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1 | INTRODUCTION

The 2018 National Survey on Drug Use and Health reported that 9.9
million people aged 12 and older misused prescription opioids in the
past year, suggesting that prescription opioid misuse contributes to the
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Abstract

Withdrawal from opioid painkillers can produce short-lived physical symptoms and
protracted psychological symptoms including anxiety and depressive-like states that
often lead to opioid misuse and opioid use disorder (OUD). Studies testing the
hypothesis that opioid withdrawal potentiates the reinforcing effects of opioid self-
administration (SA) are largely inconclusive and have focused on males. Although
some clinical evidence indicates that women are more likely than men to misuse opi-
oids to self-medicate, preclinical studies in both sexes are lacking. Based on clinical
reports, we hypothesized that withdrawal from escalating-dose morphine injections
that approximates a prescription painkiller regimen would lead to increased oxyco-
done SA to a greater extent in female compared to male rats. After escalating-dose
morphine (5-30 mg/kg or vehicle, twice/day for 12 days), rats underwent a 2-week
abstinence period during which withdrawal signs were measured. The impact of this
treatment was assessed on oxycodone SA acquisition, maintenance, dose response,
and progressive ratio responding, with additional analyses to compare sexes. We
found that both sexes expressed somatic withdrawal, whereas only males demon-
strated hyperalgesia in the warm water tail flick assay. During SA acquisition, males
with prior morphine exposure took significantly more oxycodone than females.
Finally, females with prior morphine exposure demonstrated the lowest motivation
to SA oxycodone in the progressive ratio test. Contrary to our initial hypothesis, our
findings suggest that prior opioid exposure increases vulnerability to initiate misuse
more in males and decreases the reinforcing efficacy of oxycodone in females.
KEYWORDS
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differences, somatic withdrawal

current opioid epidemic.® Although the majority of people who misuse
prescription opioids or subsequently develop opioid use disorder
(OUD) do not have a legitimate prescription, the evolution of misuse
often develops after a prescribed treatment regimen of opioid pain-
killers.? In adults, data suggest that the most typical motive for initiating
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opioid misuse is pain relief, but this often shifts to a motivation to man-
age withdrawal and negative affect,® experience euphoria, or to sleep.?

Chronic opioid treatment leads to dependence, defined by an
abstinence-induced withdrawal syndrome that includes both an acute
physical syndrome (24-48 h postwithdrawal) and a negative affective
syndrome of dysphoria, anxiety, irritability, and preoccupation with
cravings to use opioids.* Negative affect is observed with acute with-
drawal but typically has a protracted and debilitating course in
humans® and animal models. Although the opioid withdrawal syn-
drome is considered to be one of the primary causes of continued opi-
oid misuse, precipitators of relapse, and barriers to positive treatment
outcomes, there is conflicting data in support of the idea that negative
reinforcement motivates opioid self-administration (SA) and relapse.”
On the one hand, the opponent process theory®suggests that the
motivation to take opioids transitions from positive to negative rein-
forcement as tolerance to the rewarding effects of the drug along
with the emergence of withdrawal states grows.” On the other hand,
there is evidence that induction of opioid withdrawal is associated
with reduced drug-taking and drug seeking,?® and that, in humans,
exposure to drug-related cues can produce withdrawal signs but rela-
tively weak craving for drug.** A seminal study showed that sponta-
neous withdrawal from repeated morphine injections increased SA of
the short-acting opioid remifentanil, whereas continued morphine
treatment reduced SA compared to control rats that did not receive
any noncontingent morphine.?> However, these studies have been
conducted exclusively in males.

Gender plays an important role in prescription opioid misuse.
Prevalence rates for prescription opioid misuse between men and
women are often found to be similar—a finding that contrasts with
the consistently higher prevalence of abuse in men compared to
women observed across most other substances of abuse, including
heroin.® In general, women who are drug-dependent express greater
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negative emotional states such as stress and depression,
these are more likely to trigger craving and relapse in women than
men.*®!” There is evidence that women are more likely to initiate
opioid misuse and develop OUD if they are first prescribed opioid
painkillers.'> Furthermore, women report misusing opioids to self-
medicate negative affect more than men.'® Together, these studies
suggest that opioid withdrawal plays a greater role in triggering mis-
use and OUD in women, but there is no conclusive biological evidence
supporting this clinical narrative.

