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Abstract

BACKGROUND: Worldwide methamphetamine (METH) use has increased significantly over the
last 10 years, and in the US, METH dependence has sky-rocketed among individuals with opioid
use disorder. Of significant concern, METH use is gaining popularity among groups with
susceptibility to developing severe substance use disorders, such as women and adolescents.
Nevertheless, there is no established pharmacotherapy for METH addiction. Emerging evidence
has identified the orexin/hypocretin system as an important modulator of reward-driven behavior
and a potential target for the treatment of drug addiction and relapse. However, to date, there have
been no investigations into the therapeutic efficacy of orexin/hypocretin receptor antagonists for
METH-motivated behavior in adolescents or adults. In the present study, we examined the effects
of selective antagonists of the orexin-1 (SB-334867, 20 mg/kg) and orexin-2 (TCS-0X2-29, 20
mg/kg) receptors on the reinstatement of METH seeking in both adolescent and adult male and
female rats.

METHODS: Rats were trained to self-administer METH (0.05 mg/kg/inf, iv) during two 2-h
sessions/day for 5 days. Following 20 sessions of extinction over 10 days, a within-subjects design
was used to test for METH seeking precipitated by METH (1 mg/kg, ip) or METH cues after
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systemic pretreatment with SB-334867 or TCS-OX2-29. RESULTS: SB-334867 reduced cue-
induced reinstatement in males and females, regardless of age. Additionally, METH-induced
METH seeking was attenuated by SB-334867 in adolescents and by TCS-0X2-29 in adults.

CONCLUSION: Selective orexin/hypocretin receptor antagonists have significant therapeutic
potential for diminishing METH-seeking behavior, although their treatment efficacy may be
influenced by age.

Keywords
adolescent; hypocretin; methamphetamine; orexin; reinstatement; sex differences

1. Introduction

Psychostimulants are among the most widely used classes of illicit drugs in the world,
accounting for nearly 70 million past-year consumers (World Drug Report, 2019). Among
them, methamphetamine (METH) is gaining popularity, especially with groups at significant
risk of developing severe substance use disorders, such as women (Anker and Carroll,
2010a; Becker and Koob, 2016; Ellis et al., 2018; Hudson and Stamp, 2011; World Drug
Report, 2019) and adolescents (Chomchai and Chomchai, 2015; Luikinga et al., 2018;
Spear, 2016; World Drug Report, 2019). Both women and adolescents have shorter time
from initial use to the onset of dependence for most drugs of abuse (Clark et al. 1998, Chen
and Kandel 2002), and once dependence develops, they are more likely to engage in harmful
and potentially lethal drug binges compared to their respective counterparts (i.e., men,
adults) (Baumeister and Tossmann, 2005; Brady and Randall, 1999; Estroff et al., 1989;
Mann et al., 2005; McCambridge and Strang, 2005; Randall et al., 1999).

Within the US, increases in METH potency and affordability over the last decade have
coincided with surges in METH treatment admissions (US Department of Justice, 2017) and
overdose fatalities (CDC, 2018; Seth et al., 2018). Non-medical use of psychostimulants is
highest among those aged 18-25 more than any other age group (World Drug Report, 2019),
and about 20% of those admitted to a treatment program for METH abuse or dependence are
adolescents (Gonzales et al., 2008; Rawson et al., 2007). Additionally, of significant concern
is the dramatic increase in METH use among individuals with opioid use disorder (Ellis et
al., 2018; Strickland et al., 2019; The Lancet, 2018). From 2011 to 2017, past month METH
use increased by 80% among all opioid users and by 98% among women (Ellis et al., 2018),
and comorbid METH-opioid use accounted for an 11-fold increase in overdose rates (CDC,
2018). While much attention and resources are focused on finding solutions for the US
opioid crisis, there remains no effective pharmacotherapy for METH addiction (Siefried et
al., 2020), and this puts groups with heightened susceptibility for the development and
persistence of drug addiction, such as women and adolescents, at a particular disadvantage.

The orexin (hypocretin) system is emerging as a promising target for the treatment of drug

addiction and relapse. The neuropeptides orexin A (hypocretin 1) and orexin B (hypocretin
2) are released by hypothalamic afferents targeting neurons widely throughout the brain via
two G-protein-coupled receptors, orexin type 1 (OX1) and orexin type 2 (OXj5) (hypocretin

