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Abstract

Neuronal ensembles within the infralimbic cortex (IL) and their projections to the

nucleus accumbens (NAc) mediate opiate seeking in well-trained rats. However, it is

unclear how early this circuitry is recruited during oxycodone self-administration.

Here, we used retrograde labelling (CTb) and immunohistochemistry to identify NAc-

projecting neurons in the IL that were activated during initial oxycodone seeking.

Next, we sought to determine the role of IL neuronal ensembles in initial oxycodone

self-administration. We used the Daun02 procedure in male and female Fos-LacZ rats

to chemogenetically inactivate IL Fos-expressing neurons at different time points in

oxycodone self-administration training: immediately after meeting criteria for acquisi-

tion of behaviour and following nine daily sessions with increasing schedules of rein-

forcement (FR1, FR2 and FR3) in which rats demonstrated stable oxycodone intake

under increasing effort to self-administer. We found that Daun02 infusions attenu-

ated oxycodone seeking at both the initial learning and well-trained time points.

These results suggest that IL neuronal ensembles are formed during initial learning of

oxycodone self-administration and required for the maintenance and expression of

oxycodone seeking.
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1 | INTRODUCTION

Oxycodone is an addictive opioid analgesic that has contributed to

the ongoing opioid epidemic.1 In humans and preclinical animal

models, drug-paired contexts and cues become powerful indicators of

drug availability that can induce craving and drug seeking.2 Preclinical

models of substance use commonly rely on intravenous drug self-

administration, wherein discrete cues are paired with delivery of the

drug reinforcer.3,4 This procedure models the behavioural stages of

substance use including initiation of drug taking (acquisition), stable

drug intake (maintenance), increased drug intake (escalation) and rein-

statement of drug seeking (relapse). Studies employing drug self-

administration have shown that projections from the medial prefrontal

cortex (mPFC) to the nucleus accumbens (NAc) drive drug-seeking

behaviours in response to drug-paired stimuli.5–15 Pharmacological

inactivation studies have implicated the prelimbic cortex (PL) and

infralimbic cortex (IL) regions of the mPFC as well as their projections

to the NAc core and NAc shell in heroin-primed, cue-induced and

context-induced reinstatement of heroin seeking in well-trained

rats.5,16–18 It is currently unknown whether this same circuitry is

implicated in initial oxycodone seeking.

A popular hypothesis suggests that drug rewards and associated

cues activate sparsely distributed neurons that form neuronal ensem-

bles to mediate drug associated behavioural responses.19 Pharmaco-

genetic manipulations of neuronal ensembles find that IL neuronal

ensembles control context-induced reinstatement of heroin seeking in

well-trained rats.20 However, it is currently unknown at what stage

these neuronal ensembles are recruited and if neuronal ensembles
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recruited early on during oxycodone self-administration (initial neuro-

nal ensembles) within the mPFC mediate initial oxycodone seeking.

Here, we hypothesize that neurons from the IL-NAc circuitry are rap-

idly recruited during initial oxycodone self-administration and that

these neuronal ensembles continue to mediate oxycodone seeking in

well-trained rats. We designed the following experiments to determine

if initial oxycodone-paired neuronal ensembles are activated within

the IL after initial oxycodone seeking and proceed to test the role of IL

ensembles in mediating initial and maintained oxycodone seeking.

In Experiment 1, we sought to determine whether IL-NAc-

projecting neurons are activated during initial oxycodone seeking. Using

wildtype rats, we conducted a retrograde tracing experiment with fluo-

rescent cholera toxin subunit B (CTb) as previously described.21–24 We

microinjected CTb-594 unilaterally into the NAc shell and CTb-488 uni-

laterally into the NAc core. Following microinjection, CTb is retro-

gradely transported along axons to the soma of projecting neurons.25,26

We trained rats to lever press for intravenous oxycodone until they

reached acquisition criteria. We found that after initial acquisition of

oxycodone self-administration, rats had greater Fos labelling in

neurons projecting from the IL to the NAc core and shell subregions

compared with experimentally matched home-cage controls.

Next, we applied the Daun02 inactivation procedure (which

silences Fos-expressing neurons) to determine the necessity of IL

neuronal ensembles in driving oxycodone seeking after initiation of

oxycodone self-administration (Experiment 2) as well as in oxycodone

seeking after prolonged self-administration (Experiment 3 and 4). We

demonstrate that after initial learning as well as after maintenance of

oxycodone self-administration, IL neuronal ensembles are necessary

for oxycodone seeking.

2 | METHODS

2.1 | Subjects

We used male and female Sprague Dawley wildtype rats (n = 20) as

well as male and female Fos-lacZ transgenic rats (n = 64), weighing

175–400 g at the beginning of the experiments. Rats were individually

housed, maintained on a reverse 12-h light/dark cycle (lights off at

10:00 AM), and given ad libitum access to water and food. All animal

procedures were approved by the University of Florida Institutional

Animal Care and Use Committee. A total of two wildtypes and eight

Fos-LacZ transgenic rats failed to meet acquisition criteria during train-

ing and were excluded. Eight Fos-LacZ transgenic rats were excluded

for misplaced cannulas and two Fos-LacZ transgenic rats were

excluded from Experiment 4 as significant outliers (greater than 3 SD

from the mean).

2.2 | Surgery

We anesthetized rats with isoflurane (5% induction and 3% mainte-

nance) during all surgical procedures and administered buprenorphine

(0.03 mg/kg s.c.) and meloxicam (5 mg/kg s.c.) for 3 days as post-

operative analgesia. We allowed rats to recover for 5 days prior to

initiating behavioural testing.

2.3 | Intravenous catheterization surgery

In all experiments (1–4), we implanted SILASTIC catheters into the

jugular vein as described previously.24,27 We constructed catheters

such that 3 cm of tubing entered the jugular vein, whereas the other

end of the tubing was affixed to a modified 22-gauge cannula adhered

to a custom-made backmount. We threaded the proximal end of the

tubing subcutaneously between the shoulder blades and ported the

modified cannula through the midscapular region of the back. We

flushed the catheters daily with gentamicin in sterile saline

(4.25 mg/ml; APP Pharmaceuticals).