Preclinical data on how previous exposure to opioid dependence
contributes to drug-taking behavior are limited. Furthermore, there is
little data on how biological sex contributes to risk for opioid misuse
after a painkiller prescription. The overall goal of the current study
was to test the hypothesis that exposure to, and withdrawal from,
chronic, noncontingent morphine injections—meant to generically
approximate a clinical regimen of prescription opioids—would increase
opioid SA behavior to a greater extent in female compared to male
rats. To test this hypothesis, adult male and female Sprague-Dawley
rats were treated for 12 days with an escalating-dose regimen of mor-
phine followed by 14 days of abstinence. Morphine was chosen as a

representative opioid because it shares key pharmacological and
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physiological actions with other prescription opioids, and there is a
rich literature on effects of chronic morphine in rodent models.'®
Withdrawal-associated parameters were measured throughout this
period, and rats were then implanted with jugular vein catheters and
allowed to SA oxycodone, one of the most commonly abused pre-
scription opioids,'? under a range of conditions aimed to assess acqui-
sition, total intake, drug sensitivity, and motivation to work for
oxycodone. These studies are important because they address factors
(prior opioid exposure and sex) that may contribute to risk for pre-

scription opioid misuse and development of OUD.

2 | METHODS AND MATERIALS

21 | Animals

Adult male (275-300 g; N = 54) and female (220-225 g; N = 66)
Sprague-Dawley rats (Charles River Laboratory, Wilmington, MA)
were used, comprising five cohorts. Each cohort represented each of
four treatment groups (male, vehicle; male, morphine; female, vehicle;
female, morphine). Upon arrival, rats were group-housed (three
rats/cage) and were acclimated for 1 week in a 12-h light-dark cycle
(lights on 07:00) with food and water ad libitum. All rats remained sin-
gly housed following surgeries and during SA studies. All guidelines
recommended by the Animal Care and Use Committee of McLean
Hospital and by the National Institutes of Health guide for the care

and use of Laboratory animals were followed.

2.2 | Chronic morphine regimen

To approximate the noncontingent nature of an opioid painkiller pre-
scription, male and female rats were injected with escalating-dose
morphine (or saline) twice a day for 12 days (10:00 am and 4:00 pm).
Morphine (morphine sulphate; NIDA Drug Supply Program) was dis-
solved in saline (0.09%) and administered intraperitoneally (i.p.) as day
(d) am, pm: d1: 5, 5; d2: 10, 10; d3: 10, 10; d4: 10, 10; d5: 10, 10; dé:
10, 20; d7: 20, 20; d8: 20, 20; d9: 20, 30; d10: 30, 30; d11: 30, 30;
d12: 30, 30 mg/kg (see Figure 1A,B). Body weights were measured
before each injection. This dosing was based on modified versions of
published regimens in rats using escalating doses up to 140 mg/kg?>?!
and chronic injections of a constant dose of 10 mg/kg.?? In a pilot
study, we found that 10%-20% of male rats died in response to mor-

phine doses higher than 30 mg/kg.

2.3 | Somatic withdrawal

Somatic withdrawal signs were scored on withdrawal d1, 16 h follow-
ing the last morphine injection. After 15-min habituation to the
behavior room, each rat was placed in a Plexiglas cylindrical tank with
bedding. Rats' behavior was digitally recorded for 15 min, and videos

were later scored by an experimenter blind to treatment condition.
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FIGURE 1 Experimental design of the study. A, Timeline of behaviors and jugular catheter surgeries (“catheter”, d22). Days are numbered
sequentially starting with the first day of morphine injections and ending on the last day of PR. B, Escalating dose morphine regimen: 2 injections
per day (10:00 and 16:00) for 12 days (12d), with doses increasing from 5 to 30 mg/kg/injection, IP. AS, acoustic startle; DR, dose response; inj,
injection; Morph, morphine; Oxy, oxycodone; Prep, Preparation; Prog Ratio, progressive ratio; SA, self-administration; SW, somatic withdrawal;