type 1 and hypocretin type 2, respectively) (de Lecea et al., 1998; Sakurai et al., 1998).
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Aside from a prominent role for orexins in arousal (Alexandre et al., 2013; Kilduff and
Peyron, 2000; Sakurai, 2007) and feeding (Berthoud and Miinzberg, 2011; Burdakov et al.,
2013; Cason et al., 2010; Sheng et al., 2014), a growing body of evidence identifies orexins
as important modulators of reward processing and drug-motivated behaviors (Baimel et al.,
2015; James et al., 2016; Simmons and Gentile, 2020). In the context of drug addiction,
orexin neurons are not specifically involved in mediating the primary reinforcing effects of
most drugs of abuse (Espafa et al., 2010; Hutcheson et al., 2011; Smith et al., 2009) (but see
LeSage et al., 2010; Moorman and Aston-Jones, 2009; Smith and Aston-Jones, 2012).
Rather, they are theorized to control motivated responding for drugs (Borgland et al., 2009;
Boutrel et al., 2010; Mahler et al., 2014) and are engaged by drug-associated stimuli, such as
discrete cues and contexts paired with drug administration (Cason et al., 2010; James et al.,
2011; Mahler et al., 2013; Smith et al., 2010).

Preclinical animal models have demonstrated that orexin receptor antagonists are highly
effective in attenuating relapse-related behavior (James et al., 2016) for all drugs of abuse
tested, including cocaine (Bentzley and Aston-Jones, 2015; Martin-Fardon and Weiss,
2014a; Smith et al., 2009, 2010; Zhou et al., 2012), alcohol (Brown et al., 2013; Martin-
Fardon and Weiss, 2014b; Moorman et al., 2017), nicotine (Plaza-Zabala et al., 2010;
Uslaner et al., 2014), remifentanil (Porter-Stransky et al., 2017), and heroin (Smith and
Aston-Jones, 2012). In 2018, the National Institute on Drug Abuse listed antagonists of the
orexin neuropeptide system among the pharmacotherapeutic strategies with the “highest
probability” of Federal Drug Administration approval for the treatment of opioid use
disorder in the near future (Rasmussen et al., 2019). Many of the early preclinical
investigations focused on OX; receptor antagonists, based on initial studies showing little
therapeutic benefit from OX; receptor blockade for cocaine seeking (Zhou et al., 2012) and
generalizing from an apparent dichotomy in orexin function, where OX; receptors primarily
participate in reward processing while OXj receptors primarily participate in arousal
(Akanmu and Honda, 2005; Marcus et al., 2001; Willie et al., 2003). However, several
studies have now demonstrated reduction of drug-seeking behavior by OXj receptor
antagonists for drugs such as nicotine (Uslaner et al., 2014) and alcohol (Brown et al., 2013).
These data suggest potential therapeutic benefit may be derived by blockade of both
receptors, and several groups have called for repurposing the dual orexin receptor antagonist
suvorexant (approved as a therapeutic for insomnia) for the treatment of opioid addiction
(James et al., 2020; Valentino and Volkow, 2020; Volkow, 2020). Supporting this notion, a
recent preliminary examination of suvorexant in patients with cocaine use disorder reported
improvement in relapse-related measures, including cocaine craving (Suchting et al., 2020).

Despite encouraging outcomes for combating motivated behavior for various drugs of abuse,
no investigations into the treatment efficacy of orexin receptor antagonists for METH
addiction have been undertaken. Nevertheless, several studies suggest a role for orexin
peptide signaling in METH’s mechanism of action. For example, acute or chronic
administration of METH induces fos expression in orexin neurons (Cornish et al., 2012;
Estabrooke et al., 2001), and serum levels of orexin A are elevated in individuals with
methamphetamine use disorder (Chen et al., 2016). Therefore, the aim of the present
investigation was to examine the therapeutic potential of selective orexin receptor
antagonists for METH-seeking behavior in a rodent model of relapse in male and female

Drug Alcohol Depend. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zlebnik et al.

Page 4

adolescents and adults. Rats were trained to self-administer i.v. METH and subsequently
underwent a multiple-component reinstatement procedure in which they were treated
systemically with selective OX; or OX5 receptor antagonists and exposed to either a METH
priming injection or METH-related cues. Selective antagonists for both OX; and OXj,
receptors were examined separately to evaluate their individual treatment effects and
contributions to cue- vs. METH-induced drug seeking.

2. Methods and materials

2.1 Subjects

A total of 43 Wistar rats served as subjects in this study. Early adolescence to late
adolescence/emerging adulthood in rats has been estimated to range from postnatal day
(PND) 25-65 (Spear, 2015). Twelve adolescent female and 8 adolescent male rats were bred
in our laboratory at the University of Minnesota from parents obtained from Harlan
Sprague-Dawley, Inc. (Madison, WI, USA) and began testing on PND 23. Thirteen adult
female and 10 adult male rats were obtained from Harlan Sprague-Dawley, Inc. around PND
80-100, and they began testing around PND 90-120. Although adolescent and adults
animals were reared in separate facilities, adult rats were shipped from the vendor during
adulthood to mitigate the impact of early developmental stress. Due to the difficulty of
moving subjects through the lengthy self-administration procedure, however, adolescent rats
that completed the procedure by PND 75 were included in the final analysis (Zlebnik et al.,
2012). When adolescent rats that finished around PND 75 were compared to those that
finished around PND 60, no differences were found in their behavioral data. Mean group
ages (PND) at the conclusion of behavioral testing were as follows: adolescent females = 65,
adolescent males = 65, adult females = 163, and adult males = 144.

