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Abstract

Background: Several preclinical studies have demonstrated that environmental enrichment (EE)
during abstinence reduces drug seeking for psychostimulant and opioid drugs. Drug seeking is
dependent on activity within the dorsomedial prefrontal cortex, and enrichment has been able

to reduce drug seeking-associated increases in c-Fos in this region. In this study, we tested the
hypothesis that EE during abstinence from oxycodone self-administration would reduce drug
seeking and c-Fos immunoreactivity within the prefrontal cortex in a cell-type specific manner.

Methods: Male rats self-administered oxycodone in two-hours sessions for three weeks, then
underwent an initial drug seeking test under extinction conditions after one week of forced
abstinence. Following this test, rats received either EE or remained individually housed in their
home cage, then a second drug seeking test, with tissue collection immediately afterward.
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Results: Compared to rats in standard housing, environmentally enriched rats had lower
oxycodone seeking. In the prelimbic and infralimbic prefrontal cortices, the number of c-Fos+
cells was reduced, and this reduction was predominantly in inhibitory cells neurons, as evidenced
by a reduction in the proportion of c-Fos+ cells in GAD+, but not CamKIlI+ cells. There was also
a robust positive relationship between the number of c-Fos+ cells and persistence of oxycodone
seeking in both the PrL and IL.

Conclusions: These findings further support the effectiveness of enriched environments to
reduce reactivity to drug-associated stimuli and contexts and provide a potential mechanism by
which this occurs.

Keywords
exercise enrichment; social enrichment; cognitive enrichment; opioid; prefrontal cortex

1. Introduction

The multifactorial etiology of drug addiction may be precipitated by the complex interaction
between various genetic, environmental, and psychosocial factors (Kreek et al., 2005;
Malone et al., 2022; Piazza and Le Moal, 1996). Environmental enrichment is a model
achieved by housing animals in large chambers with social partners and access to novel
objects. From a translational and interventional point of view, EE models positive life
experiences (social, physical, and intellectual) and can decrease the impact of several
disease states (reviewed in (Nithianantharajah and Hannan, 2006; van Praag et al., 2000)).
Several preclinical studies have confirmed that environmental enrichment (EE) can decrease
the reinforcing and conditioned rewarding effects of drug and non-drug reinforcers that
ultimately influence vulnerability to addiction-like behaviors ((Menniro et al., 2018), also
reviewed in (Carroll et al., 2009; Galaj et al., 2020; Grimm and Sauter, 2020; Stairs and
Bardo, 2009)). More recently, EE during abstinence has been demonstrated to reduce

drug seeking for psychostimulant and opioid drugs, indicating that the beneficial effects

of enrichment apply to drugs of different classes and do not require concurrent exposure
with the drug (reviewed in (Galaj et al., 2020; Solinas et al., 2021)). For example, EE
during abstinence from cocaine self-administration blunted cocaine seeking measured during
extinction testing in male rats (Chauvet et al., 2009). The same study also found that

EE blunted cocaine seeking during cue- and yohimbine-associated reinstatement, but not
cocaine-primed reinstatement (Chauvet et al., 2009). Similarly, EE reduced incubation of
heroin craving and suppressed cued reinstatement in male and female rats that underwent
either three or 15 days forced abstinence prior to extinction (Barrera et al., 2021). Despite
these positive effects, there have also been reports of adverse consequences of EE in models
of substance use. In male, but not female rats exposed to EE during adolescence (postnatal
days 21-42 (PD 21-42)), alcohol intake was increased during intermittent access two-bottle
choice testing performed on PD 46-72 (Berardo et al., 2016). This effect was also observed
when EE was administered later in life, and the detrimental effects of EE were reversible
(Rockman et al., 1989). Male rats that were raised in isolated conditions for 90 days after
weaning showed significantly less alcohol consumption compared to those housed in EE
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conditions. After this period, rats that switched housing conditions from EE to isolated
housing dramatically reduced their alcohol intake (Rockman et al., 1989).