TF, tail flick; Veh, vehicle

The number of instances of the following behaviors was recorded
once every 15 s throughout the 15-min session, as described in
Chartoff et al?®: grooming, ptosis, and wet dog shakes. Body weights
were also recorded for a subset of the total rats from withdrawal days
3-7 and 14. See Supporting Information for more detail.

2.4 | Tail flick and acoustic startle assays

To determine if quick, noninvasive behavioral assays could be used to
detect protracted abstinence signs, rats underwent the warm water
tail flick (TF) assay on withdrawal day 5 and the acoustic startle
(AS) test on withdrawal day 7. Latency for a rat to flick its tail out of
the warm water is a measure of thermal nociception, and opioid with-
drawal can be associated with hyperalgesia, reflected as a decrease in
TF latency after chronic morphine treatment.?* AS amplitude has been
positively correlated with anxiogenesis, raising the possibility that this
test could detect opioid withdrawal-induced anxiety-like states.?®

The TF assay was conducted as in Page et al.2 Rats were habitu-
ated to experimental handling for 10 min the day prior to testing and
habituated to the testing room for 1 h on test day. Rats were held
with a towel, and the bottom 1 inch of the rat's tail was dipped in a
water bath (52°C; Fisher Scientific). The latency for the rat to flick its
tail out of the water was recorded, with a cut-off time of 15 s to pre-
vent tissue damage. After testing, rats were returned to their home
cages. On each test day, TF latency was measured twice, with only
the second measurement used for data analysis. See Supporting
Information for more detail.

The AS test was conducted as in Meloni et al.2” Briefly, rats were
placed in startle cages (Med Associates) and given a 5-min acclimation
period followed by the presentation of two habituating startle stimuli
(100 dB, 30-s interstimulus interval [ISI]). Rats were then presented
with 100 startle stimuli at each of three different intensities (95, 100,
and 105 dB) in a semirandom order with a 30-s ISI.

2.5 | Oxycodone self-administration studies

2.5.1 | Intravenous catheter implantation

On day 10 of morphine withdrawal, rats were anesthetized with
80 mg/kg ketamine and 8 mg/kg xylazine and implanted with chronic
indwelling silastic intravenous jugular catheters as described in
Mavrikaki et al2® After surgery, rats were injected once with
ketoprofen (5 mg/kg, SC) to reduce pain. Catheter patency was tested
at least once per week by i.v. infusion of 150- to 200-ul methohexital
sodium (2 mg in 200 pl for the males and 1.5 mg in 150 ul for the
females, i.v.) and assessing loss of righting reflex. If the latency to loss
of righting was greater than 10 s, the catheter was not considered
patent, and the rat was not tested. Attrition due to faulty catheters is
indicated in Section 4 by the number of rats that completed each
phase of the SA studies.

2.5.2 | Oxycodone SA
Five days after catheter surgery, rats began oxycodone SA training.
SA sessions were conducted 5 days/week in operant conditioning
chambers (Med Associates, St. Albans, VT) as described in Mavrikaki
et al?® and in the Supporting Information. Each session began with
the onset of the house light, and levers were extended to signal drug
availability. Each infusion (4 s) was signaled by the onset of a cue light
over the active lever and offset of the house light. A 6-s timeout
period was initiated at the start of each infusion, and during that
period, any additional presses on the active lever had no conse-
guences. Once the timeout period was over, the cue light turned off
and the house light turned on to signal drug availability. All rats were
fed ad libitum when in their home cages.

