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Abstract

The orexin (hypocretin) system plays a critical role in motivated drug-taking. Cocaine self-
administration with the intermittent access (IntA) procedure produces a robust addiction-like state
that is orexin-dependent. Here, we sought to determine the role of the orexin system in opioid
addiction using IntA self-administration of fentanyl. Different groups of male rats were either
given continuous access in 1h (short access; ShA), or 6h periods (long access, LgA), or IntA (5min
of access separated by 25min of no-access for 6h) to fentanyl for 14 days. IntA produced a greater
escalation of fentanyl intake, motivation for fentanyl on a behavioral economics task, persistent
drug seeking during abstinence, and cue-induced reinstatement compared to rats given ShA or
LgA. We found that addiction behaviors induced by IntA to fentanyl were reversed by the orexin-1
receptor antagonist SB-334867. IntA to fentanyl was also associated with a persistent increase in
the number of orexin neurons. Together, results indicate that the IntA model is a useful tool in the
study of opioid addiction, and that the orexin system is critical for the maintenance of addiction
behaviors induced by IntA self-administration of fentanyl.
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Introduction

Orexins (hypocretins) are neuropeptides exclusively produced in the hypothalamus that
regulate a wide range of behaviors, including feeding, arousal, and drug reward®-2. Increased
orexin cell number and activity occur in rats that exhibit enhanced 'addiction-like' states 3-6.
We found that rats with a strong, addiction-like state for cocaine (e.g., following intermittent
access, IntA; described below) persistently exhibit greater numbers of immunoreactive
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lateral hypothalamic (LH) orexin neurons than animals with a milder addiction profile 6. We
also reported that the number of LH orexin neurons predicts baseline (pre-IntA) motivation
for cocaine 4. Recent studies also revealed that higher numbers of orexin neurons are found
in postmortem brains of heroin addicts than in non-addict control brains 7. That study also
reported that the number of orexin neurons increased in mice following non-contingent
(experimenter administered) injections of morphine.

Orexins regulate drug-seeking behaviors primarily through signaling at orexin-1 receptors
(Ox1Rs) 8-16, OxR1 antagonists are particularly effective in attenuating addiction behaviors
during enhanced 'addiction-like' states, as the selective Ox1R antagonist SB-334867 (SB) is
most effective at increasing economic demand elasticity (decreasing motivation) for cocaine
in rats with high baseline demand 7. In addition, SB only reduces cocaine intake in animals
following extended drug access 18. Moreover, rats that exhibit stronger addiction-like
behaviors (e.g., following IntA) are more sensitive to OXR1 antagonism such that lower
doses of SB attenuate addiction behaviors than in animals given short or long access to drug
6. Our lab recently reported similar results for opioids: Systemic administration of SB
preferentially attenuated economic demand for fentanyl in rats with high baseline demand
10, and local microinjections of SB into ventral pallidum (VP) produced identical results for
remifentanil 16,

The IntA paradigm is argued to better recapitulate patterns of drug intake in clinical
populations compared to more commonly used paradigms in which drug is continuously
available 1920, |n the case of cocaine, IntA produces a multifaceted animal model of
addiction that includes robust escalation of intake, increased motivation for cocaine in a
behavioral economics (BE) task, increased compulsive drug taking, and greater
reinstatement of drug seeking compared to traditional short (ShA) or long (LgA) continuous
access models®21-25_ Although the IntA model was recently applied to heroin self-
administration 26, the utility of the IntA paradigm to induce an addiction multiphenotype for
opioids has not been directly compared with the more widely-utilized long access (LgA)
model 27,

Here, we employed IntA self-administration of the widely abused opioid fentanyl, and
directly compared addiction-like behaviors induced by IntA to those for the ShA and LgA
models of addiction. In addition, we investigated the role of the orexin system in addiction-
like behaviors induced by IntA to fentanyl by i) examining the efficacy of SB in reducing
addiction behaviors in IntA rats, and ii) examining changes in the numbers of orexin-
immunoreactive neurons following IntA to fentanyl .

Sprague Dawley male rats (250-300g) were obtained from Charles River Laboratories
(Kingston, NY). Rats were pair-housed under a 12:12 h reverse light cycle (lights off at
0800h and on at 2000h) and given ad /ibitum access to food and water. All procedures were
conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals
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and approved by Rutgers University New Brunswick Institutional Animal Care and Use
Committee.

Fentanyl HCI powder and the selective OxR1 antagonist SB-334867 (SB) were obtained
from the National Institute of Drug Abuse Drug Supply Program. Fentanyl HCI powder was
dissolved in 0.9% sterile saline to a concentration of 8ug/ml. SB was prepared as previously
described and injected i.p. at a volume of 4.0 ml/kg 9:13.14.16,

Catheter Implantation

Chronic indwelling jugular vein catheters were implanted as previously described 1°. Rats
were anesthetized with 2% isoflurane and administered the analgesic rimadyl (5 mg/kg, s.c.)
prior to catheter implantation. After surgery, catheters were flushed daily with the antibiotic
cefazolin (0.1 mL; 100mg/mL) and heparin (0.1 ml; 100 U/ml). Rats were allowed one week
to recover prior to self-administration training.