The dorsomedial prefrontal cortex (including the prelimbic cortex (PrL)) has been
implicated in driving persistent drug seeking after both extinction and forced abstinence

of several misused substances (Doherty et al., 2013; Peters et al., 2009; Willcocks and
McNally, 2013). Moreover, EE can mitigate drug seeking-associated increases in c-Fos
expression in the dorsomedial prefrontal cortex of male rats (Chauvet et al., 2011; Thiel et
al., 2010). In the current study, we aimed to determine if the effects of EE on drug seeking
and prefrontal c-Fos expression extended to oxycodone in male rats. Among opioids,
oxycodone has the second highest number of prescriptions and the highest distribution to
pharmacies in the United States (Kenan et al., 2012), but no studies to date have examined
the effects of EE on oxycodone seeking. We tested the hypothesis that EE during abstinence
from oxycodone self-administration would reduce drug seeking and c-Fos immunoreactivity
within the prefrontal cortex of male rats.

2. Material and Methods

2.1. Animals

Male Sprague Dawley rats (n=18, 275-300 g, approximately 9 weeks of age) Envigo,
Madison, WI) arrived at the Medical College of Wisconsin (MCW) and were immediately
single housed and placed in a reverse light cycle housing room (lights off 0730-1930).
Rats were given food and water ad libitum throughout the study, which began ~2 weeks
after arrival. The only exception was during behavioral testing, which occurred during the
dark (awake) lighting cycle. Testing was conducted 5 days/week. All experiments were
completed in compliance with the National Research Council’s Guide for the Care and Use
of Laboratory Animals (8! edition), and the Institutional Animal Care and Use Committee
(IACUC) at MCW.

2.2. Environmental Enrichment

Control rats and EE rats prior to initiation of enrichment were single-housed in standard

rat housing cages (14.5” X 10” X 7.5”, Allentown Cage Products, Allentown, NJ,) with
woodchip bedding covering its plastic floor and two pieces of paper towels available for
nesting. All EE rats (n=9) were housed together in a 36” X 20” X 60” “Ferret Mansion”
(Quality Cage Crafters, Austin, TX) with 3 levels as described (Grimm et al., 2018; Grimm
et al., 2013). Plastic flooring inserts were provided at intermittent spaces of the cage, and
rotation of different toys, plastic igloos, and running wheels occurred three days/week. Rats
were transferred to a clean EE chamber once per week.

2.3. Jugular Catheterization Surgery

Jugular catheterization was performed as described (Chiariello et al., 2023; Muelbl et al.,
2022). Rats were anaesthetized with isoflurane (3%-5% induction, 1%-3% maintenance).
A silicone catheter was inserted into the rat’s right jugular vein towards the right atrium
and exited at the interscapular region, where it was placed subcutaneously. The catheter
consisted of a 22-gauge stainless steel cannula (P1 Technologies, Roanoke, VA, USA)
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mounted on a base comprised of dental acrylic and polyester mesh. Rimady! (carpofen, 5
mg/Kkg, Zoetis Inc) was given subcutaneously at the start of surgery and the following day.
For catheter maintenance, daily flushes of 0.2 ml of heparinized saline (30 units/ml) and

cefazolin (100mg/ml) were given. The recovery from the surgery consisted of at least one

week before any drug self-administration.

2.4. Apparatus

All drug self-administration and seeking sessions were performed in operant conditioning

chambers (31.5 x 25.4 x 26.7 cm, Med Associates, Fairfax, VT, USA) that were within
sound-attenuating boxes equipped with an exhaust fan that is controlled by computer
software. The chambers contained two retractable levers on the right-side wall, one on
the left and one on the right side, and above each lever was a corresponding cue light.
On the left wall of the chamber, a house light was present. The software MED-PC (Med
Associates), was used for the programs and data collection.