SA testing began with a 5-day acquisition phase of 1-h SA ses-
sions under a fixed ratio 1 (FR1) schedule of reinforcement. The 1-h
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sessions were followed by 8 days of 2-h maintenance sessions at FR1.
Under these FR1 schedules, an active lever press resulted in an infu-
sion of 0.06 mg/kg oxycodone. Inactive lever presses were counted
but had no outcome. After 8 days of 2 h/day SA maintenance ses-
sions, those rats with patent, catheters that displayed consistent SA
behavior were moved to the dose response phase. To initiate dose-
response testing, oxycodone was replaced with saline for four consec-
utive sessions to ensure that rats could discriminate oxycodone from
saline and to minimize nonspecific responses to saline. In the dose-
response test, rats self-administered oxycodone (0.0003, 0.003, 0.01,
0.03, 0.1, and 0.3 mg/kg/infusion), presented in random order, in daily
2-h trials.

After the dose response, rats continued to SA oxycodone in
daily (M-F) 2-h sessions for an additional 5 days to restabilize before
being tested under progressive ratio (PR) conditions. Rats were
tested twice (separated by 2 days of 2-h, FR1 training SA) in 4-h PR
oxycodone (0.06 mg/kg/infusion) sessions following this schedule of
ratios: 1, 1,2,2,2,3,3,4,4,5,5,6,6,7,7,8,9, 9,10, 11, 11, 12,
13, 14, 14, and so forth, as established for oxycodone.?’ The final
ratio completed for a drug infusion during the PR session is defined
as the break point, which reflects the motivation of the animal to
self-administer a drug.3® The data shown in Figure 6 represent the
average infusions, active lever presses, and break points for the two
PR sessions.

3 | STATISTICAL ANALYSIS

Statistics were performed using GraphPad Prism 8. Time course
analyses (Figures 2, 4, and 5) were analyzed with 3-way mixed
effects analysis (sex x treatment x time) with repeated measures on
time. Grouped analyses (Figures 3, 4, and 6) were analyzed with
2-way ANOVA (sex x treatment). Correlation analysis (Figure 6D)
was analyzed with Pearson r correlation. In the event of significant
2- or 3-factor/variable interactions in the 3-way mixed effects
analyses, subsequent combined 2-way ANOVAs or post hoc
Bonferroni tests, respectively, were done. In the event of significant

interactions in the 2-way ANOVAs, post hoc Bonferroni tests

were done.
4 | RESULTS
4.1 | Escalating-dose, noncontingent morphine

produces acute and protracted withdrawal signs in
males and females

During the 12 days of escalating-dose morphine (or vehicle) injec-
tions, body weights were measured twice each day: just prior to the
am and pm injections. The number of rats in each group were Male,
Vehicle: 25; Male, Morphine: 29; Female, Vehicle: 33; Female, Mor-
phine: 33. A three-way mixed effects analysis on body weights

(sex x treatment x time) revealed a significant sex x treatment x time
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interaction (F232654 = 14.18, p < 0.0001) (Figure 2A), with male rats
having significantly greater body weights than female rats, regard-
less of treatment. Independent two-way ANOVAs for males and
females over time showed significant treatment x time interactions
for males (Fa31472 = 9.06, p < 0.0001) and females
(F231.182 = 28.65, p < 0.0001), which can be observed in Figure 2A
as morphine-treated rats—particularly males—gaining significantly
less weight over the 12-day morphine regimen. Further examining
the daily changes in body weights over the last 2 days of the mor-
phine treatment regimen, there were significant treatment x time
interactions for both males (F3192 = 29.86, p < 0.0001) and females
(F3150 = 13.79, p < 0.0001). Bonferroni post hoc tests showed that
vehicle-treated male and female rats showed dips in body weights
in the PM measurements, whereas morphine-treated rats showed
an opposite trend: increased body weights in the PM
measurements.