Self-Administration Training

Rats were trained in Med Associates operant boxes housed in individual sound-attenuating
chambers (Med Associates, St Albans, VT, USA). Operant boxes were fitted with 2 levers
(active and inactive), a stimulus light located directly above the active lever, speaker, and
house light. All boxes were controlled by Med-PC 1V software (Med Associates, St Albans,
VT, USA). Rats were first trained in 2 hr sessions on a fixed-ratio 1 (FR-1) schedule. Active
lever presses resulted in a 0.5ug infusion of fentanyl delivered in 50pl of sterile saline over
3.6s. Each infusion was paired with stimulus light (white light) and tone (78 dB, 2900 Hz)
and was followed by a 20-sec time out signaled by termination of the house light. Rats were
trained for a minimum of 6 sessions and to a criterion of > 25 infusion for 3 consecutive
sessions.

Baseline Fentanyl Demand Testing

Fentanyl demand was assessed using a within-session BE procedure as previously described
10, Briefly, animals were tested in 110-minute sessions where the dose of fentanyl per
infusion was decreased on a quarter logarithmic scale in successive 10-minute bins. Demand
curves were generated using the exponential demand equation 28 and a least sum of squared
differences procedure for curve fitting 29:30. All data points up until two bins past the point
of maximal price paid per pg fentanyl (Prax) were included in the analysis. Demand curves
were generated for individual subjects for individual BE sessions and demand parameters Qg
and alpha (a) were calculated. The Qg parameter is a theoretical measure of drug
consumption when no effort is required and is also a measure of a subject’s hedonic set
point. The a. parameter is an estimate of demand elasticity 3! (price sensitivity of
consumption) and is used as an inverse measure of motivation. Rats underwent a minimum
of 6 BE sessions and until Qg and a values differed by less than 25% across three
consecutive sessions.
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Short, Long and Intermittent Access Groups

To ensure baseline a values did not differ between access groups, rats were pseudorandomly
assigned to short access (ShA), long access (LgA) or intermittent (IntA) self-administration
following initial assessment of fentanyl demand. ShA, LgA, and IntA groups were given
their access treatment for 14 consecutive daily sessions. ShA rats were given continuous
access to fentanyl on an FR1 schedule in 1h sessions. LgA rats received continuous access to
fentanyl on an FR1 schedule during 6h sessions. In both ShA and LgA procedures, active
lever responses resulted in a 3.6s infusion of 0.5ug of fentanyl paired with light and tone.
Each infusion was followed by a 20s time-out period signaled by termination of the house
light. IntA self-administration of fentanyl was similar to that previously described for
cocaine 822, Briefly, fentanyl was available in 5min bins separated by 25min periods when
drug was not available. Drug availability was signaled by a priming infusion of fentanyl (1s
infusion of 0.14ug of fentanyl) paired with a light + tone compound cue. Active lever
presses made during the drug availability periods resulted in a 3.6s infusion of 0.5ug of
fentanyl paired with the light + tone compound cue; there was no time-out period following
fentanyl infusions during IntA sessions. After 5min, levers were retracted and the house light
was terminated; this process repeated for 6h, giving rats 1h of total drug access.

Post-Access Fentanyl Demand and Pharmacological Testing

One day following the final ShA, LgA or IntA session, rats were again tested for fentanyl
demand using the BE procedure described above. Demand was measured over a minimum of
6d and until stable demand values were observed over 3 consecutive days (<25% variability
in a and Qg values). In rats receiving pharmacological testing, SB (0, 10 or 30 mg/kg)
pretreatment was then given 30min prior to testing in a within-subjects, counterbalanced
design with a minimum of 3d between tests.

Extinction Training and Cue-Induced Reinstatement

Following BE testing, ShA, LgA, and IntA rats were given 2h extinction sessions during
which active lever presses were no longer paired with infusions or fentanyl-associated light/
tone cues. Extinction sessions continued for a minimum of 7 d and until active lever presses
in the final 3 sessions were < 25 presses. The following day, rats were tested for cue-induced
reinstatement of fentanyl seeking, whereby active lever presses produced fentanyl-associated
cues (light and tone). In rats receiving pharmacological testing, SB pretreatment (0, 10 or 30
mg/kg) was given 30min prior to testing in a within-subjects, counterbalanced design with a
minimum of 3 d between reinstatement tests to avoid any potential carryover effects of
treatment 16,

Tissue Preparation for Immunohistochemistry

Ninety days after their final BE test, rats were deeply anesthetized with sodium pentobarbital
and transcardially perfused with 0.9% sterile saline then 4% paraformaldehyde. Brains were
harvested and postfixed overnight in 4% paraformaldehyde. The next day, brains were
transferred to a 20% sucrose-PBS azide solution and stored at 4°C until sectioned. Brains
were sectioned at 40um using a cryostat and sections were stored in PBS azide at 4°C.
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Immunohistochemistry

Tissue was incubated in mouse anti-orexin A (1:500, Santa Cruz Biotechnology, catalog
number sc-80263, JCN Antibody Database AB_1126868) and rabbit anti-melanin
concentrating hormone (MCH; 1:5000, Phoenix Pharm, catalog number H-070-47, JCN
Antibody Database AB_10013632) antibodies in 5% normal donkey serum overnight at
room temperature. The following day, tissue was incubated in Alexa-Fluor 594 conjugated
donkey anti-mouse and Alexa-Fluor 488 conjugated donkey anti-rabbit for 2h at room
temperature. Sections were rinsed in phosphate buffered saline, mounted onto glass slides
and cover slipped using Fluoroshield Mounting Medium with DAPI (Abcam).