After arrival at the laboratory, adult rats were pair-housed in plastic cages and allowed 3-10
days to acclimate before testing. Adults and adolescents had free access to laboratory chow
(Teklad 2018, Harlan Laboratories, Madison, WI, USA) and water. Upon commencement of
behavioral testing, all rats were housed in individual operant conditioning chambers where
they remained for the duration of the study. While in the chambers, rats continued to have
free access to water. Adults were food-restricted (females, 16 g; males, 20 g) to maintain
them at approximately 85% of their free-feeding body weight. To allow for normal
development, adolescents were initially fed ad libitum after session until they began
consuming the daily allotment of their adult counterparts; thereafter, they were restricted to
the adult allotment. All adolescents were restricted to the adult allotment by the end of self-
administration training. All rodent holding rooms were maintained at 24°C and at 40-50%
humidity under a light/dark cycle (12/12-h) with room lights on at 6:00 am. The
experimental protocol was approved by the University of Minnesota Institutional Animal
Care and Use Committee. The study was conducted in compliance with the Principles of
Laboratory Animal Care (National Academies Press, 2011), and all laboratory facilities were
accredited by the American Association for the Accreditation of Laboratory Animal Care.
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2.2 Apparatus

2.3 Drugs

Rats were housed and tested in custom-built operant conditioning chambers as previously
described (Holtz and Carroll, 2013; Zlebnik et al., 2012). Data collection and programming
were conducted using PC computers with a Med-PC interface (MedAssociates, Inc., St.
Albans, VT, USA).

D-Methamphetamine HCI (METH) (National Institute of Drug Abuse, Research Triangle
Institute, Research Triangle Park, NC, USA) was dissolved in 0.9% NaCl at a concentration
of 0.2 mg/ml, and heparin (5 USP/ml) was added to the solution to prevent catheter
occlusion from thrombin accumulation. Consistent with our previous work examining iv
drug self-administration in adolescent and adult rats (Anker et al., 2012, 2011; Anker and
Carroll, 2010b; Holtz and Carroll, 2015, 2013; Zlebnik et al., 2012), the flow rate of each
METH infusion was 0.025 ml/sec, and the duration of pump activation (1 sec/100 g of body
weight) was adjusted daily to provide a 0.05 mg/kg METH dose throughout self-
administration testing. Mean pump durations (sec) per group were as follows: adol males =
1.55, adol females = 1.43, adult males = 3.66, adult females = 2.88. Priming injections of
METH during reinstatement were delivered ip at a dose of 1 mg/kg (Holtz et al., 2012).

The OX; receptor (SB-334867, 20 mg/kg) and the OX, receptor (TCS-0X2-29, 20 mg/kg)
antagonists were synthesized by Dr. Yanan Zhang at Research Triangle Institute and were
dissolved in 10% dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO, USA). A 20
mg/kg (ip) dose was chosen because prior work by others demonstrated that it was sufficient
to reduce cue-primed reinstatement of cocaine seeking (Smith et al., 2009). Due to time
constraints of testing adolescents, only one dose of each antagonist was examined, and all
experimental conclusions are limited to the doses examined.

2.4 Catheterization Surgery

Rats were implanted with chronic indwelling jugular catheters in the right jugular vein by
methods previously described (Zlebnik et al., 2010). Antibiotics (enrofloxacin, 10 mg/kg, sc)
and analgesics (buprenorphine, 0.05 mg/kg, sc) were administered daily during the 3-day
recovery period. Catheters were flushed daily with a solution (0.3 ml, iv) of heparinized
saline (20 USP/ml) to prevent catheter blockage and infection. Catheter patency was
assessed weekly with a solution of ketamine (60 mg/kg), midazolam (3 mg/kg), and saline
(volume ratio: 1:1:2). If loss of the righting reflex did not manifest following iv
administration of this solution, a second catheter was implanted in the left jugular vein, and
the experiment was resumed following a 3-day recovery period and re-establishment of
baseline behavior. Due to the limited window of adolescent testing, no adolescent rat
underwent a second catheter surgery; one female rat and two male rats were re-implanted
following such methods.