Body weights were also tracked during morphine withdrawal
and throughout the acquisition and maintenance phases of oxyco-
done intravenous SA. A three-way mixed effects analysis on body
weights (sex x treatment x withdrawal day) revealed a significant
sex X treatment x withdrawal day interaction (Fs3s9 = 3.84,
p < 0.01) (Figure 2B), with male rats having significantly greater
body weights than female rats, regardless of treatment. Indepen-
dent two-way mixed effects analyses for males and females over
time showed significant treatment x withdrawal day interactions
for males (Fs5141 = 5.27, p < 0.001) and females (Fs1gg = 4.85,
p < 0.001). Bonferroni post hoc tests show that morphine-
withdrawn male, but not female, rats weighed significantly less
than control rats during the first 5 days of withdrawal. In males,
body weights of morphine-withdrawn rats remained lower than
controls for the remainder of the experiment (Figure 2B,C), but the
differences were not statistically significant on a day-by-day basis.
Oxycodone SA began after the 14-day morphine withdrawal
period. Weights are reported throughout the acquisition
(SA: 1 h/day) and training (SA: 2 h/day) periods. There was not
a significant sex x treatment x SA day interaction (F12590 = 0.905,
ns) (Figure 2C), but there was a significant sex x SA day interac-
tion (Fiz500 = 8.45, p < 0.001). These data indicate that body
weights continued to increase over time, but there were no differ-
ences between morphine-treated and controls for each sex during
the SA period.

The day after the last morphine injection, spontaneous somatic
withdrawal signs were scored. The number of rats in each group wer
Male, Vehicle: 25; Male, Morphine: 26; Female, Vehicle: 30; Female,
Morphine: 32. For each of the somatic withdrawal behaviors reported,
the incidence was significantly higher in morphine-treated compared
to vehicle-treated rats (Figure 3A). In addition, males generally
showed higher levels of somatic withdrawal signs than females.
Withdrawal-induced grooming depended on a sex x treatment inter-
action (Fy 109 = 9.45, p < 0.001), wet dog shakes and ptosis depended
on main effects of treatment (wet dog shakes: Fji09 = 15.52,
p < 0.0001; Ptosis: Fq 109 = 6.53, p < 0.05), and ptosis also depended
on a main effect of sex (F1 109 = 5.13, p < 0.05).
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FIGURE 2

A‘cquisition (1 h/d) I Maintenance (2 h/d)

Body weight in male and female rats over the course of morphine injections, withdrawal, and oxycodone SA. A, Vehicle-treated,

but not morphine-treated, male rats gain weight during the 12d morphine/vehicle injection regimen. Female rats, regardless of treatment, gain a
nominal amount of weight. Inset (dashed box): A daily pattern of weight changes emerges at the end of the 12d morphine injection regimen.
Morphine-treated male and female rats gain a small amount of weight during the day (from AM to PM measurements), whereas vehicle-treated
rats tend to lose a small amount of weight during the day. N = 25-33 per group. Each day shows body weights prior to the two injections: White
background is AM injection, grey background is PM injection. B, Body weights remain significantly decreased in morphine-treated male rats on
withdrawal days 3, 4, and 5, although weights tend to be lower in morphine-withdrawn males throughout the withdrawal period. No change in
body weights is observed in female rats during withdrawal. N = 25-33 per group. C, Body weights of male rats previously exposed to morphine
remain qualitatively lower throughout the oxycodone SA tests, but oxycodone SA does not in itself alter body weights in either males or females.
N = 15-18 per group. *p < 0.05, **p < 0.01 comparing within-sex body weights on specific days or between two timepoints indicated by brackets;

"p < 0.01 main effect of sex

During the 14-day withdrawal period, tail flick (TF) latency was
recorded on withdrawal day 5, and acoustic startle (AS) amplitude
was recorded on withdrawal day 7. These noninvasive and rapid
behavioral tests were used to assess the presence of protracted
withdrawal signs. For TF latencies, there was a sex x treatment
interaction (F177 = 4.26, p < 0.05); Figure 3B), with males, but not
females, previously treated with morphine having a significantly
shorter tail withdrawal latency than males previously treated with
saline. This decrease in latency is consistent with opioid withdrawal-
induced hyperalgesia.?* For AS amplitude, there was a main effect
of sex (F1100 = 9.18, p < 0.01; Figure 3C), with males having a
greater AS response than females, regardless of morphine treat-
ment. Importantly, this is because males weigh more than females
and thus displace the load cell on the startle platform more when
they startle.