2.5. Drug Self-Administration

Oxycodone self-administration was performed without prior training or food restriction in
two-hour sessions. At the beginning of each session, the exhaust fan turned on and two
retractable levers were presented to the rats and designated as either “active” or “inactive”,
which was maintained through the entirety of the study. The side which was designated

as active was counterbalanced within each group. Sessions were performed on a Fixed
Ratio-1 (FR1) schedule of reinforcement, where one lever press resulted in one infusion.
Active lever press also illuminated the corresponding cue light for five seconds and there
was a 10-second timeout. Every press during the timeout was recorded, but there was no
programmed consequence. Inactive lever presses were recorded but had no programmed
consequence. Each session had a maximum number of infusions set at 96 reinforcers.
Oxycodone self-administration was at a dose of 0.1 mg/kg/infusion for all 15 sessions. Three
days following the final drug self-administration session, catheter patency was ascertained
using Brevital (methohexital, 9 mg/kg, i.v., JHP Pharmaceuticals, Rochester, NY). Any rat
that did not pass this test was eliminated from the study.

2.6. Drug Seeking, Forced Abstinence, and Enrichment

After the rats completed three weeks of drug self-administration, they went through six days
of forced abstinence, within the standard isolation housing (labeled “home cage” in Fig.
1A). On the seventh day following the 15-day self-administration, rats were put back into
the operant conditioning chambers to complete a seeking session. This session was done
under the same conditions as the drug self-administration except that no infusions occurred.
Rats were counterbalanced and divided into two groups based on the number of active
lever presses during this first drug seeking session. The first group (control) was singly
housed within the standard isolation housing. The second group was housed together in an
Environmental Enrichment (EE) chamber. These groups were maintained in these housing
conditions beginning on day eight of oxycodone abstinence until the second oxycodone
seeking session, which was done 30 days later in the same manner as the first seeking
session.
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2.7. Immunohistochemistry

Immediately after the second drug seeking test, animals were anesthetized using Euthasol
(3.85 mL/Kkg, i.p., Virbac, Westlake, Texas) and transcardially perfused with ice-cold 0.1

m phosphate buffered saline (PBS), pH 7.4, followed by ice-cold 4% formaldehyde in 0.1

m PBS, pH 7.4. The brains were removed and sored overnight in formaldehyde and then
moved to 30% sucrose in PBS at 4°C. Coronal sections (30 um) containing region of
interest were collected at levels corresponding to approximately 2.70 and 2.20 mm from
bregma (Paxinos and Watson, 1986) using a Leica CM 1860 cryostat. Sections were stored
in cryoprotectant (14% 0.2M PB, 43% glycerol, 43% ethylene glycol) at 20°C until the time
of immunohistochemistry.

All of the tissue sections used in this experiment were processed for c-Fos protein
expression at the same time. The tissue was rinsed in 0.1m PBS and incubated in blocking
solution (0.1 m PBS containing 1.0% bovine serum albumin (Millipore Sigma, St. Louis,
MO) with 4% Triton X-100 (Fisher Scientific, Hampton, NH)) for 1hr. Sections were

then incubated for 48 hr at 4°C in blocking solution containing rabbit anti-c-Fos antibody
(1:2,000, #226003, Synaptic Systems, Goettingen, Germany) and either mouse-anti-GAD67
(1:1,000, #MAB5406, Millipore Sigma) or mouse-anti-CAMKII (1:1000, #50049, Cell
Signaling Technology, Danvers, MA). This c-Fos antibody is specific and does not recognize
other fos-related antigens such as delta-FosB. Thus, c-Fos immunostaining represents acute
cell activity. The sections were then rinsed in 0.1m PBS and incubated in blocking solution
containing secondary antibodies (1:500 donkey anti-rabbit AlexaFluor488; 1:500 donkey
anti-mouse Cy3; Jackson ImmunoResearch, West Grove, PA) at room temperature for 90
mins. The sections were rinsed again using 0.1 m PBS and incubated with 0.0001 % DAPI
solution in 0.1m PBS, followed by rinsing the tissue in 0.1 m PBS. Sections were then
mounted onto microscope slides and coverslipped with VectaShield hard set mounting media
(\Vector Laboratories, Newark, CA).

