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Abstract

Opioid use disorder is a serious public health issue in the United States. Animal models of

opioid dependence are fundamental for studying the etiology of addictive behaviors. We tested the
hypothesis that extended access to heroin self-administration leads to increases in heroin intake
and produces somatic signs of opioid dependence in both male and female mice. Adult C57BL/6J
mice were trained to nosepoke (fixed-ratio 1) to obtain intravenous heroin in six daily 1-h sessions
(30-60 pg/kg/infusion). The mice were divided into short access (ShA; 1 h) and long access
(LgA; 6 h) groups. Immediately after the 10t escalation session, the mice received a challenge
dose of naloxone (1 mg/kg), and somatic signs of withdrawal were recorded. The mice readily
acquired intravenous heroin self-administration. LgA mice escalated their drug intake in the first
hour across sessions and had significantly higher scores of somatic signs of haloxone-precipitated
opioid withdrawal compared with ShA mice. Female mice exhibited increases in heroin intake
compared with male mice. Male and female mice exhibited similar levels of somatic signs of
withdrawal. Because of the wide availability of genetically modified mouse lines, the present
mouse model may be particularly useful for better understanding genetic and sex differences that
underlie the transition to compulsive-like opioid taking and seeking.

1. Introduction

Opioid use disorder is defined as a chronically relapsing disorder that is characterized by
compulsive opioid intake, loss of control in limiting drug intake, and the presence of a
negative emotional state when access to the drug is prevented (Koob et al., 2014). According
to the Substance Abuse and Mental Health Services Administration (2017), 11.8 million
people over the age of 12 misused opioids in 2016. The model-adjusted prevalence of having
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prescription opioid use disorder among nonmedical users increased from 12.7% in 2003

to 16.9% in 2013 (Han et al., 2015). In 2015, drug overdoses were the leading cause of
accidental death in the United States (American Society of Addiction Medicine, 2016).
From 2002 to 2016, the number of heroin users increased by 135%, and the humber of
deaths that were attributable to heroin increased by 533% in the United States (Substance
Abuse and Mental Health Services Administration, 2017). Among individuals aged 18 to 64,
rates of overdose deaths that involved prescription opioids increased from 4.5 per 100,000

in 2003 to 7.8 per 100,000 in 2013 (Han et al., 2015). Further research of the neurobiology
of opioid use disorder is needed to identify novel strategies for prevention, diagnosis, and
treatment.

Animal models of opioid addiction are essential for understanding the etiology of the
disease because they permit investigations of specific elements of the drug addiction process,
such as the acquisition and escalation of drug intake, abstinence, and relapse in operant
models. Rat self-administration models have demonstrated that various opioid drugs serve
as reinforcers that maintain stable patterns of self-administration (e.g., Wade et al., 2015).
Limited access to opioids (e.g., 1-3 h per day) in both animal models and humans produces
drug consumption that remains relatively stable over time. This pattern of moderate intake
has been hypothesized to model controlled drug intake in the initial stages of drug addiction
(Harding and Zinberg 1983). In contrast, with extended access to intravenous opioids

(e.g., 6-23 h per day), rodents develop several somatic and motivational signs of opioid
dependence that have similarities to drug consumption (i.e., drug dependence) that is
observed in later stages of drug addiction in humans. For example, rats exhibit the escalation
of drug intake over time, higher levels of drug seeking (Ahmed et al., 2000; Barbier et

al., 2013; Lenoir and Ahmed, 2006, 2007; Schmeichel et al., 2015; Vendruscolo et al.,

2011; Wade et al., 2015), and greater sensitivity to heroin- and stress-induced reinstatement
(Ahmed et al., 2000; Lenoir and Ahmed, 2006, 2007). Additionally, upon opioid withdrawal,
rats exhibit elevations of intracranial self-stimulation thresholds (i.e., “hypohedonia”; Kenny
et al., 2006), allodynia (Barbier et al., 2013; Edwards et al., 2012; Park et al., 2015), anxiety-
like behavior (Park et al., 2013), and somatic signs of opioid withdrawal (Vendruscolo et al.,
2011). Thus, rat models of extended vs. limited drug access have been used to model the
transition from controlled drug use to compulsive drug seeking and taking and to investigate
the underlying neurobiological mechanisms (Koob and Volkow, 2016; Tunstall et al., 2017).
Despite the wide availability of genetically modified mouse lines to study the neurobiology
of opioid addiction, few mouse studies have investigated extended access to intravenous
drug self-administration.