2.4 | Intracranial CTb injections

In Experiment 1, we contralaterally microinfused (0.3 μl per side)

fluorescent CTb-488 (50 μg/μl; Thermo Fisher, Ref: C22841, Lot:

2155272) into the NAc core [anteroposterior: +1.6, mediolateral:

±2.5, and dorsoventral: �6.5 (10� angle)] and CTb-594 (50 μg/μl;

Thermo Fisher, Ref: C22842, Lot: 2160063) into the NAc shell

[anteroposterior: +1.6, mediolateral: ±2.5 and dorsoventral: �7.3

(10� angle)] using a Micro4 Microsyringe Pump Controller (World

Precision Instruments) and 10-μl Hamilton syringes. We infused over

1 min and left the injectors in place for at least 1 min before

removal. We chose the concentration and volume based on previ-

ous studies.24

2.5 | Intracranial cannula implantation

In Experiments 2 and 4, we implanted permanent guide cannulas

(23-gauge, Plastics One) bilaterally 1 mm above the IL. The nose bar

was set at �3.3 mm, and the coordinates for the IL were

anteroposterior: +3.0, mediolateral: ±1.5 and dorsoventral: �3.8

(10� angle). We fixed cannulas to the rat's skull with dental cement

and jeweller's screws. We selected these coordinates based on pilot

and previous studies.20,24,28

2.6 | Intracranial infusions

In Experiments 2 and 4, we performed intracranial infusions using

a syringe pump (Kent Scientific) and 10-μl Hamilton syringes that

were attached via polyethylene tubing to 30-gauge injectors

(RWD) that extended 1 mm beyond the guide cannula. We infused

0.5 μl of Daun02 or vehicle over 1 min and left the injectors in

place for an additional 1 min before removal, as previously

described.20,24,28
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2.7 | Drugs

We received oxycodone hydrochloride from the National Institute on

Drug Abuse Drug Supply Program. We selected a dose of 0.1 mg/kg

per infusion with a volume of 0.1 ml per infusion for self-

administration based on pilot testing. We obtained Daun02 from

MedChemExpress and dissolved 2 μg/0.5 μl per side in vehicle solu-

tion containing 5% DMSO, 6% Tween 80, and 89% 0.01-M PBS. We

chose the dose of Daun02 based on previous studies.20,23,27–30

2.8 | Self-administration apparatus

We habituated, trained and tested rats in Med Associates self-

administration chambers, each equipped with a house light, fan,

retractable active and inactive levers and a cue light positioned above

the active lever. The house light and fan remained on throughout the

session. Pressing the active lever resulted in activation of the cue light

directly above the active lever, initiation of the tone cue and delivery

of a 0.1 mg/kg per infusion of oxycodone over a period of 7 s with a

10-s timeout during which active lever presses did not result in

additional infusions. Pressing the inactive lever had no programmed

consequences. Induction and test sessions were identical to self-

administration sessions described above but were shortened to

30 min and were nonreinforced.

2.9 | Intracranial Daun02 injection

We performed intracranial injections using a syringe pump (Harvard

Apparatus) and 10-μl Hamilton syringes that were attached via

polyethylene-50 tubing to 30-gauge injectors (Plastics One) that

extended 1 mm beyond the guide cannula. We infused 0.5 μl over

1 min and left the injectors in place for 1 min before removal.

2.10 | Fos immunofluorescence and CTb imaging
and analysis

We used immunohistochemistry to visualize Fos protein expression in

brain tissue. We washed coronal brain sections (40 μm) in 1X PBS,

blocked with 2.5% normal goat serum (NGS) in 1X PBS with 0.02%

Triton X-100 (PBS-Tx), and incubated 48 h at 4�C with Phospho-c-

Fos (Ser32) antibody (1:2000 dilution; Cell Signaling Technology Cat#

5348S, RRID:AB_10557109) in blocking solution. We then washed

sections in 1X PBS, and incubated them with Alexa Fluor 647 conju-

gated goat anti-rabbit secondary antibody (1:500 dilution; Thermo

Fisher Scientific Cat# A-11008, RRID:AB143165). Next, we washed

the sections in 1X PBS, mounted them onto polysine precoated

microscope slides and coverslipped them with DAPI Fluoromount-G

(Southern Biotech).

Fluorescent images were captured using a Keyence BZ-X810

microscope at 200X magnification with BZ-X Analyzer software. We

used ImageJ to manually quantify fluorescently labelled cells in the

IL. Two brain sections (four hemispheres) were quantified per rat, and

these counts were averaged to return a representative count for each

individual rat. For Experiment 1, we captured fluorescent images of

immunoreactive cells, CTb-488 and CTb-594 in the IL at 200� magni-

fication. Observers (SR and CG) blind to the test conditions used

ImageJ to manually count total number of cells labelled with CTb-488,

CTb-594, and Fos, as well as cells colabelled with CTb-488 + Fos and

CTb-594 + Fos (bilateral) per rat (four images per rat) and averaged

the counts from individual rats.

2.11 | Cresyl violet staining

We performed cresyl violet staining to check placement for CTb injec-

tion in the NAc (Experiment 1) and cannula placement in the IL

(Experiments 2 and 4). We dehydrated 40 μm coronal sections con-

taining NAc (Experiment 1) and IL (Experiments 2 and 4) in graded

concentrations of ethanol (100%, 95% and 70%), rehydrated sections

in distilled water, stained with Cresyl Violet Acetate solution,

rehydrated in distilled water, dehydrated with ethanol (70%, 95% and

100%), cleared with Citrasolv (Fisher Scientific), and coverslipped with

Permount (Sigma Aldrich). We captured images using a Keyence BZ-

X810 microscope at 40� magnification with BZ-X Analyzer software.