2.5 Maintenance, extinction, and reinstatement

Rats were trained to self-administer METH following established methods (Zlebnik et al.,
2012), and all rats acquired METH self-administration. In brief, three experimenter-
delivered priming infusions of 0.4 mg/kg cocaine were administered periodically (9:00 am,
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11:00 am, and 1:00 pm) during initial training sessions, followed by placement of a small
amount of ground food on the active/drug-paired lever. During initial training, METH self-
administration was limited to 40 infusions/session under a fixed-ratio 1 schedule of
reinforcement for 6 h/day (Table 1). House light illumination signaled the start of the
session; responses on the active lever delivered METH infusions and turned on the stimulus
lights directly about the lever, and responses on the inactive lever turned on the stimulus
lights directly about the lever to control for lever pressing for stimulus light presentations
(Barry and Symmes, 1963; Goodrick, 1970; Roberts et al., 1958) but had no other
consequences. Responses during infusions were recorded but did not result in additional
infusions. When rats self-administered 40 infusions for 2 consecutive days in the absence of
experimenter-delivered infusions, the infusion limit was removed, and sessions were
changed to two 2-h sessions/day (9—-11 am, 1-3 pm) for 5 days. Due to the brief duration of
adolescence, 2 sessions/day were used to augment the number of METH self-administration
sessions in as few days as possible following established methods (Anker and Carroll,
2010b). Following 5 days of maintenance of self-administration under these conditions,
METH access and METH-paired cues were discontinued to allow rats to extinguish
responding for 10 days. Subsequently, animals were exposed to a within-subjects
reinstatement period where METH-seeking behavior was precipitated by METH or METH-
related cues. All rats were tested under both priming conditions (e.g., METH injection,
cues), and the order of presentation was counter-balanced across animals. Within each
priming condition, the treatment sequence was nonsystematic. Thirty min prior to the am
session, animals were pretreated with SB-334867, TCS-OX2-29, or vehicle (ip); at the start
of session, animals were primed with METH (ip) or given access to METH cues (e.g.,
noncontingent illumination of house light and response-contingent illumination of stimulus
lights and activation of the sound of the infusion pump). The pm sessions served as
extinction sessions, and rats were pretreated and primed with vehicle (ip) and did not have
exposure to METH cues.

2.6 Data analysis

The primary dependent measures were responses, infusions, and responses during infusions
during maintenance and responses during extinction and reinstatement. For maintenance and
extinction, data were grouped into 2-session blocks to reduce time-of-day variability (e.g.,
am vs. pm session) and the number of post-hoc contrasts. Measures were analyzed with 3-
factor mixed analyses of variance (ANOVA) with age and sex as the between-subjects
factors and blocks of sessions or treatment session as the repeated measure. Separate 3-
factor ANOVA were performed for each priming condition (e.g., cues, METH injection).
Following significant interactions, post hoc tests were performed with Fisher’s least
significant difference (LSD) protected t-tests or Tukey’s multiple comparisons test, and
results were considered significant if p < 0.05. Based on previous studies (Holtz and Carroll,
2015), an a priori decision was made to use Grubb’s extreme studentized deviate test
(GraphPad, San Diego, CA, USA) was used to remove up to 1 outlying point per group
during the reinstatement conditions, and other statistical analyses were performed using GB
Stat (Dynamic Microsystems, Inc., Silver Spring, MD, USA) and Prism (version 9.0 for
Mac, Graphpad). Early trials suggested that the abbreviated experimental procedure did not
yield reinstatement responding as robust as previous work (Holtz et al. 2012); therefore, per
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analytical methods of Ramirez-Nifio et al. (Ramirez-Nifio et al., 2013), rats were removed
from all analyses if they failed to respond at > 175% of extinction responding (mean of
extinction sessions 11-20) during reinstatement sessions with vehicle treatment (e.g., veh/
cues, veh/METH). Similar numbers were removed from each group: adol males = 1, adol
females = 3, adult males = 3, adult females = 3.

3. Results

3.1 Maintenance

Fig. 1 displays responses for METH infusions during the 5-day maintenance period. Results
from the 3-factor ANOVA revealed a significant age X sex X day interaction (F4 214 = 6.23,
p = 0.0001) but no other significant main effects or interactions. Both age and sex
differences in maintenance responding were indicated by the post hoc analyses. Adolescent
males escalated their responding (Fig. 1A, day 1 vs. day 5, p < 0.05) and made significantly
more responses than adolescent females (day 4 and day 5, p < 0.01) and adult males (Fig.
1D, day 5, p < 0.01) by the end of the maintenance period. On day 2, adult males made a
greater number of responses than on days 1 and 3-5 (Fig. 1B, p < 0.05) and also made
significantly more responses than adult females (p < 0.01). There were no differences among
adolescent and adult females (Fig. 1C).