Cell Quantification

Quantification of orexin and MCH neurons was performed as previously described 4:6:32:33,
Briefly, coronal images of the orexin cell field (2.5-3.8 mm caudal to bregma) were taken
using a Zeiss Axio Zoom V16 microscope. Tiled photographs were compiled at 20x
magnification using Zen 2 imaging software (Carl Zeiss Microscopy). The numbers of cells
immunoreactive for orexin A or MCH were counted in both hemispheres using ImageJ
software (NIH) by two investigators blinded to the experimental condition. Medial and
lateral hypothalamic subregions of the orexin cell field were quantified separately due to
evidence of a functional dichotomy between these populations 34. Medial and lateral cell
populations were divided by a vertical line made 100um lateral to the fornix. As in our
previous studies, three sections per animal were analyzed and the number of neurons
counted in both hemispheres in each section were determined and averaged across the three
sections 4.

Data Analysis

Results

Data were expressed as mean values + 1 standard error of the mean. Statistics were
performed using GraphPad Prism for Mac (Version 7, GraphPad Software Inc., La Jolla,
CA) with an a level of 0.05. First-hour escalation of fentanyl intake was assessed using
separate repeated-measures ANOVAs with Dunnett’s multiple comparisons as post hoc tests.
Demand parameters Qg and a were expressed as percent change from pre-access baseline
and analyzed using separate repeated-measures ANOVAs. Dunnett's multiple comparisons
test were used as post hoc tests when allowed. All between access group comparisons were
made using one-way ANOVAs with Sidak's post hoc test. Extinction data was assessed using
a mixed-design ANOVA with Sidak's post hoc tests. A Kaplan-Meier estimator was used to
compare extinction rates between access groups. Independent samples t-tests were used to
analyze orexin and MCH cell counts between ShA and IntA rats.

IntA to Fentanyl is Associated with a Multifaceted 'Addiction-Like' State

Figure 1A outlines the experimental timeline. Following baseline demand testing, rats were
pseudorandomly assigned to receive ShA, LgA or IntA by counter-balancing a values across
access treatment groups. Total prior fentanyl consumption (amount consumed during FR-1
self-administration and pre-access treatment BE) and baseline (pre-access treatment) a and
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Qo values were similar among rats assigned to ShA, LgA and IntA groups (F, 25=0.1046,
p=0.9010, F; 25= 1.386, p=0.266, F, 25= 0.333, p=0.719, respectively, one-way ANOVAs;
data not shown). Escalation of first-hour fentanyl intake did not occur in ShA (rm-ANOVA,
F13143= 1.104, p=0.360) or LgA rats (rm-ANOVA, F137g= 1.042, p=0.4213). In contrast,
significant escalation of first-hour fentanyl intake was observed in IntA rats (Figure 1B; rm-
ANOVA, Fq3 156= 3.645, p<0.001). We did not observe a change in of inactive lever
responding in ShA or LgA rats (rm-ANOVA, F13 143= 1.242, p=0.2559; F13 75=1.043,
p=0.4203; respectively; data not shown). In contrast, IntA to fentanyl was associated with a
significant decrease in inactive lever responding across sessions. Total fentanyl consumption
across all access treatment sessions was greatest in LgA rats (Figure 1D; one-way ANOVA,
F2 28= 16.78, p<0.0001 with Sidak's test, LgA v. ShA, p<0.0001, and LgA v. IntA, p=0.005).
Fentanyl consumption was also greater in IntA compared ShA rats ( IntA v. ShA, p=0.035).
Figure 1C shows within-session self-administration data for the final IntA session. On
average, rats self-administered 7 (x0.9) infusions of fentanyl per access bin, and this
remained stable across the 12 access bins within the session (p>0.05).