2.12 | Experimental design and statistical analysis

2.12.1 | Experiment 1: CTb labelling of IL to NAc
projections after initial oxycodone learning

The purpose of Experiment 1 was to capture the time point of initial

learning of oxycodone self-administration and determine whether ini-

tial oxycodone-seeking behaviour would preferentially activate sub-

sets of IL neurons that project to the NAc core or shell. Experiment

1 was a single-factor between-subjects design with two groups (test

vs. no test). The experimental timeline for Experiment 1 is shown in

Figure 1. We first injected CTb-488 and CTb-594 unilaterally into the

NAc core or shell, respectively. We then trained rats to self-administer

oxycodone (0.1 mg/kg/inf ) under an FR1 schedule of reinforcement

in operant chambers (described above) for 3 h/day with a 10-s

timeout until rats met an acquisition criterion of at least 30 active

lever presses and ≥70% responding on the active lever compared with

the inactive lever. We used this criterion to operationalize initial learn-

ing of oxycodone self-administration. Once a rat reached criterion, we

discontinued further training sessions and matched each rat to a test

or no test group based on a similar number of active lever presses on

the day oxycodone self-administration was acquired. Twenty-four

hours after the training session in which a rat met acquisition criteria,

rats in the test group were re-exposed to the operant chamber for

30 min and given access to both levers under nonreinforced condi-

tions, wherein presses on the active lever resulted in the light and

tone cues but no drug infusion. Rats in the no test group remained in
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their home cages. We reasoned that re-exposure to the drug context

and cues without reward delivery would reactivate the initial

oxycodone-paired neuronal ensemble (ensemble formed after initial

learning of oxycodone self-administration) for rats in the test

group. On the other hand, rats in the no test group should exhibit

baseline Fos expression unrelated to initial oxycodone seeking. We

transcardially perfused rats in the no test group directly from their

home cages and rats in the test group 90 min after the start of the

test. We then harvested all brains for Fos immunofluorescence and

CTb quantification. We quantified Fos and CTb colabelling to assess

activity-dependent labelling in IL projections to the NAc following

reactivation of the initial oxycodone-paired ensemble in order to iden-

tify a neural substrate for the initial oxycodone-seeking memory.

2.12.2 | Experiment 2: Role of IL Fos-expressing
ensembles in initial oxycodone seeking

The purpose of Experiment 2 was to determine whether neuronal

ensembles in the IL play a causal role in initial oxycodone self-adminis-

tration. This experiment was a single-factor between-subjects design

with two groups (vehicle vs. Daun02). We trained Fos-lacZ rats to

self-administer oxycodone (0.1 mg/kg/inf) under an FR1 schedule of

reinforcement in operant chambers (described above) for 3 h/day with

a 10-s timeout until rats met an acquisition criterion for initial oxyco-

done self-administration of at least 30 active lever presses and ≥70%

responding on the active lever compared with the inactive lever. Once

a rat reached criteria, we discontinued further training sessions and

matched each rat to either the vehicle or Daun02 group based on a

similar number of active lever presses on the day oxycodone self-

administration was acquired. On induction day, we re-exposed rats to

the self-administration operant chamber for 30 min and gave them

access to both levers under nonreinforced conditions, wherein

presses on the active lever resulted in the light and tone cues, but no

drug infusion delivery. The purpose of the induction session was to

induce Fos expression associated with reactivation of the initial

oxycodone-paired neuronal ensemble (ensemble formed after initial

learning of oxycodone self-administration).

Ninety minutes after the start of the induction session, we micro-

infused vehicle or Daun02 into the IL. Two days later, to allow for

Daun02 apoptotic effects, we tested the rats under identical non-

reinforced conditions in a recall test to compare active lever pressing

between vehicle and Daun02 groups. Ninety minutes after the start

of the recall test, we transcardially perfused rats with 4% PFA,

extracted their brains, and processed their brains to check placement

and to quantify Fos immunofluorescence.

2.12.3 | Experiment 3: Fos induction after
maintenance of oxycodone seeking

The purpose of Experiment 3 was to determine whether Fos expres-

sion is induced following recall of oxycodone self-administration in

well-trained rats. Experiment 3 was a single-factor between-subjects

design with two groups (test vs. no test). All rats underwent 9 days of

oxycodone self-administration, wherein training occurred under

increasing schedules of reinforcement (3 days at FR1, 3 days at FR2

and 3 days at FR3). We selected a longer training period under

increased FR schedules of reinforcement to demonstrate stable oxy-

codone intake under increased effort to self-administer. We reasoned

that increased active lever pressing commensurate with increased FR

demand would denote a point past initial learning of oxycodone self-

administration when oxycodone taking is well-trained and maintained.

We then forced rats to undergo 1 week of home-cage abstinence

prior to the Fos induction test in order to allow for oxycodone wash-

out and avoid acute withdrawal effects during behavioural testing.

F IGURE 1 Experiment 1: CTb
labelling of IL-NAc projections after initial
oxycodone learning. (A) Timeline showing
the behavioural procedure. We
microinfused CTb into the NAc core and
shell subregions of wildtype rats. We
trained rats to lever press for infusions of
oxycodone for one to five 3-h daily
sessions until they reached acquisition

criteria of at least 30 active lever presses
with ≥70% discrimination from the
inactive lever. We tested rats 24 h later
under extinction. (B) Number of infusions,
active lever presses and inactive lever
presses on the day acquisition criterion
was met. (C) Average number of active
versus inactive lever presses during the
30-min test day session. Data are
presented as mean ± SEM (n = 9).
*p < 0.05 compared with inactive lever
presses
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We matched rats to test and no test groups based on a similar

number of active lever presses on the last day of oxycodone self-

administration prior to the induction test. On induction day, we re-

exposed rats in the test group to the self-administration operant

chamber for 30 min with access to both levers under nonreinforced

conditions, wherein presses on the active lever resulted in the light

and tone cues but no drug infusion. Rats in the no test group

remained in their home cages. We reasoned that re-exposure to the

drug context and cues without reward delivery would reactivate the

well-trained oxycodone-paired neuronal ensemble (ensemble formed

after well-trained and maintained oxycodone self-administration) for

rats in the test group. On the other hand, rats in the no test group

should exhibit baseline Fos expression unrelated to maintained oxyco-

done seeking. We then transcardially perfused rats in the no test

group from their home-cages and rats from the test group 90 min

after the start of the induction session. We harvested and later

processed all brains for Fos immunofluorescence.