Although significant sex differences in the vulnerability to drug addiction have been
reported in both human and rodent studies, the vast majority of preclinical studies have

been conducted in male subjects only. In humans, men are more likely than women to abuse
drugs, but this current sex difference may be the result of differences in opportunity and

not necessarily the vulnerability to drug abuse (Becker and Chartoff, 2018; Becker and Hu,
2008). The number of women who use and abuse drugs is on the rise (Becker and Hu, 2008).
Clinical reports suggest that women progress through the key stages of addiction from initial
use to dependence at a faster rate than men (Becker and Koob, 2016; Brady and Randall,
1999; Kosten et al., 1993). Similar results have been found in preclinical studies. Female

Neuropharmacology. Author manuscript; available in PMC 2022 August 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Towers et al.

Page 3

rodents were shown to develop specific characteristics of addiction faster or following less
drug exposure than male rodents (Anker and Carroll, 2010; Becker and Koaob, 2016; Lynch,
2006, 2018; Lynch and Taylor, 2004; Priddy et al., 2017).

The present study compared male and female mice that were allowed to intravenously
self-administer heroin in short- and long-access sessions. We also evaluated the somatic
signs of naloxone-precipitated withdrawal.

2. Material and Methods
2.1. Subjects

Adult male (n=19) and female (7= 19) C57BL/6J mice (The Jackson Laboratory, Bar
Harbor, ME, USA) were used. All of the mice were individually housed in a temperature-
controlled (22°C) vivarium on a 12 h/12 h light/dark cycle (lights on at 6:30 PM) with ad
libitum access to food (Envigo — formula 7017; calories from protein: 24%; calories from
fat: 14%, calories from carbohydrate: 62%) and water. All of the procedures adhered to the
National Institutes of Health Guide for the Care and Use of Laboratory Animals and were
approved by the National Institute on Drug Abuse Animal Care and Use Committee.

2.2. Surgery

After acclimating to the animal facility for at least 7 days, the mice were surgically
implanted with intravenous catheters in the right jugular vein as previously reported
(Thomsen and Caine, 2007). The mice were anesthetized with isoflurane (2-3%). The
midscapular region was shaved, and Nair™ was applied anteromedially to the right forearm
to remove the fur. Both areas were cleaned with 70% alcohol and povidone-iodine. An
incision was made on the mouse’s back and neck, and a chronic silastic catheter (SAI
Infusion Technologies, Lake Villa, IL, USA) was passed subcutaneously to exit dorsally
viathe midscapular region. After isolating the right jugular vein under 2x magnification,
the vein was punctured with a 23-gauge needle, and the catheter was inserted to the point
that a silicone bead that was positioned 1.2 cm from the catheter tip was situated at the
point of vein puncture. Blood was drawn to confirm correct placement in the vein, and

the catheter was secured in place with silk-thread sutures immediately above and below

the silicone bead. An additional suture was used to anchor these two sutures to each other.
The catheter port was situated in the midscapular incision, and the incisions on the back
and neck were sutured and glued with veterinarian adhesive (VetBond, Fisher Scientific,
Asheville, NC, USA). The catheters were immediately flushed after surgery and daily
during post-operative recovery with 0.02 ml sterile heparinized (20 USP units/ml) saline that
contained antibiotic (67 mg/kg Cefazolin). All of the mice were allowed to recover for 5-7
days before behavioral testing. Thereafter, the catheters were flushed with 0.02-0.03 ml of
heparinized saline (200 U/ml) before and after each self-administration session. The patency
of the catheters was confirmed for individual subjects during training and at the completion
of the study for all mice using a sedative cocktail (15 mg/ml ketamine and 0.75 mg/ml
midazolam).