Demand for fentanyl was reassessed in rats following the 2wk period of ShA, LgA, or IntA.
Demand parameters were analyzed 24h after the final access treatment and again once
demand stabilized (i.e., after a and Qg exhibited < 25% variability across 3 consecutive
sessions, typically after 6 sessions). Figure 1E shows representative demand curves from
ShA (yellow), LgA (blue), and IntA (green) individual subjects. Motivation for fentanyl
(inverse a.) was consistent during ShA and did not differ from pre-access baseline (Figure
1F; rm-ANOVA, F 5 2 = 1.443, p=0.2576). LgA produced only a transient increase in
motivation (decreased a on Day 1) that dissipated in < ~7d post-LgA (Figure 1G; rm-
ANOVA, F 5 14 = 7.558 p=0.0059 with Dunnett's multiple comparisons test, Baseline v. Day
1, p<0.0018 and Baseline v. Stable, p=0.276). In contrast, IntA was associated with a robust
and persistent increase in motivation for fentanyl (decreased a.), such that a values on the
first BE session following IntA were significantly lower compared to baseline a (Figure 1H;
rm-ANOVA, F , 7> = 31.86, p<0.0001 with Dunnett's multiple comparisons test, Baseline v.
Day 1 p<0.0001), and persisted for = ~7d following IntA (Baseline v. Stable p<0.0001). On
Day 1, decreases in a values (increases in motivation) were greatest in rats given IntA to
fentanyl compared to ShA and LgA rats (Figure 11; one-way ANOVA, F 5 25 = 5.966,
p=0.0069 with Sidak's test, ShA v. LgA p=0.9994, ShA v. IntA p=0.0011, IntA v. LgA
p=0.0426). IntA-induced decreases in a. were unrelated to total fentanyl intake across IntA
sessions (Pearson's r, R2=0.0603, p=0.4417; data not shown). Furthermore, total prior
fentanyl consumption (amount consumed during FR-1, pre-access BE treatment, plus ShA,
LgA, or IntA treatment) was not significantly correlated with post-access treatment alpha
values (Pearson's r, R2=0.0842, p=0.1198; data not shown). In contrast to the above changes
in a, there were no changes in Qg following ShA, LgA o IntA to fentanyl (Figures 1J-1K; F
2,22 = 1.362, p=0.2270; F, 14 = 0.6434, p=0.5404; F » 5, = 2.981, p=0.0715, respectively,
rm-ANOVAS).

IntA Produces Greater Extinction Responding

Following BE testing, rats in the ShA, LgA, and IntA groups underwent extinction training
where active lever presses produced neither fentanyl nor fentanyl-associated cues. In all
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access groups, rats responded more on the active vs inactive lever (two-way ANOVA; main
effect of lever type ShA: Fq g=31.58, p=0.0005; LgA: F1 §=10.29, p=0.0184; IntA:
F17=26.05, p=0.0011). Overall rates of active lever presses decreased for all access groups
over the first 7 extinction sessions (Figure 1M; mixed-design ANOVA; main effect of
session Fg 126 = 13.09, p<0.0001). Active lever responding differed among access groups
(main effect of access group F; 1 = 4.923, p<0.0001 and access group x session interaction
F12 126 = 1.84, p=0.0484). ShA and LgA rats did not differ in the number of active lever
presses made across extinction sessions (Sidak's test p>0.05). IntA rats made more active
lever presses across the first 4 extinction sessions compared to rats given ShA (Sidak's test
p>0.05). Active lever presses differed between IntA and LgA rats to a lesser extent (Second
extinction session; Sidak's test, p>0.05). Overall rates of inactive lever responding also
decreased across the first 7 extinction sessions (mixed-design ANOVA; main effect of
session Fg 126 = 5.58, p<0.0001; data not shown). Inactive lever responding differed
between access groups (main effect of access group Fy 21 = 3.718, p=0.0415 and access
group X session interaction Fqp 196 = 3.341, p=0.0003). This effect was primarily driven by
LgA rats. Compared to ShA and IntA animals, rats given LgA to fentanyl made more
inactive lever responses on the first (Sidak's test; LgA v. ShA p=0.0022; LgA v. IntA
p=0.0221) and second days of extinction training (LgA v. ShA p=0.0003). Days to
extinction criterion also differed among access groups (Figure 1N; Kaplan-Meier estimator,
Xz(l):5.252, p=0.0219). IntA rats required more extinction sessions to reach extinction
criterion compared to rats given ShA (Kaplan-Meier estimator, x 2(1)=4.491, p=0.0341.
Sessions to extinction criterion did not differ significantly between rats given ShA vs. LgA,
or between those given LgA vs. IntA to fentanyl (Kaplan-Meier estimator, 2(1)=1.324,
p=0.250; x 2(1)=1.931, p=0.164). Median sessions to extinction criterion (+ SEM) were 7.0
+ 0.3 for ShA, 9.0 + 1.2 for LgA, and 11.8 = 2.2 for IntA.

IntA Produces Greater Reinstatement Responding

After reaching extinction criterion, rats were tested for cue-induced reinstatement of fentanyl
seeking. Here, active lever responses produced fentanyl-associated light+tone compound
cues but no drug delivery. In all access groups, fentanyl-associated cues induced significant
reinstatement of drug seeking as measured by increased responding on the active lever
(paired samples t-test; ShA: tg=3.168, p=0.0132; LgA: tg=2.886, p=0.0278; IntA: t;=4.876,
p=0.0018). In contrast, fentanyl-associated cues had no effect on inactive lever responding
(paired samples t-test; ShA: t5=0.5802, p=0.5777; LgA: ts=0.4677, p=0.6565; IntA:
t7=1.369, p=0.2133). Reinstatement of drug seeking differed among access groups (Figure
10; one-way ANOVA, F3 21=5.186, p=0.0148). ShA and LgA rats did not differ in
reinstatement responding (Sidak's test, ShA v. LgA, p=0.9916). In contrast, rats given IntA
to fentanyl made more active lever presses in response to fentanyl-associated cues compared
to ShA or LgA rats (Sidak's test, ShA v. IntA, p=0.0241, and LgA v. IntA, p=0.0468). The
numbers of inactive lever presses were not different among access treatment groups (one-
way ANOVA, F; »1=0.8051, P=0.4604).