2.12.4 | Experiment 4: Role of IL Fos-expressing
ensembles in the maintenance of oxycodone seeking

The purpose of Experiment 4 was to determine whether IL neuronal

ensembles associated with maintained oxycodone self-administration

mediate oxycodone seeking. Experiment 4 was a single-factor

between-subjects design with two groups (vehicle vs. Daun02). In

Experiment 4, all rats underwent 9 days of oxycodone self-administra-

tion, wherein training occurred under increasing schedules of rein-

forcement (3 days at FR1, 3 days at FR2 and 3 days at FR3). We

selected a longer training period under increased FR schedules of rein-

forcement to demonstrate stable oxycodone intake under increased

effort to self-administer. We reasoned that increased active lever

pressing commensurate with increased FR demand would denote a

point past initial learning of oxycodone self-administration when oxy-

codone taking is well-trained and maintained. We then forced rats to

undergo 1 week of home-cage abstinence prior to the induction test

to avoid acute withdrawal effects on behavioural responding. We

matched rats to vehicle and Daun02 groups based on a similar number

of active lever presses on the last day of self-administration prior to

the induction test. On induction day, we re-exposed rats to the oper-

ant chamber for 30 min with access to both levers under non-

reinforced conditions, wherein presses on the active lever resulted in

the light and tone cues but no drug infusion. The purpose of this

induction test was to induce Fos expression associated with reac-

tivation of the oxycodone-paired neuronal ensemble formed after

maintained oxycodone self-administration. Ninety minutes after the

start of the induction test, we microinfused vehicle or Daun02 into

the IL. Two days later, to allow for Daun02 apoptotic effects, we

tested the rats under identical nonreinforced conditions in a recall test

to compare active lever pressing between vehicle and Daun02 groups.

Ninety minutes after the start of the recall test, we transcardially per-

fused rats and harvested their brains to check cannula placement and

to quantify Fos immunofluorescence.

2.13 | Statistical analysis

We analysed all data using GraphPad Prism (Version 9.2.0) software,

setting the alpha level at 0.05 for all statistical analyses. We used

paired and unpaired Student's t tests to analyse behavioural and

immunohistochemical data when appropriate. We also used two-way

repeated measures analysis of variance (ANOVAs) followed by

Holm–Sidak's post hoc tests where appropriate. We found no sex

differences in test-day lever pressing in any experiment (p > 0.05) and

so collapsed data obtained from male and female rats for all analyses.

3 | RESULTS

3.1 | Experiment 1: Fos and CTb colabelling of
IL-NAc projections after initial oxycodone seeking

Figure 1A shows the experimental timeline for Experiment

1. Figure 1B shows the total number of infusions, active lever presses

and inactive lever presses on the day rats met acquisition criteria for

oxycodone seeking, prior to group assignment to the test or no test

conditions. Figure 1C shows the number of active versus inactive

presses on test day. Rats pressed significantly more on the active ver-

sus inactive lever on test day (t(8) = 6.2, p = 0.0003). Figure 2A shows

the placement for CTb injections in the NAc core and shell subregions.

Figure 2B shows representative images of Fos, CTb-594 and CTb-488

labelling as well as Fos + CTb-594 + CTb-488 colabelling in the IL of

rats killed 90 min (a time point associated with peak Fos and β-gal

expression) after the start of a 30 min nonreinforced oxycodone-

seeking test (test) and experimentally matched rats killed from the

home cage (no test). Figure 2C shows total labelled Fos nuclei per

mm2 in the IL of rats from the no test versus test condition. Rats from

the test condition showed a significantly greater number of Fos posi-

tive nuclei per mm2 (t(17) = 5.3, p = 0.0005). Figure 2D shows the per-

centage of CTb-488 cells colabelled with Fos in the IL between the no

test and test groups. Rats from the test condition showed significantly

greater Fos positive cells colabelled with CTb-488 cells (t(17) = 4.3,

p = 0.0005). Figure 2E shows the percentage of CTb-594 cells

colabelled with Fos in the IL between the no test and test groups. Rats

from the test condition showed significantly greater Fos+ cells

colabelled with CTb-594 cells (t(17) = 2.2, p = 0.04).

3.2 | Experiment 2: Role of IL Fos-expressing
ensembles in initial oxycodone seeking

Figure 3A shows the experimental timeline for Experiment 2. All rats

took an average of 2.91 days (SEM = 0.29, n = 44) to reach acquisi-

tion criteria. Figure 3B shows the total number of infusions, active

lever presses and inactive lever presses on the day each rat met acqui-

sition criteria for initial oxycodone self-administration, prior to group

assignment to the vehicle or Daun02 conditions. There were no signif-

icant differences in infusions earned (t(23) = 1.2, p = 0.3), active lever
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presses (t(23) = 1.3, p = 0. 2) or inactive lever presses (t(23) = 0.26,

p = 0.8) between rats assigned to the vehicle and Daun02 groups.