Neuropharmacology. Author manuscript; available in PMC 2022 August 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Towers et al.

Page 4

2.3. Self-administration chambers

The self-administration sessions were conducted in mouse operant chambers (Med
Associates, St. Albans, VT, USA). The chambers (21.4 cm length x 20.3 cm width x

12.7 cm height) were located in a dark room and individually enclosed in wooden sound-
attenuating cubicles that were fitted with a ventilation fan that additionally masked external
noise. The operant chamber consisted of clear polycarbonate side walls and ceiling, with a
modular aluminum front and back walls that allowed operant manipulanda to be mounted.
The floor consisted of twenty-four 3.2 mm diameter steel rods that were spaced 8.9 mm
apart. Two illuminated nosepoke holes (1.3 cm diameter x 1 cm depth) that were equipped
with an infrared beam were mounted 1.5 cm above the floor on the front wall. A spring-
covered Tygon tube was connected to the mouse’s catheter through a fluid swivel, and the
swivel was connected to a syringe that contained the heroin solution that was placed outside
the chambers. The syringe was placed inside a syringe pump (Med Associates, St. Albans,
VT, USA; 3.3 revolutions per minute) that was placed on top of the wooden cubicle. MedPC
software controlled the delivery of fluids and presentation of visual stimuli and recorded the
behavioral data.

2.4, Self-administration procedure

The experimental procedure is shown in Fig. 1. All of the behavioral tests were conducted
during the dark phase of the light/dark cycle, 3-5 days per week. The mice were trained

to nosepoke in one of two nosepoke holes (i.e., the active nosepoke hole) on a fixed-ratio

1 (FR1) schedule of reinforcement (i.e., each operant response resulted in drug delivery) to
obtain 20 pl of heroin (National Institute on Drug Abuse, Intramural Research Program
Pharmacy, Baltimore, MD, USA; 30 pg/kg/infusion) that was delivered over 1.4 s in

daily 1 h sessions. Each session was initiated with the programmed delivery of a single
priming infusion. All reinforced responses were followed by a 30-s timeout period, in
which a cue light that was above the active nosepoke was turned on. Additional nosepokes
during the timeout period did not result in additional infusions. Nosepokes in the other
nosepoke hole (i.e., the inactive nosepoke hole) had no programmed consequences. No food
restriction was used to establish operant responding. Peanut butter (Jif, Orrville, OH, USA)
was placed in the active nosepoke hole before the first acquisition session to encourage

the mice to locate the active nosepoke hole. Once the peanut butter was eaten by the
mouse, behavior was maintained solely by heroin reinforcement. During the acquisition of
heroin self-administration, food and water were unavailable in the test chambers. After the
acquisition of heroin self-administration (5 days of 1-h sessions), the dose was increased to
60 pg/kg/infusion in one 1-h session. Following the last acquisition session, the mice were
divided into two groups that were matched for active nosepokes in the last session and given
either 1-h or 6-h access to heroin self-administration in 10 sessions. During the escalation
phase, the sessions were conducted three times per week with 1-2 days between sessions
(i.e., typically a Monday-Wednesday-Friday schedule), based on our unpublished data with
rats that indicated a robust and reliable escalation using this procedure.
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2.5. Measurement of naloxone-precipitated withdrawal

Immediately after the 10t session, the mice in the 1- and 6-h groups were administered

the preferential p-opioid receptor antagonist naloxone (1 mg/kg, intraperitoneally; Mylan
Institutional, Galway, Ireland) and placed in a Plexiglas box (8 in length x 8 in width x
11.5 in height) to observe somatic signs of naloxone-precipitated opioid withdrawal. Five
minutes after the injection, the number of paw tremors (i.e., “clapping paws” in front of the
chest) and jumps were counted for 15-min. The mice were also observed for less frequent
signs of withdrawal, including abnormal posture (counted once per session), scratches, wet
dog shakes, abdominal constriction, salivation, ptosis, and genital grooming. All of the
observations of withdrawal signs were weighted equally (i.e., one score per observation)
and totaled to yield the withdrawal score. The two observers were blind to the experimental
conditions during the somatic withdrawal testing.