Ox1R Signaling Underlies the Maintenance of IntA-Induced 'Addiction-Like' Behaviors

To determine if OX1R signaling was critical for the maintenance of IntA-induced 'addiction-
like' behaviors, a subset of ShA and IntA rats received SB (0, 10, or 30 mg/kg, ip) prior to a
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BE test and cue-induced reinstatement. Figure 2A outlines the experimental timeline. In
these experiments, ShA rats were used as the comparison group for IntA because total
fentanyl consumption was similar between ShA and IntA rats (described above). In ShA
rats, only 30 mg/kg SB was effective in reducing motivation (increasing a; Figure 2B; rm-
ANOVA, F3 24 = 8.922, p=0.0004, Dunnett’s multiple comparison test Vehicle v. SB 30,
p=0.0006). SB significantly reduced motivation for fentanyl in rats given IntA (increased a;
Figure 2C; rm-ANOVA, F3 1= 9.179, p=0.0007). Post hoc analyses revealed that
pretreatment with either 10 mg/kg or 30mg/kg SB decreased motivation (increased a.)
relative to vehicle pretreatment (Dunnett’s multiple comparison test Vehicle v. SB 10,
p=0.0093, Vehicle v. SB 30, p=0.0008). Vehicle pretreatment had no effect on IntA-induced
increases in motivation (Pre-IntA Baseline v. Vehicle, p=0.0007).

The extent to which SB affected motivation (SB efficacy) was compared for different doses
in rats given ShA vs. IntA. SB at 10mg/kg was more effective in reducing motivation
(increasing ) in rats given IntA compared to those given ShA (Figure 2D; t(14)=3.783,
p=0.002). Similar results were seen for SB at 30mg/kg but failed to reach statistical
significance (Figure 2E; t(14)=2.10, p=0.0544). SB had no effect on Qg in rats given ShA or
IntA to fentanyl (Figures 2F-G; Fy, 24 = 0.9583, p=0.4305; F3 15 = 0.6872, p=0.5717,
respectively).

The effects of SB on cue-induced reinstatement responding were also assessed in rats given
ShA or IntA to fentanyl. SB was effective in attenuating cue-induced reinstatement in ShA
rats (Figure 2H; mixed-design ANOVA; main effect of Treatment Fy 14=22.65, p<0.0003). In
ShA rats, fentanyl-associated cues reinstated extinguished drug seeking (Dunnett's post hoc
test Ext v. Vehicle, p=0.0053); however, SB was only effective in attenuating this behavior at
30mg/kg dose (Vehicle v. SB 30, p=0.0053). SB had no effect on inactive lever responding
(\Vehicle v. SB 10, p>0.999; Vehicle v. SB30, p=0.991, data not shown). In IntA rats, SB
dose-dependently attenuated cue-induced reinstatement (Figure 21I; mixed-design ANOVA,;
main effect of treatment F1 14=60.82, p<0.0001; treatment X lever Interaction F3 4o= 21.63,
p<0.0001). In these rats, the presentation of fentanyl-associated cues reinstated extinguished
drug seeking (Dunnett's post hoc test Ext v. Vehicle, p<0.0001), and SB (10 and 30 mg/kg)
significantly attenuated this behavior (Vehicle v. SB 10, p=0.0007; Vehicle v. SB 30,
p<0.0001). SB had no effect on inactive lever responding (Vehicle v. SB 10, p>0.999;
\ehicle v. SB30, p>0.999; data not shown).

We measured the efficacy of SB on reinstatement behavior for ShA vs. IntA groups as the
percentage decrease in responding compared to that seen with vehicle pretreatment. As
shown in Figure 2J, pretreatment with 10mg/kg SB was similarly effective at attenuating
cue-induced reinstatement in rats previously given ShA vs. IntA to fentanyl (t(14)=1.147,
p=0.2704). However, pretreatment with 30mg/kg SB was most effective at attenuating cue-
induced reinstatement in rats previously given IntA to fentanyl (Figure 2K; t(14)=2.648,
p=0.0191).

Increased Numbers of Orexin Neurons Following IntA to Fentanyl

Subgroups of ShA and IntA rats were sacrificed following 90d of abstinence to investigate
the effect of differential fentanyl access on numbers of orexin and melanin-concentrating
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hormone (MCH) neurons. Figure 3A displays a representative image of the hypothalamus
from an IntA rat showing orexin (red; top panel), MCH (green; middle panel), and merge
(bottom right). Overall, rats given IntA to fentanyl had a greater number of orexin neurons
compared to rats given ShA (independent samples, t(10)=3.049, p=0.0123). Compared to
ShA, rats given IntA to fentanyl had higher numbers orexin neurons in both the dorsomedial/
perifornical hypothalamus (DMH/PF; Figure 3B) and lateral hypothalamus (LH; Figure 3C;
independent samples, t(10)=2.848, p=0.0173; t(10)=2.585, p=0.0272, respectively). We did
not observe a significant relationship between the numbers of DMH/PF and LH orexin
neurons and total fentanyl consumption during prior testing, although there was a trend
towards a positive correlation (Pearson's r; DMH/PF: R2=0.249, p=0.0985; LH: R?=0.258,
p=0.0921).