Prior to microinfusions of Daun02 or vehicle, rats did not differ in

their number of active lever presses on induction day (t(23) = 0.22,

p = 0.83). Figure 3C shows the number of active lever presses on test

day between the vehicle and Daun02 groups. Rats that received

bilateral IL microinfusions of Daun02 following the induction session

displayed significantly less active lever pressing on test day than

vehicle-treated controls (t(23) = 2.4, p = 0.02). Figure 3D shows can-

nula placements in the IL. Figure 3E shows the number of Fos+ cells

per mm2 between rats in the vehicle versus Daun02 groups after test

day. We conducted an unpaired t test to assess Fos+ cells per mm2

between vehicle and Daun02 groups and found that rats in the

Daun02 groups exhibited significantly less Fos expression in the IL

compared with rats in the vehicle group (t(23) = 2.71, p = 0.01). Below

Figure 3E shows representative images of Fos expression in vehicle

and Daun02 groups 90 min after nonreinforced active lever pressing

on test day.

3.3 | Experiment 3: Fos induction after prolonged
oxycodone self-administration

Figure 4A shows the experimental timeline for Experiment

3. Figure 4B shows the number of active versus inactive lever presses

across the nine self-administration training sessions at FR1, FR2 and

FR3 schedules of reinforcement. We conducted separate two-way

repeated measures ANOVAs for each FR schedule with lever presses

F IGURE 2 Experiment 1: CTb
labelling of IL-NAc projections after initial
oxycodone learning. (A) Depiction of the
placement of CTb-488 and CTb-594
injections into the NAc core and shell
subregions. (B) Representative images of
Fos, CTb-594, CTb-488 and Fos + CTb-
594 + CTb-488 fluorescence in the IL of
rats killed from the home cage (no test)

compared with rats killed following the
oxycodone-seeking test (test). The scale
bars represent 100 μm. (C) Average
number of Fos+ cells/mm2 (Fos
expression) in the IL of rats killed from the
home cage (no test) compared with rats
killed after the oxycodone-seeking test
(test). (D) Percentage of Fos+ cells
colabelled with CTb-488 in the IL of rats
killed from the home cage (no test)
compared with rats killed after the
oxycodone-seeking test (test). (E)
Percentage of Fos+ cells colabelled with
CTb-594 in the IL of rats killed from the
home cage (no test) compared with rats
killed after the oxycodone-seeking test
(test). Data are presented as mean ± SEM
(n = 9–10 per group). *p < 0.05 compared
with no test controls
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(active vs. inactive) as the between-subjects factor and days (1–3) as

the within-subjects factor. At FR1, we found main effects of lever

(F(1, 22) = 10.59, p = 0.003), but not day (p = 0.7) with no significant

interaction (p = 0.4). At FR2, we found main effects of day

(F(2, 44)= 5.7, p = 0.006) and lever presses (F(1, 22) = 9.9, p = 0.005),

with no significant interaction (p = 0.14). At FR3, we found a main

effect of lever presses (F(1, 22)=10.7, p = 0.004), but not day

(p = 0.63), with no significant interaction (p = 0.92). Rats pressed sig-

nificantly more on the active lever compared with the inactive lever

averaged across all days of self-administration, indicating successful

discrimination. Holm–Sidak's post hoc analysis revealed that rats

pressed significantly more on the active lever than the inactive lever

beginning on Day 1 of the FR1 schedule through Day 3 of FR3. Next,

to assess increased active lever pressing at each FR block, we first

averaged the number of active lever presses for each rat within each

FR testing block. We then conducted a repeated measures ANOVA

with Greenhouse–Geisser correction to compare average active lever

presses within each FR block and found significantly greater

active lever pressing with each increasing FR schedule block

(F(1.27, 13.98) = 7.89, p = 0.01). Holm–Sidak's multiple comparison test

revealed that rats pressed the active lever more at FR2 (p = 0.04) and

FR3 (p = 0.03) than at FR1. Active lever pressing at FR3 was also sig-

nificantly greater than active lever pressing at FR2 (p = 0.04).

Figure 4C shows the number of infusions across each FR block.

To assess oxycodone intake despite increased effort to self-administer

at increasing FR schedules of reinforcement, we first averaged the

number of infusions for each rat within each FR testing block. We

conducted a repeated measures ANOVA with Greenhouse–Geisser

correction to compare average infusions within each FR block and did

not find a significant effect (F(1.36, 14.94) = 0.67, p = 0.48). There was

F IGURE 3 Experiment 2:
Role of IL neuronal ensembles in
initial learning of oxycodone self-
administration. (A) Timeline
showing the behavioural
procedure. (B) Number of
infusions, active lever presses and
inactive lever presses on the day
acquisition criterion was met for

rats that would later receive
vehicle or Daun02. (C) Average
number of active lever presses
during the 30-min test day
session between rats that
received vehicle or Daun02 on
induction day. (D) Representative
image of cannula placements in
the IL. (E) Top panel: Average
number of IL Fos+ cells/mm2

(Fos expression) following the
recall test in rats that received
vehicle or Daun02 on induction
day. Below: Representative
images of Fos
immunofluorescence in the IL of
vehicle versus Daun02 rats
following the recall test. The scale
bars represent 100 μm. Data are
presented as mean ± SEM
(n = 12–13 per group). *p < 0.05
compared with vehicle-treated
controls
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no difference in the number of infusions across any FR block despite

significantly greater active lever pressing between these blocks,

commensurate with the increasing FR demand, indicating stable

maintenance of oxycodone self-administration.

Figure 4D shows the total number of infusions, active lever pres-

ses and inactive lever presses on the last day of self-administration

training prior to group assignment into the no test or test conditions.

There were no significant differences in infusions (t(10) = 0.47,

p = 0.65), active lever presses (t(10)=0.17, p = 0.87), nor inactive lever

presses (t(10)=0.25, p = 0.81) between rats assigned to no test com-

pared with test groups. Figure 4E shows the number of active lever

presses compared with inactive lever presses on induction day. We

conducted a paired samples t test to assess active versus inactive

lever presses on induction day and found that rats pressed

significantly more on the active lever compared with the inactive lever

on induction day (t(5) = 7.7, p = 0.0006).