Infusions during the maintenance period are displayed in Fig. 2. Post hoc analyses following
a significant main effect of day (F4 214 = 3.82, p = 0.0055) and a significant age X sex X day
interaction (F4 214 = 5.88, p = 0.0002) also confirmed age and sex differences in infusions
over the maintenance period. Like for responses, adolescent males escalated their infusions
(Fig. 2A, day 1 vs. day 5, p < 0.01) and earned significantly more infusions than adolescent
females and adult males (Fig. 2D, day 5, p < 0.01) by the end of the 5-day period. While
adult males had a greater number of infusions than adult females on day 2 (Fig. 2B, p <
0.05), adult females escalated their infusions (day 1 vs. day 5, p < 0.01) and also earned
significantly more infusions than males by day 5 (p < 0.01). However, despite a notable
increase in infusions over the maintenance period for adult females, there were no
differences among adolescent and adult females on any day (Fig. 2C). Inactive lever presses
throughout the maintenance period were low and did not differ among the groups. Mean (£
SEM) inactive presses on the last day of the maintenance period were as follows: adol male
=16.17 (£ 9.13), adol female = 17.56 (+ 6.63), adult male = 18.35 (+ 8.35), adult female =
13.19 (+ 4.09).

Responses during infusions (data not shown) did not differ between the groups or over the 5-
day maintenance period. Following a significant age X sex X day interaction (F4 150 = 2.952,
p < 0.05) but no significant main effects of age, sex, or day, there were no significant post-
hoc comparisons. The mean (x SEM) responses during infusions for each group over the
maintenance period were as follows: adol male = 19.73 (+ 5.31), adol female = 11.70 (x
2.73), adult male = 19.74 (+ 4.52), adult female = 17.20 (+ 3.80).
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3.2 Extinction

Analysis of extinction responses (Fig. 3) showed a significant main effect of day (Fg 419 =
8.56, p < 0.0001) and also significant age X day (Fg 419 = 2.57, p = 0.007), sex X day (Fg 419
= 3.35, p = 0.0006), and age X sex X day (Fg 419 = 2.59, p = 0.0067) interactions. Most
notably, adult males demonstrated resistance to extinction with more responding on day 1
compared to adult females (Fig. 3B, p < 0.01) and adolescent males (Fig. 3D, p < 0.01).
Adolescent females made more responses than adolescent males on day 2 (Fig. 3A, p <
0.05), but this trend was reversed on days 4 and 6, as adolescent males made more responses
than adolescent females (p < 0.05). While adolescent males also made more extinction
responses than adult males on days 4 and 6 (Fig. 3D, p < 0.05), there were no differences
between adolescent and adult females throughout the extinction period (Fig. 3C). Inactive
lever presses were low and did not differ among the groups. Mean (£ SEM) inactive presses
on the last day of extinction were as follows: adol male = 11.19 (z 0.39), adol female = 3.67
(£ 1.24), adult male = 3.22 (+ 1.12), adult female = 2.33 (= 1.21).

3.3 Cue-induced reinstatement

METH cue-induced reinstatement responding is displayed in Fig. 4A, and analyses
illustrated significant attenuation of METH seeking by orexin receptor antagonism,
regardless of age or sex. A 3-factor ANOVA resulted in a significant main effect of treatment
session (F3 127 = 16.48, p < 0.0001) and a significant age X sex interaction (F1 157 = 5.40, p
=0.028). In order to further probe potential treatment effects across age and sex, additional
3-factor ANOVA were conducted to examine each orexin receptor antagonist separately
(e.g., VEH/no cues, VEH/cues, and SB-334867/cues or VEH/no cues, VEH/cues, and TCS-
0OX2-29/cues).

Analyses of the selective OX4 receptor antagonist SB-334867 revealed a significant main
effect of treatment session (Fy 431 40,07 = 16.50, p < 0.0001) but no significant interactions or
other main effects. Data were collapsed across age and sex, and following a single factor
repeated-measures ANOVA (F1 423 ,44.13 = 14.99, p < 0.0001), post hoc comparisons
revealed significant reduction of cue-induced METH seeking-behavior by SB-334867 in all
groups (Fig. 4A, p < 0.05 vs. vehicle treatment). Similar analyses of the selective OX,
receptor antagonist TCS-OX2-29 showed a significant main effect of treatment session
(F1.31526.83 = 22.01, p < 0.0001) but no significant interactions or other main effects. A
single-factor repeated measures ANOVA was conducted after collapsing across age and sex
(F1.211,40.65 = 20.19, p < 0.0001), revealing notable reductions in cue-induced METH
reinstatement in all groups following treatment with TCS-OX2-29 (Fig. 4A, p < 0.001 vs.
vehicle treatment). Finally, although there was a significant main effect of treatment session
(F3,127 = 11.30, p < 0.0001), inactive lever pressing during cue-induced reinstatement (Fig.
5A) did not differ significantly among the groups or individual treatment conditions.