To determine if the increase in orexin-expressing neurons in IntA rats was specific to this
cell group, we also quantified MCH neurons which are non-overlapping and intermingled
with orexin neurons in lateral hypothalamus 3°36. Differences in cell numbers were specific
to orexin neurons, as the numbers of MCH neurons in the DMH/PF and LH did not differ
between ShA and IntA rats (Figure 3D-E; t(9)=0.9713, p=0.3568; t(g)=1.465, p=0.1769,
respectively).

Discussion

Here, we characterized the addiction phenotype induced by IntA to the opioid fentanyl, and
directly compared these results to those for the more commonly utilized LgA or ShA models
of addiction. We found that IntA to fentanyl produced greater escalation of fentanyl intake,
increased motivation for fentanyl on a BE task, greater persistent drug seeking during
abstinence/extinction, and higher cue-induced reinstatement of extinguished fentanyl
seeking compared to LgA or ShA animals. In addition, we investigated the role of the orexin
system in the maintenance of these behaviors. We found that the IntA-induced increases in
fentanyl demand and reinstatement were reversed by pretreatment with the selective Ox1R
antagonist SB at doses lower than what was required to produce similar effects in ShA rats.
The efficacy of SB in attenuating these behaviors was also greater in IntA rats. Finally, we
found that IntA was associated with a persistent increase in the number of orexin neurons.
Together, these results demonstrated that the IntA procedure is a robust model by which to
induce a multifaceted opioid addiction phenotype, and that the orexin system is critical for
the maintenance of IntA-induced addiction behaviors.

Pharmacokinetic Properties of Fentanyl

Clinical data indicate that human addicts, including opioid addicts, rarely maintain stable
drug use over extended periods of times 37. In rats, 95% of fentanyl is eliminated from the
brain ~8min after an intravenous infusion38. This indicates that brain fentanyl concentrations
are virtually nil by the start of the next drug available period, and therefore there should be
no fentanyl ‘carryover’ between different 5min access periods. Indeed, analysis of fentanyl
consumption indicated that intake was similar across the 12 drug-available bins within the
IntA sessions (Fig. 1C). Such rapid clearance from the brain makes fentanyl well suited for
the IntA paradigm.
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Intermittent Access as a Model for Opioid Addiction

Extended drug access (LgA; ~6-12h/day) captures key elements of addiction behavior
21,3940 Rats given LgA to opioids such as heroin, oxycodone, or fentanyl showed dose-
dependent escalation of drug intake and greater responding for drug on progressive ratio
(PR) tasks compared to rats given ShA 41, Consistent with these findings, we demonstrated
that LgA to fentanyl was associated with increased motivation for fentanyl (lower a) relative
to baseline. However, we also found that the increase in motivation following LgA to
fentanyl was transient as a values returned to baseline ~7 days post-LgA. Moreover, IntA
but not LgA rats showed greater extinction responding and cue-induced reinstatement of
fentanyl seeking compared to ShA rats. Our lab and others found that IntA to cocaine
induced similarly enhanced addiction behaviors in rats, including increased motivation and
compulsive responding for drug, and greater cued and drug-primed reinstatement of drug
seeking compared to ShA or LgA rats 6212442 |nterestingly, a recent study reported
individual differences in several addiction behaviors following IntA to heroin indicating that
some rats might be particularly vulnerable to developing an addiction phenotype in response
to IntA opioid self-administration 26, Here, we show that at a population level, IntA offers a
robust model by which to induce a multifaceted ‘addiction-like' state for opioids.

In the present study, we did not observe escalation of fentanyl intake with LgA as seen with
consumption in the first hour. Previous studies using a similar dose of fentanyl reported
similar findings 4. Importantly, we found no relationship between the degree of escalation
during IntA access to fentanyl and the magnitude of change in motivation (a) for fentanyl.
Our results are consistent with a prior report demonstrating no relationship between a and
cocaine consumption during IntA*2:43, Together, these results indicate that IntA-induced
changes in motivation for fentanyl are not dependent on escalation of drug intake or total
drug consumption.

Role of Ox1R Signaling in IntA-Induced Addiction Behaviors

We found here that Ox1R signaling is critical for the maintenance of the IntA-induced
‘addiction-like' state. We previously reported that the Ox1R antagonist SB reversed IntA-
induced increases in motivation (decreases in a) and cue-induced reinstatement for cocaine
at lower doses than was required for similar effects in LgA or ShA rats 5. Here, we show that
SB reversed IntA-induced increases in motivation (decreases in a) for fentanyl as well as in
cue-induced reinstatement, and that SB reduced these behaviors at lower doses compared to
ShA rats. We also found that the efficacy of SB in attenuating these behaviors is greatest in
IntA rats. Although the mechanism for this change is unknown, increased sensitivity to
Ox1R antagonism may reflect increased OxR1 signaling after IntA. This could result from
increased orexin peptide release (consistent with the increased numbers of orexin neurons
observed here for IntA animals), or from altered OX1R expression in brain regions
associated with drug reward such as ventral tegmental area (VTA), paraventricular thalamus
(PVT) or ventral palladium (VP) 16:44-52_One important question not addressed here is the
potential role of Ox2R signaling. Previous studies demonstrate a limited role for Ox2R
signaling in drug self-administration 1553-55, However, there is emerging evidence to
indicate that Ox2Rs may contribute to addiction behaviors during enhanced motivational
states 1855,

Ad(dict Biol. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fragale et al.