2.6. Statistical analysis

The data are expressed as the mean and standard error of the mean (SEM). The data were
analyzed using between-subjects, within-subjects, or mixed two-way analysis of variance
(ANQVA) as appropriate. First-hour intake during the escalation phase was analyzed using

a three-way mixed ANOVA, with Group (1 h or 6 h), Sex (male or female), and Session as
factors. A two-way repeated-measures ANOVA (Sex x Session) was used to compare 6-h
intake across escalation in the male and female LgA groups. Post hoc comparisons were
performed using the Duncan test when appropriate. Somatic signs of opioid withdrawal
were analyzed using a two-way mixed ANOVA (Sex x Group). Additionally, planned
pairwise-comparisons were conducted using Fisher’s LSD to explore the effect of heroin
access on escalation in the 15t h self-administration in males and females analyzed separately
(i.e., despite no significant Sex x Group x Session interaction). Eta-squared (n2) was used as
a measure of effect size. Values of o < 0.05 were considered statistically significant.

3. Results

All mice were given access to 30 pg/kg and 60 pg/kg doses of heroin. Because all the
sessions for the ShA mice were the same length during access to these doses (i.e., 1 h), we
analyzed their 5 acquisition sessions at 30 pg/kg and their next 5 sessions at the 60 pg/kg
dose to determine a self-administration dose-response in male and female mice. During the
acquisition phase of intravenous heroin self-administration at the 30 pg/kg/infusion dose,
the female mice exhibited increased heroin self-administration compared with male mice
(Fig. 2, left panel; Sex Effect: 1 14 = 4.8, p<0.05; 12 = 0.14; female > male; Session
effect: F456 = 16.7, p< 0.0001, 12 = 0.18; increased responding across sessions; Sex x
Session interaction: f4 56 = 9.3, p< 0.0001; 12 = 0.10). The posthoc comparisons indicated
that females self-administered more heroin compared with males from session 3 onward
(0 < 0.05). At the 60 pg/kg/infusion dose of heroin (Fig. 2, center panel), the ANOVA

did not yield any significant effects (Sex effect: 1 14 = 2.4, p= 0.14; Session effect:

F156 = 1.5, p=0.23; Sex x Session interaction: /4 56 = 1.0, p= 0.41). To analyze the
self-administration dose-response function (Fig. 2, right panel), we calculated the average of
the last three sessions at the 30 ug/kg/infusion dose shown in Fig. 2, left panel, compared
with the average of the last three sessions at the 60 pg/kg/infusion dose shown in Fig.
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2, center panel. The ANOVA yielded a significant Sex x Dose interaction: £ 14 = 9.5,
p<0.01; 12 =0.10 (Sex effect: £ 14 = 8.1, p<0.05; n? = 0.23; female > male; Dose

effect: 1 14=10.3, p<0.01; n2 = 0.11). The posthoc comparisons indicated that females
self-administration significantly more compared with males at the dose of 30 pg/kg/infusion,
but not at 60 pg/kg/infusion (o < 0.001), suggesting a rightward-shift in intravenous heroin
self-administration dose-response function in female mice compared with male mice.

Fig. 3 shows the number of intravenous heroin infusions during the escalation phase that
were received in ShA and LgA mice in the first hour of the session during the escalation
phase. In the ShA sessions and first hour of the LgA sessions, the three-way ANOVA
yielded significant effects of Sex (/1 34 = 5.4, p<0.05; 12 = 0.08; female > male), Group
(F134=6.6, p<0.05; 12 = 0.10; LgA > ShA), and Session (Fo.306 = 6.2, < 0.0001;

n2 = 0.04) and a significant Group x Session interaction (Fo,306 = 3.7, p<0.001; 72

= 0.02) but not a significant Sex x Group interaction (F1 34 = 2.2, p = 0.15), a Sex x

Session interaction (/g 306 = 0.5, p=0.88) or a Sex x Group x Session interaction (/g 306