3.4 METH-primed reinstatement

Treatment effects of SB-334867 and TCS-OX2-29 on reinstatement responding precipitated
by METH priming injections (Fig. 4B) were significantly influenced by age. Results of the

3-factor ANOVA revealed a significant main effect of treatment condition (F3 127 = 21.96, p
< 0.0001) and a significant age X treatment condition interaction (F3 127 = 5.93, p = 0.001).
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Data were collapsed across sex, and the resulting 2-factor ANOVA showed a significant
main effect of treatment condition (F3 127 = 18.10, p <0.0001) and a significant age X
treatment condition interaction (F3 127 = 4.73, p = 0.0041). SB-334867 reduced METH-
seeking behavior in adolescents compared to adults (p < 0.05) and control treatment
conditions (p < 0.01). Inversely, TCS-0X2-29 reduced METH-seeking behavior in adults
compared to adolescents (p < 0.01) and control treatment conditions (p < 0.05).

Inactive lever presses (Fig. 5B) did not differ among the groups or individual priming
conditions. However, compared to inactive lever presses during cue-induced reinstatement
sessions, inactive lever presses during METH-induced reinstatement sessions were elevated,
and this may reflect stimulus generalization where drug seeking was directed toward both
levers in the absence of METH-related cues, general increases in locomotion, or a
combination of both.

4. Discussion

The present study expanded on earlier work investigating the role of orexin
neurotransmission in relapse to drug seeking by examining both OX4 and OX5 receptor
antagonists on METH-motivated behavior in adolescent and adult male and female rats. Our
results revealed age- but not sex-dependent reduction of METH-seeking behavior following
systemic blockade of orexin receptors. Specifically, for METH seeking precipitated by
METH-related cues (Fig. 4A), we found that the selective OX; receptor antagonist
SB-334867 and the selective OX, receptor antagonist TCS-OX2-29 attenuated reinstatement
in both adolescent and adult males and females. However, for reinstatement of METH
seeking precipitated by a METH priming injection (Fig. 4B), SB-334867 reduced
reinstatement responding only in adolescents, whereas TCS-OX2-29 reduced reinstatement
responding only in adults. While previous results demonstrated involvement of the OX but
not OX; receptor in cue-induced cocaine seeking (Smith et al., 2009) and sex-specific
treatment effects of OX; receptor antagonism (Zhou et al., 2012), findings from the current
investigation illustrate that the complementary attenuating effects of OX; and OX5 by age
but not sex. Overall, these results demonstrate differential treatment effects in an animal
model of adolescent addiction vulnerability and suggest a possible role for the orexin system
in mediating reward processes across development.

Prior work in adult rats suggests that the OX; receptor may play a greater role in conditioned
cue- vs. drug-induced drug seeking (Zhou et al., 2012), and the present study supports these
findings by showing that OX4 receptor antagonism attenuated cue-induced but not METH-
induced reinstatement of drug seeking in adult male and female rats. However, we found that
OXj antagonism robustly attenuated METH-induced reinstatement in these groups,
contrasting with previous research showing a lack of an effect of OX, antagonism on
cocaine- and alcohol-induced drug seeking in adults (Brown et al., 2013; Smith et al., 2009)
(but see Uslaner et al., 2014). Conversely, in adolescent rats, OX; receptor antagonism
reduced METH-induced reinstatement responding, while OX, antagonism had no effect.
These opposing results are intriguing, as they suggest that OX4 and OX5 receptors may play
distinct roles in mediating cue- and drug-induced reinstatement of drug seeking over various
stages of development in the rat. A number of studies suggest dynamic changes in orexin
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peptide (Desarnaud et al., 2004; Kessler et al., 2011; Sawai et al., 2010; Van Den Pol et al.,
2001) and receptor (Terao et al., 2002; Van Den Pol et al., 2001) expression across the
lifespan. In particular, early in postnatal development until early adulthood (~ 8 weeks),
hypothalamic orexin A and orexin B peptide expression increases (Sawai et al., 2010), while
0OX7 and OX; receptors are expressed at their highest levels before decreasing across
distributed brain regions (e.g., hypothalamus, hippocampus, cortex) (Van Den Pol et al.,
2001). Critical ongoing maturation of the orexin peptide system over adolescent
development may not only help explain differential treatment efficacy of orexin receptor
antagonists but may point toward a possible mechanism of age-related differences in drug
addiction vulnerability.

Another difference between adolescents and adults in the present study may relate to
potential locomotor-depressant effects of the OX, antagonist. In adults, its administration
reduced both cue- and METH-induced METH seeking (Fig. 4), and — given the prominent
role of the OXj receptor in arousal — this could be interpreted as a non-specific decrease in
behavior vs. a decrease in drug-seeking behavior specifically. However, this was not the case
in adolescents, in which the OX, antagonist decreased only cue-induced, but not METH-
induced, METH-seeking behavior. Regulation of locomotor activity may be differentially
regulated by OXj receptors in adolescents and adults, but levels of inactive lever-pressing
argue against this view. There were no notable differences in activity directed toward the
inactive lever following TCS-OX2-29 treatment compared to vehicle treatment (Fig. 5), and
inactive lever-pressing, especially under METH-priming conditions, did not reach floor
levels in either adolescent or adult rats. Therefore, similar to other investigations of drug-
motivated behavior (Brown et al., 2013; Schmeichel et al., 2015; Uslaner et al., 2014), we
conclude that blockade of the OX5 receptor attenuates METH seeking precipitated by cues
and/or METH priming injection in both adolescents and adults.