Page 11

Importantly, the effects of SB on fentanyl demand and reinstatement behavior are unlikely
due to motor impairments. We previously reported that systemic pretreatment with SB at
doses identical to those used here had no effect on nose poking for sucrose in rats
concurrently receiving i.v. fentanyl, nor any effect on lever pressing for sucrose in fentanyl
experienced rats 10, This is consistent with previous studies demonstrating no effect of
systemic SB on general locomotor activity in either an open field apparatus 613 or a
cognitive task requiring motor engagement 56. Moreover, here we found that SB treatment
had no effect on inactive lever responding during cue-induced reinstatement tests across all
treatment groups, further supporting a selective effect of SB on motivated, drug-seeking
behaviors.

Increased Numbers of Orexin Neurons After IntA to Fentanyl

Orexin neurons are highly dynamic and increased numbers of orexin neurons are observed in
response to several drugs of abuse >757, We recently reported that IntA to cocaine produces
a robust increase in the number of LH, but not DMH/PF, orexin-immunoreactive neurons
that persists for at least 150d of abstinence 6. Here we report that IntA to fentanyl was
associated with a persistent (at least 90d) increase in both LH and DMH orexin-
immunoreactive neurons. Because rats were sacrificed following prolonged abstinence, it is
unclear if increased orexin immunoreactivity associated with IntA to fentanyl is the direct
result of IntA to fentanyl or prolonged abstinence. Our findings are consistent with a recent
study demonstrating increased orexin expression in DMH/PF and LH of mice chronically
treated with non-contingent injections of morphine 7. While the functional significance of
enhanced orexin expression is unknown, it is possible that persistent increases in orexin
neurons may underlie relapse risk in individuals with opioid use disorder.

Unlike with IntA to cocaine®, we found that IntA to fentanyl was associated with a persistent
increase in the numbers of orexin neurons in DMH/PF as well as in LH. Several lines of
evidence indicate that LH orexin neurons participate in reward and motivation, whereas
orexin neurons of the DMH/PF function in stress and arousal 3458, Opioid withdrawal is
associated with the emergence of hyperkatifeia, or hypersensitivity to negative emotional
states including hypersensitivity to mechanical sensation (hyperalgesia) °9-61. This
hyperkatifeia state is thought to drive subsequent opioid use via negative reinforcement
mechanisms 9. Augmentation of DMH/PF orexin expression associated with IntA to
fentanyl may reflect the recruitment of stress systems related to the emergence of
hyperkatifeia, however it will be important that future studies to test this directly 39:59.60.62,

It is unclear how IntA fentanyl consumption leads to increased numbers of orexin-
immunoreactive neurons. Although IntA rats tended to consume more fentanyl than ShA
subjects, we found no relationship between prior fentanyl consumption and orexin
expression. This result is consistent with a prior report from our laboratory, demonstrating
that in rats given limited cocaine access, orexin cell numbers predicted cocaine demand
independent of prior cocaine consumption. However, the influence of drug consumption per
se on orexin cell number cannot be fully appreciated without a drug naive control group and
should be a focus of future studies. Analysis of orexin immunoreactivity in rats with higher
cocaine intake (such as LgA) might also be informative.
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It is worth noting that increased immunohistochemical detection of orexin could reflect new
orexin neurons due to neurogenesis, non-orexin neurons that begin expressing orexin, or
increased peptide production across orexin neurons that now crosses the detection threshold
for some that were previously non-detectable. Our findings likely reflect either or both of the
latter two possibilities rather than neurogenesis, for two reasons. First, chronic injections of
morphine in mice increased orexin immunoreactivity, but produced no evidence of
neurogenesis’. Second, orexin immunoreactivity fluctuates across the diurnal cycle,
indicating substantial plasticity in peptide production in these neurons (rather than
neurogenesis). It will be important for future studies to investigate the mechanism by which
orexin peptide expression changes in response to chronic drug exposure.

Here, we report that IntA to fentanyl produced a robust ‘addiction-like' state characterized by
several endophenotypes that recapitulate DSM-5 criteria for opioid addiction. We also
showed that Ox1R receptor signaling maintained IntA-induced addiction-like behaviors, and
that IntA is associated with an increase in orexin cell number. Our findings demonstrate that
IntA self-administration offers a robust model of opioid addiction and that perturbation of
the orexin system may underly multiple aspects of the IntA induced 'addiction-like' state.
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Figure 1. IntA to fentanyl promotes a strong ‘addiction-like' state.
A) Timeline of behavioral testing. Rats were assigned to short access (ShA; yellow; n=12),