= 1.2, p=0.28). The posthoc comparisons on the Group x Session interaction indicated
that LgA mice received significantly more heroin infusions in the first hour compared

with ShA mice in sessions 6-10 (p < 0.05). LgA mice exhibited an increase in heroin
self-administration in the first hour of sessions 5-10 compared with session 1 (p < 0.05).
Additional planned comparisons explored male and female behavior separately. For male
LgA mice, the comparisons indicated that sessions 7-10 were elevated compared to session
1 (0 < 0.05). For female LgA mice, sessions 4-10 were elevated compared to session 1 (o

< 0.05). Neither ShA males nor ShA females demonstrated responding on any session that
was different from responding on session 1 (p > 0.05). These data suggest escalation in both
male and female mice given long-access to heroin. However, when comparing LgA and ShA
groups on a session-by-session basis, the comparisons indicated that male LgA mice did not
respond more than male ShA mice on any session (p > 0.05). Females LgA mice responded
more than Female ShA mice on sessions 4 and 6-10 (p < 0.05). These comparisons suggest
that the escalation in female mice was more dramatic than in male mice.

Table 1 shows the number of intravenous heroin infusions in 6 h during the FR1 schedule of
reinforcement in LgA mice. In LgA mice, the two-way repeated-measures ANOVA yielded
a significant effect of Sex (F1 20 = 11.09, p< 0.01, n2 = 0.30; female > male) but not a
significant Session effect (/g 159 = 0.43, p=0.92) or a significant Sex x Session interaction

(Fo,180 = 1.39, p=0.20).

We did not find sex or group differences for inactive nosepokes (data not shown).

For nosepokes in the active operandum during the timeout, the ANOVA indicated that

LgA females (average of 10 sessions: 627.4 + 267.1) exhibited increased responding
compared with males (average of 10 sessions: 54.3 + 17.0) during the 6 h session (sex

effect: F1,20)=6.58; p<0.05; session effect: Fg 180)=1.10; p=0.36; sex x session interaction:
F(9,180)=1.12; p=0.35). The high responding and variability in LgA females was likely due to
exploratory behavior (e.g., sniffing) inside the nosepoke port during the timeout because the
program was set to continuously record responses (i.e., breaks of the infrared beam inside
the nosepoke port) during the timeout without a debounce time (i.e., after a response was
recorded, there was no delay time until the next response could be recorded). For ShA mice,
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we did not find difference between female (average of 10 sessions: 15.9 + 7.8) and male
(average of 10 sessions: 6.1 + 1.5) mice (sex effect: F(1 14)=1.51; p=0.24; session effect:
F(9,126)=1.58; p=0.13; sex x session interaction: F(g 176)=0.97; p=0.47)

Fig. 4 shows total scores for somatic signs of naloxone-precipitated withdrawal in ShA and
LgA mice. The two-way ANOVA yielded a significant effect of Group (£ 34 = 24.2, p<
0.0001, 12 = 0.40), in which LgA mice exhibited more signs of opioid withdrawal compared
with ShA mice. The ANOVA did not yield a significant effect of Sex (/34 = 0.46, p=0.50)
or a significant Sex x Group interaction (F1 34 = 1.9, p=0.18).

Table 2 shows the number of paw tremors, jumps, and miscellaneous somatic signs of
naloxone-precipitated withdrawal in ShA and LgA mice. The two-way ANOVA yielded a
significant effect of Group on paw tremors (F1 34 = 11.3, p<0.01, 12 =0.24; LgA > ShA;
Sex effect: F1 34 = 0.44, p=0.51; Sex x Group interaction: F1 34 = 0.96, p= 0.33) and jumps
(F134=8.3, p<0.01, 12 =0.19; LgA > ShA; Sex effect: F134=0.01, p=0.91; Sex x Group
interaction: Fq 34 = 0.37, p= 0.55) but not on other miscellaneous signs (Group effect: Fq 34
=0.06, p=0.80; Sex effect: Fy 34 = 0.45, p=0.51; Sex x Group interaction: Fy 34 = 0.81, =
0.37).

