral condition are shown
in red, and placements in the contralateral condition are shown in black. Vehicle placements are shown with open circles,
and muscimol plus baclofen placements are shown with closed circles. For individual data, see Extended Data Figure 6-1,
available at https://doi.org/10.1523/JNEUROSCI.2693-19.2020.f6-1. For data from cannula misplacements, see Extended
Data Figure 2-2, available at https://doi.org/10.1523/JNEUROSCI.2693-19.2020.f2-2.
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administration. We cannot rule out the possibility of diffusion of
intracranial muscimol plus baclofen injections into nearby re-
gions (Wise and Hoffman, 1992). Specifically, lOFC/vOFC injec-
tions may have diffused into the adjacent OFC subregion or the
AIV or Pir, or AIV or Pir injections diffused into the OFC. Im-
portantly, we limited our analysis to only include rats with Pir
injections ventral to the rhinal fissure, which separates the OFC
and Pir along the dorsal/ventral axis. Additionally, there was no
significant effect of muscimol plus baclofen injections in rats with
cannula misplacements (Extended Data Fig. 2-2, available at
https://doi.org/10.1523/JNEUROSCI.2693-19.2020.f2-2). Thus,
although a diffusion-related alternative interpretation of our data
cannot be completely ruled out, based on the projection-specific
activation data and the disconnection findings, a likely interpre-
tation of our findings is that activity of the Pir and Pir¡OFC
projections contribute to relapse to fentanyl seeking after food
choice-induced voluntary abstinence.

Another interpretation issue to consider is that one cannot
infer directionality of a pathway from disconnection experi-
ments. Thus, because the Pir and OFC are reciprocally connected
(Illig, 2005), we cannot rule out the possibility that OFC¡Pir
projections contribute to relapse to fentanyl seeking. Finally, our
data indicate that other brain regions contribute to relapse to
fentanyl seeking, because our manipulations decreased active le-
ver pressing by only �40%.

Conclusions
We combined reversible pharmacological inactivation, retro-
grade tracing and Fos immunohistochemistry, and an anatomical
disconnection procedure to demonstrate that activation of the
OFC, AIV, Pir, and Pir-OFC projections contribute to relapse to
fentanyl seeking after food choice-induced voluntary abstinence.
Our results extend previous studies on the role of the OFC and
AIV in relapse to drug seeking (Bossert et al., 2013; Reiner et al.,
2019) and identify a novel role of the Pir and Pir¡OFC projec-
tions in relapse after voluntary abstinence.
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