Immunofluorescence images were acquired using a Leica SP8 confocal microscope and

a 25x/0.95NA objective (Medical College of Wisconsin Neuroscience Research Center
Microscope Core), with microscope settings kept constant between samples. Images

were imported into Imaris 9.0 software (Bitplane/Oxford Instruments, Abingdon, United
Kingdom), and c-Fos+ cells were identified and counted using the “spots” function, while
CamKII and GAD immunoreactive regions were identified using the “surfaces” function.
c-Fos+ cells were classified as being CamKII+ or GAD+ by proximity to CamKIl or GAD
surfaces. Classification was performed by an observer blind to group assignment.

2.8. Statistical Analysis

Data were analyzed by general linear or linear mixed effect models where appropriate. In
cases where data was non-normal, a square root transformation was applied and is indicated
in the text. The mixed effect model measures fixed effects while adjusting for correlations
of measures within each animal, allowing us to account for measurement of two slices and
hemispheres (four total measurements) for each animal. Compound symmetry structures
were used for the mixed effects models. Modeling assumptions were rigorously checked,
including behavior of residuals, to ensure no major departures from homoscedasticity or
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normality assumptions. Multiplicity adjustments, wherever relevant, were performed using
Tukey’s procedure. For oxycodone self-administration, lever press data were analyzed
using a three-factor mixed effects model with session (repeated measure), lever, and group
as fixed effects. This analysis was done to ensure that there were no differences in self-
administration history between the control and EE groups. For oxycodone seeking, active
and inactive lever press data were each analyzed by a two-factor mixed effects model with
session (repeated measure) and group as fixed effects. These analyses were performed to
test for effects of EE on active and inactive lever pressing during oxycodone seeking. For
group comparisons of cell count data (Fig.2), a one-factor mixed model with animal ID as
a random effect was used to test for effects of EE while controlling for multiple measures
per subject. For the persistence ratio outcome (defined as the number of active lever presses
on the second oxycodone seeking session divided by the number of active lever presses on
the first oxycodone seeking session), mixed effects regression failed to converge, hence an
average of measurements from the same animal was used with linear regression models.
Linear regressions were performed separately within each group (control or EE) and for the
entire population (control+EE) to examine relationships between the numbers or proportions
of c-Fos+ cells and persistence in oxycodone seeking (Fig.3 and 4).

3. Results

Rats began the experiment by acquiring self-administration over 15 sessions, then having
a drug seeking session under extinction conditions on abstinence day 6 (Fig. 1). Group
assignment to undergo further abstinence in either the home cage or EE was based on

the number of active lever presses on drug seeking session 1. This strategy minimized
differences between groups when comparing active and inactive lever pressing during

the self-administration phase (main effect of EE: F(91,32)=0.11, p=0.74; all interactions
with EE p>0.27, square root transformation applied). Rats that underwent EE had a

strong suppression of active lever pressing during drug seeking test 2 (main effect of
session: F(1,16)=31.8, p<0.0001; main effect of EE: F(1,16)=1.2, p=0.29; EE x session
interaction: F(1,16)=8.7, p=0.0096). EE rats had fewer active lever presses than control rats
on drug seeking test 2 (t(32)=2.4, p=0.022) and reduced active lever presses between drug
seeking tests 1 and 2 (t(16)=6.1, p<0.0001), while control rats did not show a reduction
between drug session tests 1 and 2 (t(16)=1.9, p=0.074). Inactive lever pressing was not
different between the groups (main effect of group: F(1,16)=1.34, p=0.26, interaction:
F(1,16)=1.73, p=0.21), indicating that EE selectively reduced the response associated with
prior oxycodone self-administration.