Previously, Zhou et al. (2012) observed that OX receptor antagonism attenuated cue-
induced reinstatement of cocaine-seeking behavior in male but not female rats, but these
findings did not extend to METH-seeking behavior in the present study. The current
investigation established that pretreatment with the OX; receptor antagonist reduced
responding in the presence of METH cues in both adolescent and adult male and female rats.
The reasons for differences between cue-induced cocaine and METH seeking are unclear. A
recent study examining incubation of METH seeking after 30 days of forced abstinence
found that female rats expressed higher levels of nucleus accumbens OX; and OXj receptor
mRNA than male rats, and METH seeking in females vs. males was negatively associated
with mRNA levels (Daiwile et al., 2019). This implicates the orexin system in sex
differences that are found in drug seeking, which may reflect general sex differences in the
orexin system. For example, expression of OX; and OX, receptors (Silveyra et al., 2010), as
well as the orexin A and B peptides (Porkka-Heiskanen et al., 2004), vary over the estrous
cycle in female rats. Both the present study and previous work (Zhou et al., 2012) examined
orexin antagonism of drug seeking in freely-cycling female rats, but future studies should
explore an interaction of estrous cycle or gonadal hormones with orexin signaling in the
context of drug-seeking behavior.
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Although the primary focus of this study was the effect of orexin receptor antagonism on
reinstatement of METH seeking, this study also allowed for examination of age and sex
differences in METH self-administration, extinction, and reinstatement. During the
maintenance period, both adolescent males (Fig. 1A, Fig. 2A) and adult females (Fig. 2B)
escalated their intake of METH over the 5-day period, highlighting their vulnerability to
METH self-administration compared to their adult male counterparts. Although previous
studies did not identify the same differences in short-access METH self-administration
compared to adult males (Anker et al., 2012; Hankosky et al., 2018; Reichel et al., 2012;
Westbrook et al., 2020 but see Anker and Carroll, 2010b), these discrepancies may be
related to the two 2-h daily METH self-administration sessions in the present study.
Compared to typical short-access (2 h/day) self-administration sessions, the 4 h of total daily
METH self-administration in the present study may be more similar to long-access
(generally > 6 h/day) conditions that promote the development of behavioral
neuroadaptations resulting in escalation of intake (Edwards and Koob, 2013).

The abbreviated protocol used in the current study may also explain other inconsistencies
with earlier findings. For example, Fig. 3 displays low rates of extinction responding for all
groups throughout the 10-day period, with the only exception being robust responding for
adult males on Day 1 and adolescent males on Days 4 and 6. However, a similar study
examining cocaine reinstatement in adolescent and adult male rats using an identical
protocol demonstrated greater levels of extinction, including overall higher rates in
adolescent males, as well as differential cocaine reinstatement among adolescents and adults
(Anker and Carroll, 2010b). Overall, the lack of robust age and sex differences in drug
seeking presented in the current investigation are nevertheless supported by other
methamphetamine studies in adolescents and adults (Westbrook and Gulley, 2020) as well as
males and females (Holtz et al., 2012; Reichel et al., 2012; Westbrook and Gulley, 2020).

The present study demonstrated age-dependent effects of OX1 and OX, antagonists on
reinstatement of METH-seeking behavior in rats. These results add to a growing body of
literature that establishes promising therapeutic potential for orexin receptor blockade in the
treatment of drug relapse. Our findings suggest ways in which the orexin system can be
harnessed to develop personalized treatment for drug addiction; preferential antagonism of
either the OX4 or OX, receptor may help to target not only specific drugs of abuse (e.g.,
METH, cocaine, alcohol, etc.) (Gotter et al., 2012; Perrey and Zhang, 2020) and relapse
triggers (e.g., cues, drugs) (Brown et al., 2013; Smith et al., 2009; Zhou et al., 2012) but also
individual vulnerability factors (e.g., adolescence) (Zhou et al., 2012). However, at least for
METH relapse-related behavior, a more generalized benefit may be derived from a dual
orexin receptor antagonist (James et al., 2020; Perrey and Zhang, 2020; Winrow et al.,
2010), such as suvorexant. A recent study demonstrated suvorexant to be safe and well-
tolerated in adolescent humans with sleep disorders (Kawabe et al., 2017), and future work
should investigate its efficacy for METH relapse in adolescent and adult populations.
Overall, it is clear that an enhanced understanding of developmental differences in the orexin
system may guide more effective pharmacotherapeutic intervention for addiction to METH
and other drugs of abuse.
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Highlights
. Age affects treatment of methamphetamine seeking by orexin receptor
antagonism
. Blockade of the orexin-1 receptor reduced cued METH seeking in all rats
. In adolescents, orexin-1 receptor antagonism decreased METH-primed
METH seeking
. In adults, orexin-2 receptor antagonism attenuated METH-primed METH