Figure 4F shows the number of Fos+ cells per mm2 in the no test

and test groups. We conducted an unpaired t test to assess Fos+ cells

per mm2 between no test and test groups and found that rats in the

test group showed significantly greater Fos expression compared with

rats in the no test group (t(10) = 6.7, p < 0.0001). Figure 4G shows

representative images of Fos expression in the IL between the no test

and test groups on induction day.

Incubation of heroin craving has been previously demonstrated

after 1 week of abstinence compared with 1 day of abstinence.31 To

determine whether incubation occurred in this experiment, we con-

ducted a t test to assess number of active lever presses on induction

day after 1 week of abstinence (Experiment 3) compared with 1 day

F IGURE 4 Experiment 3: Fos
induction after maintenance of
oxycodone seeking. (A) Timeline showing
the behavioural procedure. (B) Average
number of active versus inactive lever
presses in rats across the oxycodone self-
administration period from FR1 to FR3.
(C) Average number of infusions across
the oxycodone self-administration period

from FR1 to FR3. (D) Number of
infusions, active lever presses and inactive
lever presses during the last day of
training. (E) Average number of active
versus inactive lever presses during the
30-min induction test. (F) Average
number of IL Fos+ cells/mm2 (Fos
expression) in rats killed from the home
cage (no test) compared with rats killed
following the induction test (test).
(G) Representative images of Fos
immunofluorescence in the IL of rats from
the no test and test conditions. The scale
bars represent 100 μm. Data are
presented as mean ± SEM (n = 6 per
group). *p < 0.05 compared with inactive
lever presses, or no test controls. ω
p < 0.05 compared with FR1 active lever
pressing
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of abstinence (Experiment 1). We found significantly greater active

lever presses on induction day after 1 week of abstinence compared

with 1 day of abstinence (t(14) = 4.77, p = 0.0003). Additionally,

because incubated drug responses coincide with time-dependent

increases in Fos expression,32 we also conducted a t test to compare

induction day Fos expression after 1 week of abstinence (Experiment

3) to 1 day of abstinence (Experiment 1). We found significantly

greater Fos expression in the IL of rats undergoing the cue-induced

oxycodone test after 1 week of abstinence compared with 1 day of

abstinence (t(14) = 3.88, p < 0.01).

3.4 | Experiment 4: Role of IL Fos-expressing
ensembles in the maintenance of oxycodone seeking

Figure 5A shows the experimental timeline for Experiment

4. Figure 5B shows the number of active versus inactive lever presses

across the nine self-administration training sessions at FR1, FR2 and

FR3 schedules of reinforcement. We conducted separate two-way

repeated measures ANOVAs for each FR schedule with lever presses

(active vs. inactive) as the between-subjects factor and days (1–3) as

the within-subjects factor. At FR1, we found main effects of lever

(F(1, 36) = 11.6, p = 0.002), but not day (p = 0.11) with no significant

interaction (p = 0.4). At FR2, we found a main effect of lever

(F(1, 36) = 40.9, p < 0.0001), with no effect of day (p = 0.24) and no

significant interaction (p = 0.38). At FR3, we found a main effect of

lever presses (F(1, 36) = 36.7, p < 0.0001), but not day (p = 0.36), with

no significant interaction (p = 0.4). Holm–Sidak's post hoc analysis

revealed that rats pressed significantly more on the active lever than

the inactive lever beginning on Day 1 of the FR1 schedule through

Day 3 of FR3. Next, to assess increased active lever pressing at each

FR block, we first averaged the number of active lever presses for each

rat within each FR testing block. We then conducted a repeated mea-

sures ANOVA with Greenhouse–Geisser correction to compare aver-

age active lever presses within each FR block and found significantly

greater active lever pressing with each increasing FR schedule block

(F(1.22, 21.91) = 38.59, p < 0.0001). Holm–Sidak's multiple comparison

test revealed that rats pressed the active lever more at FR2 and FR3

than at FR1 (p < 0.0001). Active lever pressing at FR3 was also signifi-

cantly greater than active lever pressing at FR2 (p = 0.0002).

F IGURE 5 Experiment 4: Role of IL
neuronal ensembles in the maintenance
of oxycodone seeking. (A) Timeline
showing the behavioural procedure.
(B) Average number of active versus
inactive lever presses in rats across the
oxycodone self-administration period
from FR1 to FR3. (C) Average number of
infusions across the oxycodone self-
administration period from FR1 to FR3.
(D) Number of infusions, active lever
presses and inactive lever presses during
the last day of training between rats that
would later receive vehicle or Daun02
microinfusions. (E) Average number of
active lever presses during the 30-min
test day session between rats that
received vehicle or Daun02 on induction
day. Data are presented as mean ± SEM.
(n = 9–10 per group). *p < 0.05 compared
with inactive lever presses, or no test
controls. ω p < 0.05 compared with FR1
responding
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Figure 5C shows the number of infusions across each FR block.

To assess stable oxycodone intake despite the increased effort to

self-administer at increasing FR schedules of reinforcement, we first

averaged the number of infusions for each rat within each FR

testing block. We conducted a repeated measures ANOVA with

Greenhouse–Geisser correction to compare average infusions within

each FR block and found a significant effect (F(1.90, 34.20) = 6.58,

p = 0.004). Holm–Sidak's multiple comparisons test showed greater

infusions only in the FR3 block compared with the FR1 block

(p = 0.01). There was no difference in the number of infusions from

FR1 to FR2 (p = 0.06) and FR2 to FR3 (p = 0.17) despite significantly

greater active lever pressing between these blocks, commensurate

with the increasing FR demand, indicating stable maintenance of

oxycodone self-administration.