To examine the impact of EE on activation of excitatory and inhibitory neurons in

the prefrontal cortex, we performed immunohistochemistry for c-Fos, calcium/calmodulin-
dependent protein kinase Il (CamKII), and glutamic acid decarboxylase-67 (GAD) (Fig. 2).
CamKIl is selective for glutamatergic neurons in the cortex, while GAD is selective for
GABAergic neurons in the cortex. In the prelimbic cortex, EE sharply reduced the number
of c-Fos+ cells (p<0.001, Fig. 2C) and the number of c-Fos+CamKII+ cells (p<0.001, Fig.
2D), although EE did not change the proportion of c-Fos+ cells that were CamKIlI+ (p=0.79,
Fig. 2E, full statistical details in Table 1). EE also reduced the number of c-Fos+ cells in
tissue used for GAD analysis (p<0.001, Fig. 2F) and the number of c-Fos+GAD+ cells
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(p<0.001, Fig. 2G), as well as the proportion of c-Fos+ cells that were GAD+ (p<0.001,

Fig. 2H, full statistical details in Table 1). We found very similar patterns in the IL, where
EE rats had fewer c-Fos+ cells (p<0.001, Fig. 2I) and c-Fos+CamKII+ cells (p<0.05, Fig.
2J), while there was no difference in the proportion of c-Fos+ cells that were CamKII+
(p=0.85, Fig. 2K, full statistical details in Table 1). As observed in the PrL, EE reduced the
number of c-Fos+ cells in tissue used for GAD analysis (p<0.001, Fig. 2L) and the number
of c-Fos+GAD+ cells (p<0.001, Fig. 2M), as well as the proportion of c-Fos+ cells that were
GAD+ (p<0.001, Fig. 2N, full statistical details in Table 1). These data indicate that drug
seeking after EE was associated with far fewer c-Fos+ cells in the PrL and IL, but there was
a selective reduction in the population of GAD+ cells.

Next, we explored the relationships between cell activation and oxycodone seeking in the
PrL and IL. In the PrL, we found a significant positive association between the number of
c-Fos+ cells and persistence of oxycodone seeking in both the tissue stained for CamKIl|I
(r?=0.73, p<0.0001, Fig. 3A) and GAD (r2=0.72, p<0.0001, Fig 3B). To determine if

this relationship was also present specifically within excitatory or inhibitory neurons, we
measured the percentage of the c-Fos+ cells that were also positive for CamKIl or GAD,
respectively. In the PrL, there was no significant relationship between the proportion of
c-Fos+ cells that were CamK 1+ (Fig. 3C), but there was in GAD+ cells (r2=0.30, p=0.019,
Fig 3D). The association between the proportion of these inhibitory c-Fos+ cells was not
observed within either the control or EE group, suggesting that the dual reduction of
oxycodone seeking and c-Fos+GAD+ cells by EE drives this relationship. Data from the IL
largely paralleled those from the PrL. There was a significant positive association between
the number of c-Fos+ cells and persistence of oxycodone seeking in both the tissue stained
for CamKII (r2=0.54, p=0.0005, Fig. 4A) and GAD (r?=0.67, p<0.0001, Fig 4B), although
the effects were not as large as in the PrL. Similarly, there was no significant relationship
between the proportion of c-Fos+ cells that were CamKII+ (Fig. 4C), but there was in
GAD+ cells (r2=0.41, p=0.0042, Fig 4D). As in the PrL, the dual reduction of oxycodone
seeking and c-Fos+GAD+ cells by EE appears to be a major contributor to this relationship.

4. Discussion

In the present study, we found that compared to rats singly housed in standard laboratory
caging during abstinence, environmentally enriched rats had lower oxycodone seeking. EE
began one week after drug cessation, indicating that the beneficial effects of enrichment
can occur even when administered after abstinence has begun. We also found that EE
reduced the reactivity of the PrL and IL as measured by the number of c-Fos+ cells in

each region. The reduction in c-Fos+ cells was predominantly in inhibitory cells of the PrL
and IL, as evidenced by a reduction in the proportion of c-Fos+ cells in GAD+, but not
CamKIlI+ cells. Examination of relationships between c-Fos+ cells and oxycodone seeking
identified a robust positive relationship between the number of c-Fos+ cells and persistence
of oxycodone seeking in both the PrL and IL. This was confirmed in two distinct sets