long access (LgA; blue; n=7), or intermittent access (IntA; green; n=12) following initial
demand testing. B) First-hour fentanyl intake for different groups across the 14d of access
treatment. Escalation of first-hour fentanyl intake was observed with IntA, but not ShA or
LgA [*denotes significant difference compared to day 1; rm-ANOVA with Dunnett's post
hoc test]. C) Number of infusions during IntA self-administration for day 14 [gray envelope
denotes range in number of infusions]. D) Total consumption of fentanyl across access
treatments was greater with LgA compared to ShA or IntA (one-way ANOVA with Sidak’s
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post hoc test]. There was no statistical difference in overall intake between ShA and IntA
groups. Demand parameters (a and Qg) were analyzed 24h after the final access treatment
and again once demand stabilized (< 25% variability across 3 consecutive sessions). E)
Representative demand curves from single subjects 24h after the final ShA, LgA, or IntA
session. F) Mativation (a) did not significantly differ from pre-access baseline following
ShA to fentanyl. G) LgA to fentanyl was associated with a transient decrease in a (increased
motivation) on the first day but not when BE performance stabilized across 3 consecutive BE
sessions (~1-week post LgA) [rm-ANOVA with Dunnett's post hoc test]. H) IntA was
associated with a robust decrease in a (increased motivation) on the first day and after BE
performance stabilized across 3 consecutive BE sessions (~1-week post LgA) compared to
pre-access baseline [rm-ANOVA with Dunnett's post hoc test]. I) On the first day, decreases
in a values (increases in motivation) were greatest in rats given IntA to fentanyl compared to
ShA and LgA rats [one-way ANOVA with Sidak’s post hoc test]. J-L) ShA, LgA, and IntA
to fentanyl had no significant effect on the free consumption of fentanyl (Qg) [rm-ANOVA
with Dunnett's post hoc test]. M) Following BE testing, lever press responding was
extinguished in ShA (n=9), LgA (n=7), and IntA (n=8) rats. Rats given IntA to fentanyl
made more active lever presses during the first four extinction sessions compared to ShA
rats. Active lever presses differed to a lesser extent between IntA and LgA rats and did not
differ between ShA and LgA rats [mixed-design ANOVA with Sidak's post hoc test; * ShA
v. IntA; # LgA v. IntA]. N) Rats given IntA to fentanyl also required more extinction
sessions to reach extinction criterion compared to ShA rats. However, sessions to extinction
criterion were similar between LgA and IntA rats (Kaplan-Meier estimator). O) All access
groups showed significant reinstatement of drug seeking (active lever pressing) in response
to fentanyl associated cues [paired samples t-test]. However, cue-induced responding was
greater in rats given IntA compared to rats given ShA or LgA [extinction data pooled; one-
way ANOVA with Sidak's post hoc test]. The number of inactive lever responses did not
differ among access groups [black bars; one-way ANOVA]. For all panels, # p<0.05,
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 .
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Figure 2. Ox1R signaling drives the IntA-induced 'addiction-like' state.
A) Timeline of behavioral and pharmacological testing. The Ox1R antagonist SB (10 or

30mg/kg, ip) or vehicle was given to a subset of ShA (n=9) and IntA (n=7) rats prior to post-
access BE testing once stable demand was achieved (~1 week). B) In ShA rats, SB increased
a (decreased motivation) relative to vehicle only at the highest dose tested [30mg/kg; rm-
ANOVA with Dunnett's post hoc test]. C) In contrast, in IntA animals 10 or 30mg/kg SB

increased a values (decreased motivation) relative to vehicle [rm-ANOVA with Dunnett's
post hoc test]. D-E) 10 and 30mg/kg SB was more effective at reducing motivation
(increasing a) in rats previously given IntA to fentanyl compared to rats given ShA. F-G)

SB had no effect on Qg in ShA or IntA rats. H) In ShA rats (n=8), fentanyl-associated cues
reinstated active lever pressing after extinction of fentanyl self-administration, and only SB
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30mg/kg reduced this responding. SB did not alter responding on the inactive lever [black
bars; two-way ANOVA]. I) The presentation of fentanyl-associated cues also reinstated
active lever pressing following extinction in rats given IntA (n=8). Unlike ShA rats, 10 as
well as 30mg/kg SB attenuated this effect. SB no effect on inactive lever responding [black
bars; two-way ANOVA]. J) Low dose SB (10mg/kg) was similarly effective in attenuating
cued reinstatement (reducing active lever presses) in ShA and IntA rats. K) In contrast,
pretreatment with SB (30 mg/kg) was more effective in attenuating cued reinstatement in
IntA rats. T=0.0544,**p<0.01, ***p<0.001, ****p<0.0001.
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Figure 3. IntA to fentanyl is associated with increased number of orexin-immunoreactive
neurons.
Orexin- and MCH-immunoreactive neuronal numbers were assessed after 90 days of

abstinence in rats previously given ShA (n=7) or IntA (n=5) to fentanyl. A) Low
magnification photomicrograph of a frontal section showing orexin (red; top panel) and
MCH neurons (green; middle panel) in the hypothalamus of a rat given IntA to fentanyl.
High-magnification photomicrograph showing orexin (red; bottom left), MCH (green;
bottom middle), and merge (bottom right). B-C) Compared to ShA, rats given IntA to
fentanyl had a greater number of orexin neurons in the both the DMH/PF and LH orexin cell
fields [independent samples t-tests]. D-E) In contrast, the number of DMH/PF and LH
MCH- neurons did not differ between ShA and IntA rats. For all panels, *p<0.05
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