Figure 5D shows the total number of infusions, active lever pres-

ses and inactive lever presses on the last day of self-administration

training prior to group assignment into the vehicle or Daun02 condi-

tions. There were no significant differences in infusions (t(17) = 0.20,

p = 0.85), active lever presses (t(17)=0.51, p = 0.61), nor inactive lever

presses (t(17) = 0.43, p = 0.67) between rats assigned to vehicle com-

pared with Daun02 groups. We also conducted an unpaired t test on

the number of active lever presses between the vehicle versus

Daun02 groups on induction day and found no differences between

groups prior to microinfusions and subsequent test day (t(17) = 1.31,

p = 0.21). Figure 5E shows the number of active lever presses on test

day between the vehicle and Daun02 groups. Rats that received IL

microinfusions of Daun02 following the induction session displayed

significantly less active lever pressing on test day than vehicle-treated

controls (t(17) = 2.58, p = 0.02).

Figure 6A shows cannula placements in the IL. Figure 6B shows

the number of Fos+ cells per mm2 in rats in the vehicle versus

Daun02 groups. We conducted an unpaired t test to assess Fos+ cells

per mm2 between vehicle and Daun02 groups and found that rats in

the Daun02 groups exhibited significantly less Fos expression com-

pared with rats in the vehicle group (t(17) = 2.7, p = 0.015). Figure 6B

shows representative images of Fos expression in rats in the vehicle

and Daun02 groups 90 min after nonreinforced active lever pressing

on test day.

4 | DISCUSSION

We used CTb retrograde labelling combined with a novel behavioural

procedure to capture initial learning of oxycodone self-administration.

We found that IL neurons projecting to the NAc core and shell subre-

gions were activated by initial oxycodone seeking. Using the Daun02

inactivation procedure, we further investigated the role of IL neuronal

ensembles in initial oxycodone self-administration and showed that IL

neuronal ensembles are necessary for the expression of oxycodone

seeking after initial oxycodone self-administration. Additionally, we

used an increasing FR schedule to demonstrate increased effort to

lever press for oxycodone while maintaining stable infusions to repre-

sent well-trained and maintained responding for oxycodone compared

with initial learning. We used the Daun02 inactivation procedure to

test the specificity of IL neuronal ensembles in the maintenance of

oxycodone self-administration and found that IL neuronal ensembles

are also necessary for oxycodone seeking in well-trained rats. These

findings are consistent with studies demonstrating a role of the IL in

F IGURE 6 Experiment 4: Fos
expression following Daun02
ablation of well-trained
oxycodone-seeking ensembles.
(A) Representative image of
cannula placements in the IL. (B)
above: Average number of IL Fos
+ cells/mm2 (Fos expression)
following the recall test in rats
that received vehicle or Daun02
on induction day. Images were
taken at 200� magnification. The
scale bars represent 100 μm.
Data are presented as mean
± SEM (n = 9–10 per group).
*p < 0.05 compared with vehicle
controls
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the self-administration and seeking of other opiates such as her-

oin.5,18,20,33,34 Here, we are the first to utilize a model to capture

initial learning after oxycodone self-administration and show that IL

neuronal ensembles mediate oxycodone seeking both after initial

learning and maintenance of oxycodone self-administration.

4.1 | The role of the IL in opiate seeking

The IL plays a unique role in opiate seeking compared with psy-

chostimulant seeking. Whereas the IL suppresses psychostimulant

seeking and promotes extinction learning, it has been demonstrated

to facilitate opiate seeking.5,34,35 In support of this, lesioning the IL

blocks morphine-induced conditioned place preference.36 In studies

using self-administration, Fos expression has been identified within

the IL following context-induced heroin seeking.33 Pharmacological

inactivation of the IL attenuates drug- and/or cue-induced heroin

reinstatement5 and pharmacogenetic selective disruption of IL neuro-

nal ensembles prevents context-induced heroin reinstatement.20 Col-

lectively, these results highlight the IL as important in the expression

of opiate seeking.

Consistent with these previous findings, we identified Fos

expression within the IL during cue-induced oxycodone seeking

after initial learning and maintenance of oxycodone self-administra-

tion. Re-exposure to the drug-paired context and cues reactivates

the memory for oxycodone self-administration and is behaviourally

expressed as oxycodone seeking. The accompanying Fos expression

we found in the IL indicates that the memory for oxycodone self-

administration may be housed in the IL as early as after initial learn-

ing and persists after maintenance and forced abstinence (1 week).

After showing behaviourally relevant Fos expression within the IL at

these time points, we used the Daun02 inactivation procedure in

subsequent experiments to selectively ablate these Fos-expressing

ensembles. In Fos-LacZ transgenic rats, β-galactosidase (β-gal) and

Fos protein are coexpressed only in strongly activated neurons fol-

lowing the drug-seeking recall test. Microinfusing Daun02 during

the time point of maximal protein coexpression (90 min after the

start of the test) enables β-gal to hydrolyse Daun02 into Daunorubi-

cin, which precipitates apoptosis exclusively in behaviourally rele-

vant neuronal ensembles.37–39 Rats that received Daun02 versus

vehicle microinfusions demonstrated attenuated drug seeking (less

active lever pressing) during the recall test following initial learning

as well as after maintained oxycodone self-administration. We also

found that rats in the Daun02 versus vehicle group exhibited

reduced Fos expression during the recall test following initial learn-

ing as well as after maintained oxycodone self-administration. This

reduction in Fos expression indicates that the Daun02 microinjec-

tions received on induction day induced apoptosis in those

behaviourally relevant Fos-expressing neurons implicated in initial

and well-trained oxycodone seeking on test day.39 Collectively,

these results indicate that Fos-expressing ensembles in the IL

mediate the expression of initial oxycodone seeking as well as well-

trained oxycodone seeking.