of tissue (tissue co-stained for CamKIl or GAD). There were also positive relationships
between the % of c-Fos+ cells that were GAD+, but not CaMKIlI+ in the PrL and IL,
although these relationships were less robust and largely driven by EE-associated reductions
in both factors examined.
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The experimental evidence for the preventive effects of EE on misused substances derives
from many well-established models used for studying addiction-like behaviors that expose
the animals to EE before any contact with the drug. EE administered before drug self-
administration reduced amphetamine intake in both male and female rats (Bardo et al.,
2001; Green et al., 2002). EE also reduced acquisition of heroin self-administration, but
steady state intake during the fifth week was similar to isolated rats (Bozarth et al., 1989).
Similarly, EE reduced escalation of cocaine intake, but only for a lower unit dose of cocaine
(0.1 mg/kg/infusion, but not 0.5 mg/kg/infusion). EE also did not impact acquisition or
steady state intake during cocaine self-administration of 1 mg/kg/infusion (Bozarth et al.,
1989).

EE has had more consistent effects on drug seeking when enrichment is administered
during abstinence. EE reduced the incubation of both cocaine and heroin craving following
protracted abstinence (Barrera et al., 2021; Chauvet et al., 2012). Cued reinstatement of
methamphetamine seeking was also depressed in rats that received EE compared to those
in standard isolation housing (Hofford et al., 2014). The beneficial effects of EE during
abstinence are also observed for cued, contextual, and stress-induced reinstatement of
cocaine seeking, although drug primed reinstatement is not affected (Chauvet et al., 2009;
Ranaldi et al., 2011; Thiel et al., 2009). In an electric barrier conflict model, EE reduced
the time to voluntary abstinence from drug seeking in rats with a history or either heroin

or cocaine self-administration (Ewing and Ranaldi, 2018; Peck et al., 2015). These prior
reports indicate that EE is effective at suppressing drug seeking behavior in a variety of
conditions for both psychostimulants and opioids. Our current data using a forced abstinence
model following oxycodone seeking are consistent with this literature.

Immediate early genes such as ¢-fos (and its product c-Fos) have been used as activity-
dependent markers for decades (Cruz et al., 2013; Kawashima et al., 2014; Sheng and
Greenberg, 1990)). The PrL is particularly sensitive to increases in c-Fos following drug
seeking. The number of c-Fos+ cells in the PrL is elevated following drug seeking in

rats that have self-administered either a psychostimulant or opioid (Doherty et al., 2013;
McGlinchey et al., 2016), even within the same animal that has self-administered both drugs
(Rubio et al., 2019). Furthermore, the number of c-Fos+ cells in the PrL, but not other

brain regions examined, was correlated with intensity of cocaine seeking (Zhou et al., 2014).
In rats that experienced EE during forced abstinence from cocaine self-administration, EE
suppressed cocaine seeking and the associated increase in c-Fos+ cells in both the prelimbic
and infralimbic prefrontal cortices (Thiel et al., 2010).

Studies have also found preferential expression of c-Fos in specific populations of prefrontal
neurons during drug seeking. An increase in c-Fos+ PrL neurons that project to the nucleus
accumbens was observed with cued reinstatement of cocaine seeking, and the number

of these cells was positively associated with seeking (McGlinchey et al., 2016). As our
identification of excitatory projection neurons relied on CamKIlI, we were not able to focus
on a specific projection pathway, which may explain why we did not observe a correlation
between the percentage of c-Fos+ cells that were CamKI1+ and oxycodone seeking.
Alternatively, PrL and IL GABAergic neurons may represent corticofugal neurons which
modulate reactivity to drug-associated stimuli by regulation of downstream subcortical
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projections (Caputi et al., 2013; Melzer and Monyer, 2020). In this case, alterations in
activity of GAD+ neurons would not be expected to influence local CamKII+ neurons.