Discussion

In the present study, we adapted and validated in mice a model that was originally developed
in rats (Ahmed and Koob, 1998) of limited-access, stable heroin self-administration

vs. extended-access, compulsive-like heroin self-administration. LgA mice of both sexes
exhibited the escalation of intravenous heroin self-administration, and an increase in somatic
signs of naloxone-precipitated withdrawal compared with ShA mice. Additionally, female
mice self-administered more heroin compared with male mice.

Although mice of both sexes readily acquired intravenous heroin self-administration at the
30 pg/kg/infusion dose, the females exhibited about twice as much responding for heroin
from session 3 to 5 compared with males. No sex differences were found when the dose
was increased to 60 pg/kg/infusion. That females self-administered more heroin at the lower
dose suggest that females may be less sensitive to the effects of heroin (e.g., reinforcing

or rate-limiting effects) compared to males (i.e., a right-shift of the dose-response curve).
Future parametric studies with a wider range of doses will address this point. Alternatively,
the lack of titration exhibited by males across the 30 and 60 pg/kg/infusion heroin doses may
be sex specific, as a similar result was found in male rats self-administering heroin across a
wider range of doses (30 —120 pg/kg/infusion; Wade et al., 2014). Critically, the finding that
ShA male and female mice did not differ in responding for heroin at the 60 pg/kg/infusion
dose suggests that the enhanced escalation of heroin intake in female LgA mice was not due
to differences in baseline self-administration responding resulting from potential differences
between sexes in propensitiy to perform an operant response or in behavioral activity in
general.

By giving the mice short or long access to heroin, we generated groups of male and
female mice with a limited drug self-administration history (ShA) and a greater drug
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self-administration history that caused somatic and motivational signs of drug dependence
(LgA). As demonstrated previously for intravenous opioid self-administration in rats and
in the present study in mice, ShA mice exhibited a regular and stable pattern of heroin
consumption when given limited access to heroin. In contrast, LgA mice that were given
extended access to heroin exhibited a different pattern of heroin intake, which included

an initial “loading” in drug intake in the first hour of heroin access. The increase in
“drug-loading” behavior that was observed during the first hour of the LgA session may
reflect the emergence of a negative emaotional-like state during withdrawal, which has
been hypothesized to drive compulsive-like self-administration via negative reinforcement
(Koob et al., 2014). These results suggest that extended access to heroin imparts an
additional source of motivation to seek and take the drug in mice. This mouse model

may be particularly useful for studying both the appetitive properties of opioids that drive
the acquisition phase of drug taking (modeled in ShA mice) and the motivational and
neurobiological adaptations that comprise the transition to drug dependence (modeled by
LgA mice).

Previous studies reported that rats that were maintained on a 6-h access model (Lenoir

and Ahmed, 2006, 2007) escalated their heroin intake in the first hour of the session and
across the entire 6-h LgA session. The previous findings that extended access leads to a
greater intensity of drug taking in rats were similarly demonstrated in the present study with
mice. Specifically, LgA but not ShA mice escalated their heroin intake in the first hour of
the sessions. In contrast to the majority of rat studies (Ahmed et al., 2000; Barbier et al.,
2013; Lenoir and Ahmed, 2006, 2007; Schmeichel et al., 2015; Vendruscolo et al., 2011;
Wade et al., 2015), LgA mice did not escalate their total (i.e., 6 h) heroin intake across
sessions. In addition to species, procedural differences, such as dose, session length, the
number of sessions, may explain these discrepancies. Such procedural differences in rat
studies can alter the development and expression of escalated drug-taking behavior (e.g.,
Wade et al., 2015). Future studies should refine these parameters in mice to further describe
drug escalation and dependence.

Several studies have reported that mice will intravenously self-administer drugs, including
cocaine (Caine et al., 2007; Zhang, 2006) and heroin (Zhang et al., 2015), similarly to

rats (for review, see Kmiotek et al., 2012; Thomsen and Caine, 2007). However, we could
only find one previous study that explicitly compared short-access vs. extended-access drug
self-administration in mice. Zhang et al. (2014) gave C57BL/6J mice short (1-h) or long
(4-h) access to oxycodone (0.25 mg/kg/infusion) across 14 consecutive daily sessions and
observed an escalation of oxycodone intake in the LgA group but not in the ShA group,
providing convergent evidence that supports the present findings (i.e., the escalation of
drug intake in mice following LgA vs. ShA opioid access). Importantly, however, this
experiment did not include an acquisition phase, thus making it difficult to discern the
specific contributions of operant learning from the escalation of drug intake that is caused by
the development of drug dependence over LgA sessions.