It is important to note that in these studies, we did not include a

novel context control group. The novel context control has been used

to show the specificity of a neuronal ensemble in mediating a behav-

iour.40 Several studies have now shown that Daun02 silencing of

unrelated neuronal ensembles does not disrupt drug-seeking behav-

iour.24,27,28,41 Therefore, the decrease in oxycodone seeking following

our Daun02 manipulation is likely specific to oxycodone seeking,

rather than a general effect of inactivating IL neurons. It is also impor-

tant to note that maintained oxycodone seeking was assessed after

1 week of abstinence, a time point when incubation of heroin craving

has been detected as compared with 1 day of abstinence.31 Typically,

preclinical models of incubation of drug craving assess drug seeking at

multiple time points within extended abstinence.42–44 Though, we did

not employ the traditional incubation of drug craving paradigm, our

results may implicate the IL in early incubation of oxycodone craving

and should be further investigated. In support of this, we found signif-

icantly greater active lever presses on induction day after 1 week of

abstinence (Experiment 3) compared with 1 day of abstinence. We

also found significantly greater Fos expression in the IL of rats under-

going the cue-induced oxycodone test following 1 week of abstinence

compared with 1 day of abstinence. Indeed, time-dependent increases

in Fos expression have been shown to accompany incubated drug

responses.32 Although increased IL Fos expression noted after

1-week compared with 1 day of abstinence may indicate a role of the

IL in early incubated oxycodone seeking, it is important to note that

the differences in Fos expression may instead represent different

expression patterns in well-trained responding versus initial learning

of oxycodone reward. However, the opposite has been previously

shown wherein increased Fos expression coincided with early learning

compared with well-trained responding.45 Additionally, the differ-

ences in Fos expression may be attributed to different FR schedules

between the test after initial oxycodone seeking (FR1) and the test

1 week following maintained oxycodone seeking (FR3), though this

seems unlikely, as differences in Fos expression were not detected in

well-trained rats pressing for a reward under an FR5 compared with

an FR1 schedule of reinforcement.45 Furthermore, we did not see a

correlation between Fos labelling and lever pressing or expected

rewards in either test (data not shown). This indicates that the distinct

Fos expression pattern in the IL between 1 week and 1 day of absti-

nence may be attributed to a more robust memory formation after

stable self-administration and incubation of craving compared with

initial learning.

4.2 | The role of IL projections in opiate seeking

The NAc is a critical projection from the IL that has been heavily impli-

cated in reward seeking.46 Here, we microinfused retrograde CTb into

the NAc core and shell and assessed Fos colabelling with CTb within

the IL after initial, but not extended oxycodone seeking. This enabled

us to label activated IL neurons relevant for initial oxycodone seeking

that project to the NAc subregions. We showed that initial oxycodone

seeking activated IL cells that projected to both the NAc core and
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shell subregions, suggesting that the IL-NAc core and IL-NAc shell

projections may be involved in initial oxycodone seeking. Although we

did not assess the role of these projections in well-trained rats, the

NAc shell, rather than the NAc core has been implicated in in context-

induced heroin reinstatement after prolonged training, whereas the

NAc core is critical for cue-induced reinstatement of heroin seeking.16

It is possible that this circuitry shifts activity following prolonged oxy-

codone self-administration. Our finding that initial oxycodone seeking

activated both the IL-NAc core and IL-NAc shell is unsurprising

because our initial oxycodone-seeking test exposed the rats to both

the drug-paired context and cues. In studies using a context + cue-

induced heroin seeking test (following well-trained heroin self-admin-

istration), inactivation of the NAc shell with an mGluR2/3 agonist

dose-dependently attenuated context + cue-induced heroin seeking,

whereas inactivation of the NAc core attenuated this reinstatement

only at the highest tested mGluR agonist dose.17 This finding high-

lights the role of glutamatergic transmission in the NAc shell and to a

lesser extent, the NAc core, during heroin seeking. A subsequent

study extended these findings to specifically test the IL-NAc shell dur-

ing heroin seeking after well-trained heroin self-administration and

identified increased Fos expression in IL neurons projecting to the

NAc shell during context + cue-induced heroin reinstatement.18 Fur-

thermore, inactivating the IL in one hemisphere (muscimol + baclofen)

combined with inactivating the contralateral or ipsilateral shell (D1

agonist) decreased context + cue-induced heroin seeking.18 These

studies to date suggest that opiate seeking after well-trained opiate

self-administration is mediated by glutamatergic projections from the

IL to the NAc shell as well as local dopamine D1 postsynaptic recep-

tors.17,18 Although this circuit is critical for well-trained opiate-seeking

behaviour, less is known about the role of IL to NAc projections at the

earlier time point tested in this study. It is also important to note that

other projections have been shown to mediate opiate seeking. Gluta-

matergic projections from the PL to the NAc core are necessary for

cue- and drug-primed reinstatement of heroin seeking after well-

trained heroin self-administration.14 Additionally, hippocampal gluta-

matergic projections to the NAc shell47 and the IL48 have been shown

to mediate heroin seeking after well-trained heroin self-administra-

tion. Moreover, it is crucial to mention that we assessed behaviourally

relevant Fos expression after initial oxycodone learning only from the

IL-NAc, whereas the IL projects to several other regions (including the

PL, anterior cingulate, thalamus, hypothalamus, amygdala and bed

nucleus of the stria terminalis).49 By utilizing the Daun02 inactivation

procedure to ablate Fos-expressing neuronal ensembles within the IL,

it is probable that we are ablating IL neurons projecting to the NAc

core and shell. However, it is also likely that some of the ablated IL

neurons project to the aforementioned regions and may also mediate

oxycodone seeking; this should be further investigated.

5 | CONCLUSIONS

The current study found that activation within IL neurons projecting

to both NAc core and NAc shell regions are implicated in initial

oxycodone seeking. Neuronal-ensemble-specific inactivation of the IL

decreased both initial oxycodone seeking and maintained oxycodone

seeking in well-trained rats during a recall test. Taken together, these

findings suggest that IL neuronal ensembles are initially formed and

maintained during oxycodone self-administration and that these

ensembles are necessary for the expression of oxycodone-seeking

behaviour. These findings may help uncover the neurobiological

underpinnings of oxycodone memories as they are formed and subse-

quently maintained to control the expression of oxycodone seeking.
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