4.2 | Withdrawal from escalating-dose,
noncontingent morphine is associated with greater
initial oxycodone self-administration in males

After 14 days of withdrawal from the escalating-dose morphine injec-
tion regimen, rats were put in the SA operant chambers for the first
time and allowed to SA oxycodone for 1 h/days for 5 days
(acquisition). The number of rats in each group that completed the
acquisition and maintenance SA phases was Male, Vehicle: 20; Male,
Morphine: 21; Female, Vehicle: 26; Female, Morphine: 25. The num-
ber of oxycodone infusions during acquisition (Figure 4A) depended
on a sex X treatment interaction (F; 9, = 5.85, p < 0.05). Subsequent
two-way mixed effects analyses for both males and females revealed
that morphine-withdrawn males but not females, self-administered

significantly more oxycodone than vehicle-treated males during
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FIGURE 3 Spontaneous morphine withdrawal and protracted withdrawal effects on tail flick (TF) latency and acoustic startle (AS) amplitude.
A, from left to right, panels represent the observed number of grooming, wet dog shakes, and ptosis bouts observed in the 15-min recording
sessions, with morphine-withdrawn rats showing more of each withdrawal sign. N = 25-32 per group. B, Latency to withdraw tail from warm
water bath (TF assay) measured on withdrawal day 5. Male, but not female, rats previously exposed to chronic morphine show a decrease in TF
latency N = 19-21 per group. C, Amplitude of acoustic startle response measured on withdrawal day 7. Regardless of treatment, female rats
showed lower startle amplitudes because of their lower body weights. N = 25-30 rats per group. *p < 0.05, **p < 0.01 compared to vehicle
treated of the same sex or groups indicated with brackets; "p < 0.05, *p < 0.01 main effect of sex; *p < 0.01 main effect of treatment

acquisition (F139 = 4.54, p < 0.05). Similarly, the number of active
lever presses (Figure 4B) depended on a sex x treatment interaction
(F1920 = 5.00, p < 0.05), with morphine-withdrawn males, but not
females, pressing the active lever significantly more than vehicle-
treated males (F140 = 4.00, p < 0.05). Presses on the inactive lever
averaged 5 or fewer per group per day, and there was a main effect of
sex (F1.92 = 15.97, p < 0.001; Figure 4C), with males pressing the inac-
tive lever more than females—regardless of prior treatment. Taken
together, these data show that, over time, all rats increased the
amount of oxycodone self-administered, and morphine-withdrawn
males took the most drug of any group. To summarize the findings
over the 5-day acquisition period, data are also represented as the
sum of infusions, active lever presses, or inactive lever presses
(see Figure 4A-C insets). Morphine-withdrawn males, but not females,
SA more oxycodone and press the active lever more than vehicle-
treated males and morphine-withdrawn females (infusions: sex x treat-
ment interaction, F; 9, = 8.08, p < 0.01; active lever: sex x treatment
interaction, Fq 9, = 5.34, p < 0.05).

After the 5-day oxycodone SA acquisition period, rats went
through an 8-day, FR1, 2 h/days SA maintenance regimen. The num-
ber of oxycodone infusions and active lever presses during mainte-

nance (Figure 4D,E) depended on treatment x time interactions

(infusions: F7 561 = 3.44, p < 0.01; active lever presses; F7 541 = 3.54,
p < 0.01). As with the acquisition phase, presses on the inactive lever
(Figure 4F) were minimal, yet there was a main effect of sex
(F190 = 7.46, p < 0.01), with males pressing the inactive lever more
than females. To summarize the findings over the 8-day maintenance
period, data are also represented as the sum of infusions, active lever
presses, or inactive lever presses (see Figure 4D-F insets). Although
the time course data clearly show that oxycodone infusions and active
lever presses increased over time in all groups except morphine-
withdrawn females, the sum of infusions and active lever presses over
the entire 8-day period do not reveal any significant effects (insets).