Miller and Marshall found that expression of cocaine conditioned place preference was
associated with an increase in c-Fos+ cells of the PrL, and this was selectively observed

in GAD+, but not CamKI I+ cells (Miller and Marshall, 2004). These data suggest that
without prior extinction, drug seeking is largely controlled by GAD+ cells in the PrL. This
notion is supported by the finding that after forced abstinence, re-exposure to heroin self-
administration-associated cues resulted in an increase in GABAergic inhibition of pyramidal
cells as reflected by an increase in the frequency of inhibitory postsynaptic potentials (Van
den Oever et al., 2010). This unique role of GABAergic signaling in seeking without prior
extinction is further illustrated by the ability of PrL GABA-A receptor agonist infusion

to enhance heroin seeking (Schmidt et al., 2005). Our use of an experimental design that
did not provide full extinction prior to oxycodone seeking may explain why we observed
positive associations between the proportion of c-Fos+ cells that were GABAergic and
oxycodone seeking, which was also the population of cells that was affected by EE.

One limitation of this study is that CamKII and GAD immunostaining were performed in
separate tissues. We tested several antibodies for each of these antigens and determined that
the best results were obtained using mouse monoclonal antibodies for each. This precluded
the effective use of co-labeling c-Fos, CamKIl and GAD in the same tissues. As a result,
these measurements came from different tissues. However, our use of different tissues
allowed us to have replicate studies for our c-Fos measurements, and these studies produced
highly consistent results (e.g., Figs. 2C and 2F, Figs. 3A and 3B). Another limitation is

the use of only male rats. Prior studies found that EE can reduce opioid seeking in both
male and female rats (Barrera et al., 2021; Barrera et al., 2023), suggesting that we would
expect to see similar results in females. Future studies are needed to determine if EE also
reduces oxycodone seeking in females, and if this is also accompanied by selective reduction
of c-Fos in GAD+ cells. Another limitation is that we did not test the effects of EE on
acquisition or maintenance of oxycodone self-administration. EE has been shown to reduce
progressive ratio breakpoints in heroin self-administration (Imperio et al., 2018) and reduce
essential value and reinforcer intensity of remifentanil in a behavioral economics-based
self-administration study (Hofford et al., 2017), so it is likely that EE would also oxycodone
self-administration. It is notable that we did not observe incubation of craving between

our two sessions (Grimm et al., 2001; Pickens et al., 2011). There are a few potential
reasons for this. First, the initial oxycodone seeking session was conducted on day 7 of
abstinence, whereas incubation of craving is typically measured relative to seeking on day

1 of abstinence. Incubation of heroin seeking peaks at approximately 7 days of abstinence
(Pickens et al., 2011), so our initial measurement on abstinence day 7 may have prevented
observance of an increase relative to this baseline. Additionally, our seeking tests were done
using a within-subjects design with 2-hour seeking sessions, which could promote extinction
of drug seeking between sessions.

In conclusion, we find that environmental enrichment reduces oxycodone seeking, similar to
reports for heroin and psychostimulants. Activity of inhibitory, but not excitatory neurons of
the PrL and IL during drug seeking was specifically reduced by EE. These findings further
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support the effectiveness of enriched environments to reduce reactivity to drug-associated
stimuli and contexts and provide a potential mechanism by which this occurs.
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Highlights:
. Environmental enrichment during abstinence sharply reduced oxycodone
seeking
. Environmental enrichment reduced c-Fos in prelimbic and infralimbic
cortices
. Environmental enrichment selectively reduced c-Fos in GAD67+ neurons
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Figure 1: Oxycodone self-administration and seeking in rats exposed to control or enriched
environment during abstinence.
A) Timeline of experiment. After arrival and handling, rats underwent jugular catheterization

and recovery, then oxycodone self-administration, and an initial drug seeking session. Rats
were counterbalanced to group assignment based on active lever presses during drug seeking
test 1, then underwent forced abstinence in the home cage (control) or environmental
enrichment chambers. Drug seeking test two was conducted 4 weeks after initiation of home
cage or enrichment housing. B) Active and inactive lever responses during the oxycodone
self-administration sessions. C) Active lever presses during oxycodone seeking test 1 and 2.
D) Inactive lever presses during oxycodone seeking test 1 and 2. N=9 rats/group. Symbols
represent mean+SEM. *p<0.05 between groups comparison of presses during drug seeking
test 2. ****p<0.0001 within-subjects comparison from seeking test 1 to 2. Panel A was
created with Biorender.com.
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Figure 2: c-Fos+ cell counts and colocalization with CamKIIl and GAD in prelimbic and
infralimbic prefrontal cortices.