seeking
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Figure 1.
(A-D) Mean (x SEM) maintenance responses for METH (0.05 mg/kg, iv) averaged into 2-

session blocks. Data from (A) and (B) replotted in (C) and (D) to highlight age comparisons.
(A) Adolescent male rats responded significantly more than adolescent female rats during
days 4 and 5 (** p < 0.01) and escalated their responding for METH over the 5-day
maintenance period (day 1 vs. day 5, # p < 0.05). (B) On day 2 of maintenance, adult male
rats responded significantly more than on days 1 and 3-5 (# p < 0.05) and also significantly
more than female rats on day 2 (** p < 0.01). (C) No differences were found in maintenance
responses among adolescent and adult female rats. (D) Adolescent male rats emitted a
greater number of responses during day 5 of maintenance compared to adult male rats (** p
< 0.01). Group numbers: adol male = 8, adol female = 12, adult male = 10, adult female =
12.
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Figure 2.

(A-D) Mean (£ SEM) maintenance infusions for METH (0.05 mg/kg, iv) averaged into 2-

session blocks. Data from (A) and (B) replotted in (C) and (D) to highlight age comparisons.
(A) Adolescent male rats infused significantly more METH than adolescent female rats on
day 5 (** p < 0.01) and escalated their intake over the 5-day maintenance period (day 1 vs.
day 5, ## p < 0.01). (B) On day 2 of maintenance, adult male rats self-administered
significantly more METH than female rats (* p < 0.05). Adult female rats significantly
escalated their intake of METH over the 5-day maintenance period (day 1 vs. day 5, ## p <
0.01) and self-administered more METH than male rats on day 5 (* p < 0.05). (C) No
differences were found in METH infusions among adolescent and adult female rats. (D)
Adolescent male rats had greater intake of METH on day 5 of maintenance compared to
adult male rats (** p < 0.01). Group numbers: adol male = 8, adol female = 12, adult male =
10, adult female = 12.
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Figure 3.
(A-D) Mean (x SEM) extinction responses averaged into 2-session blocks. Data from (A)

and (B) replotted in (C) and (D) to highlight age comparisons. (A) Adolescent female rats
responded significantly more than adolescent male rats on day 2 (* p < 0.05), while
adolescent male rats responded significantly more than adolescent female rats on days 4 and
6. (B) Adult males were more resistant to extinction on day 1 than adult females (** p <
0.01) and responded more on day 1 than on days 2-10 (# p < 0.01). (C) No differences were
found in extinction among adolescent and adult female rats. (D) Adult male rats responded
more than adolescent male rats on day 1 of extinction (** p < 0.01), while adolescent male
rats responded more than adult male rats on days 4 and 6 (* p < 0.05). Group numbers: adol
male = 8, adol female = 12, adult male = 10, adult female = 12.
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Reinstatement Condition

Figure 4.
Mean (= SEM) reinstatement active responses induced by (A) METH-related cues or (B)

METH injections (1 mg/kg, ip). (A) There were no significant age or sex differences in the
attenuation of cue-induced reinstatement by orexin receptor antagonism. Both the selective
OX1 receptor antagonist SB-334867 (vs. VEH/cue, # p < 0.05) and the selective OX,
receptor antagonist TCS-OX2-29 (vs. VEH/cue, ### p < 0.001) reduced reinstatement
responding in adolescent and adult males and females. (B) Regardless of sex, SB-334867
suppressed METH-induced reinstatement selectively in adolescents (vs. VEH/cue, # p <
0.05; vs. adults, * p < 0.05), and TCS-OX2-29 suppressed reinstatement selectively in adults
(vs. VEH/cue, # p < 0.05; vs. adolescents, ** p < 0.01). Group numbers: adol male = 7, adol
female = 9-10, adult male = 7-8, adult female = 9.
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Reinstatement Condition

Figure 5.
Mean (= SEM) reinstatement inactive responses primed by (A) METH cues or (B) METH

injections (1 mg/kg, ip). There were no significant differences among the groups, treatments
(e.g., VEH, SB-334867, TCS-0X2-29), or individual reinstatement conditions. Group
numbers: adol male = 7, adol female = 9-10, adult male = 7-8, adult female = 9.
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