Notably, in the present study, female mice self-administered more heroin during the 1-h ShA
session and the first hour and 6 h of the LgA session. These results are consistent with
Cicero et al. (2003), who reported that female rats self-administered significantly greater
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amounts of heroin than male rats. Evidence also indicates that single housing animals might
have differential effects in male and female rodents (Becker and Koob, 2016). Males are
more territorial, and females are more social. In the present study, all of the mice were
single-housed rather than group-housed. Thus, the housing conditions may have been more
stressful to female mice and contributed to their increase in drug taking. Zhang et al.
(2015) did not report a significant difference in heroin self-administration between male
and female mice. This could be attributable to the fact that the mice were group-housed
after surgery and the high dose of heroin that was used in their study. Previous studies

of conditioned place preference in rats reported that low doses of morphine were more
rewarding in females than in males (Karami and Zarrindast, 2008). This opens interesting
new avenues for studying the effects of environment, sex, and drug availability on opioid
self-administration and motivation. However, a limitation of the present study is the use of
a single dose of heroin in the escalation phase. As suggested by the dose-effect function in
ShA mice, females were putatively more resistant to the effects of heroin than males (i.e., a
right shift of the dose-response function in females) and this might have contributed to the
increased escalation of drug intake observed in females.

In the present study, we also observed significantly more somatic signs of naloxone-
precipitated withdrawal in LgA mice compared with ShA mice, reflecting the development
of physical dependence on opioids in LgA mice. These results are consistent with previous
studies in rats that reported a significant increase in somatic signs of naloxone-precipitated
withdrawal in LgA rodents compared with ShA rodents (Vendruscolo et al., 2011). Although
male mice self-administered less heroin than female mice, they exhibited slightly more
somatic signs of withdrawal compared with females. Although females self-administered
more heroin than males, we did not find sex differences in the expression of somatic signs
of withdrawal. A possible explanation for this finding is that females appear to be more
resistant to opioid withdrawal signs than male mice (Diaz et al., 2005; see, for review,
Becker and Koob, 2016). Alternatively, the lack of differences between males and females
in the present study might simply be attributable to a ceiling effect. Our 15-min period of
observing signs of heroin withdrawal may have been too short to see a significant difference
between males and females. Evidence indicates that the time course of the manifestation of
withdrawal symptoms is different between males and females. Cicero et al. (2002) reported
that withdrawal symptoms in male rats were more prolonged compared with female rats.

In summary, the present study suggests that mice with extended access to heroin escalate
their heroin intake and exhibit a “drug-loading” pattern of intake, and the development

of physical dependence. Significant sex differences were observed. Female mice that had
extended access to heroin exhibited more robust escalation. We propose that mice that are
given extended vs. limited access to opioids constitutes a useful model for studying the
neurobiological adaptations that underlie opioid addiction in both sexes.
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Highlights
. Mice with extended access to heroin escalated their drug intake
. Mice with extended access to heroin exhibited somatic signs of opioid
withdrawal
. Females showed increased heroin intake compared with males
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Figure 1.