A) Maximum projection from prelimbic cortex of a control rat. B) Maximum projection
from prelimbic cortex of an environmental enrichment rat. Panels C-E and I-K are from
tissue stained with CamKII, panels F-H and L-N are from tissue stained with GAD. C) In
the PrL, EE reduced the number of c-Fos+ cells and D) the number of c-Fos+ cells that
were CamKIlI+. E) EE had no effect on the % of c-Fos+ cells that were CamKII+. F) EE
reduced the number of c-Fos+ cells and G) the number of c-Fos+ cells that were GAD+. H)
EE reduced the percentage of c-Fos+ cells that GAD+. I) In the IL, EE reduced the number
of c-Fos+ cells and J) the number of c-Fos+ cells that were CamKIlI+. K) EE had no effect
on the % of c-Fos+ cells that were CamKII+ in the IL. L) EE reduced the number of c-Fos+
cells and M) the number of c-Fos+ cells that were GAD+. N) EE reduced the percentage of
c-Fos+ cells that GAD+. n=18 images from 9 rats per group. Full statistical details in Table
1. ***p<0.001.
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Figure 3: Correlations between the c-Fos immunoreactivity and persistence of oxycodone seeking

in the prelimbic cortex.

A) Correlation between the number of c-Fos+ cells and persistence ratio in CamKI| stained
tissue. B) Correlation between the number of c-Fos+ cells and persistence ratio in GAD
stained tissue. C) Correlation between the percentage of c-Fos+ cells that were CamKI1+
and persistence ratio. D) Correlation between the percentage of c-Fos+ cells that were
GAD+ and persistence ratio. N=9 rats/group. *p<0.05, ****p<0.0001.
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Figure 4: Correlations between the c-Fos immunoreactivity and persistence of oxycodone seeking

in the infralimbic cortex.

A) Correlation between the number of c-Fos+ cells and persistence ratio in CamKI| stained
tissue. B) Correlation between the number of c-Fos+ cells and persistence ratio in GAD
stained tissue. C) Correlation between the percentage of c-Fos+ cells that were CamKI1+
and persistence ratio. D) Correlation between the percentage of c-Fos+ cells that were
GAD+ and persistence ratio. N=9 rats/group. *p<0.05, ****p<0.0001.
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Region Tissue Outcome Measure B SE DF Pvalue
Prelimbic CAMKII  # c-Fos+ cells -180.3 214 33 <0.001
Prelimbic CAMKII  # c-Fos+CamKII+ cells -64.5 119 33 <0.001
Prelimbic CAMKII % c-Fos+ cells that are CamKlI+  1.24 46 33 079

Prelimbic GAD # c-Fos+ cells -2495 242 32 <0.001
Prelimbic GAD # c-Fos+GAD+ cells -1325 9.1 32 <0.001
Prelimbic GAD % c-Fos+ cells that are GAD+ -182 50 32 <0.001
Infralimbic  CAMKII  # c-Fos+ cells -871 231 36 <0.001
Infralimbic  CAMKII  # c-Fos+CamKIlI+ cells -26.8 124 36  <0.001
Infralimbic  CAMKIIl % c-Fos+ cells that are CamKII+  0.98 50 36 085

Infralimbic  GAD # c-Fos+ cells -167.1 21.7 33 <0.001
Infralimbic  GAD # c-Fos+GAD+ cells -101.1 94 33  <0.001
Infralimbic  GAD % c-Fos+ cells that are GAD+ -233 50 33 <0001
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