Timeline of the study. Adult male and female C57BL/6J mice underwent surgery and were
implanted with a catheter in the right jugular vein and a back-mounted port. The mice

were allowed 1 week to recover before the first acquisition session. During the acquisition
phase, the mice were trained to nosepoke on an FR1 schedule to obtain intravenous heroin
(30 pg/kg/infusion in sessions 1-5; 60 pg/kg/infusion in session 6 onward). The mice then
underwent the escalation phase and were divided into short access (ShA; 1 h) or long access
(LgA; 6 h) groups. During the escalation phase, the mice were allowed to self-administer
heroin in 10 sessions on a Monday-Wednesday-Friday schedule. Immediately after the 10t
escalation session, somatic signs of opioid withdrawal (e.g., paw tremors, jumps, etc.) were
recorded for 15 min following administration of the preferential p-opioid receptor antagonist
naloxone (1 mg/kg) to precipitate withdrawal.
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Self-administration dose-response
(avg. 3 session each dose)

307

20

Infusions/1 h

-<- Female
*%x% - Male

Heroin (ug/kg)

Dose-dependent heroin self-administration in mice of both sexes. Left panel: Increased
heroin self-administration at 30 pg/kg/infusion in female mice compared with male mice.
Center panel: Male and female mice did not differn in heroin self-administration at 60
ug/kg/infusion. Right panel: Female mice change their heroin self-administration in function
of the dose, whereas the male mice did not. The graph shows the average of the last three
sessions at the 30 pg/kg/infusion dose shown in the left panel compared with the average of
the last three sessions at the 60 ug/kg/infusion dose shown in the center panel. Note: only the
mice assigned to the ShA group were used (1 h sessions for both doses). *p<0.05, **p<0.01,

***p<0.001.
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Figure 3.
Extended access to heroin resulted in the escalation of heroin intake during the first hour in

LgA mice. All of the mice received identical operant training during the acquisition phase.
The mice learned to nosepoke in the active nosepoke hole to receive heroin infusions in

1-h sessions (30 pg/kg/infusion in sessions 1-5; 60 pg/kg/infusion in session 6 onward).

In the escalation phase, the mice were allowed continuous access to heroin infusions for 1

h (ShA) or 6 h (LgA) per day for 10 sessions. The ShA groups maintained steady intake
over repeated sessions. The LgA groups escalated their heroin intake during the first hour of
the LgA sessions across time. Female mice self-administered significantly more heroin than
male mice during the ShA and LgA sessions (see Results for details). The data are expressed
as mean + SEM. n=8-11. *p< 0.05, **p < 0.01, different from ShA (male and female

data combined); *p < 0.05, ***p< 0.001, different from session 1 (male and female data
combined); &p < 0.05, different from male (overall effect of sex).
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Figure 4.
LgA mice exhibited more somatic signs of opioid withdrawal than ShA mice. The

mice were administered the preferential p-opioid receptor antagonist naloxone (1 mg/kg,
intraperitoneally), and somatic signs of naloxone-precipitated withdrawal were recorded for
15 min. The withdrawal score comprised the total number of observations of various signs of
somatic withdrawal (see Methods). The data are expressed as mean = SEM. n=8-11. ***p
< 0.001, different from ShA (male and female data combined).
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Table 1.

Female mice self-administered more heroin than male mice in the LgA (6 h) sessions.

Page 18

Sex Session1 | Session2 | Session3 | Session4 | Session5 | Session6 | Session7 | Session8 | Session9 | Session
10
Male 52+6 53+6 44 +4 52+5 57+6 56+8 62+8 54 +10 60+ 10 55+8
Female | 90 + 91 + 102 + 95+ 92+ 89+ 95+ 95+ 90 + 93+
7&& 9&& 11&& 12&& 10&& 11&& 14&& 13&& 11&& 10&&

The data are expressed as mean + SEM. n=8-11.

&&p< 0.01, different from males (overall effect of sex).
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LgA mice exhibited more paw tremors and jumps than ShA mice.

Table 2.

Group | Sex Paw Tremors Jumps Miscellaneous signsl
ShA Male | 32.25+14.87 0.38+0.38 1.63+0.38
LgA | Male | 106.09+16.64™ | 28.27+7.79™" | 3.00£051
ShA Female | 60.13+7.92 4.38+2.85 3.50 % 2.66
LgA | Female | 100,64 +20.09™ | 22.55+10.89™ [ 273038

1 . R~ . .
Wet dog shakes, abnormal posture, scratching, profuse salivation, and genital grooming.

The data are expressed as mean + SEM. n=8-11.

Ak
p<0.01, different from ShA (male and female data combined; overall effect of group).
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