4.3 | Prior exposure to non-contingent morphine
does not significantly alter the dose-effect function for
oxycodone SA

After the 8 days of oxycodone SA maintenance, rats were put through
4 days of saline extinction, in which active lever presses led to a
saline, rather than an oxycodone, infusion. This was followed by three
rounds of alternating saline and oxycodone (0.01 mg/kg/infusion; the

oxycodone dose that produces maximum operant responding under
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FIGURE 4 Effects of previous morphine experience and withdrawal on oxycodone self-administration (SA; 0.06 mg/kg/infusion, FR1
schedule of reinforcement). (A-C) Prior morphine experience and withdrawal potentiate acquisition of oxycodone SA in male, but not female,
rats. Total number of oxycodone infusions (A), active lever presses (B), and inactive lever presses (C) in 1-h daily sessions. (D-F) Prior morphine
experience and withdrawal reduce the amount of oxycodone SA in female, but not male, rats during the last 4 days of the 2-h/days maintenance
phase. Total number of oxycodone infusions (D), active lever presses (E), and inactive lever presses (F) in 2-h daily sessions. *p < 0.05 comparing
female morphine to female vehicle; ##p < 0.001 main effect of time; "p < 0.05 main effect of treatment. Insets: For each graph (A-F), data are
also expressed as the total of infusions or lever presses over either the acquisition or maintenance phases of SA. *p < 0.05. **p < 0.01 comparing

groups indicated with brackets; *p < 0.01 main effect of sex. Data are expressed as mean + SEM; N = 20-26/group

our conditions?® SA in order to establish the ability of the rats to
behaviorally distinguish between saline and oxycodone. This 10-day
procedure (Figure 5A) was important for the subsequent dose-effect
determinations because it demonstrated that rats would press the
active lever very little for saline and press the lever significantly more
for oxycodone. The effects of this saline extinction and saline
versus oxycodone discrimination procedure depended on time
(F2.1,97.95 = 13.45, p < 0.0001). All treatment groups responded simi-
larly such that the total infusions self-administered on saline extinc-
tion days 3 and 4 were significantly less than those self-administered
on day 1 (p < 0.01), regardless of treatment. Likewise, the total infu-
sions self-administered on oxycodone (0.01 mg/kg/infusion) days 5, 7,
and 9 were more than saline extinction days 3 and 4. Given the ability
of all treatment groups to distinguish between saline and oxycodone,
the rats were then allowed to SA increasing doses of oxycodone in
1-h sessions per day to establish a dose-effect function (Figure 5B).
The
(Foose51 = 21.08, p < 0.0001), regardless of treatment group.

number of oxycodone infusions depended on dose

Although it is visually clear from Figure 5B that morphine-withdrawn
females had qualitatively blunted responses in the dose-effect
experiment, there were no significant interactions (sex x treatment
[F1.40 = 0.123, ns] or sex x treatment x dose [Fs 197 = 0.051, ns]) nor a
main effect of treatment (Fy 40) = 1.62, ns). The number of rats in each
group that completed the dose response experiment were Male, Vehi-
cle: 14; Male, Morphine: 13; Female, Vehicle: 10; Female, Morphine:
7.

44 | Prior exposure to escalating-dose,
noncontingent morphine is associated with reduced
responding in the progressive ratio test in females

The final test of the impact of noncontingent morphine injections
followed by 14 days of withdrawal on oxycodone SA behavior in male
and female rats was the progressive ratio (PR) test, which is indicative

of the motivation to SA a drug.®* The number of rats in each group
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FIGURE 5 Effects of previous morphine experience and withdrawal on oxycodone dose-response in male and female rats. A, In preparation
for the dose response test, rats went through a small extinction procedure in which saline was substituted for oxycodone for 4 days until the
number of infusions (saline d3, 4) was significantly less than those on saline d1 (“p < 0.01). Subsequently, rats self-administered either oxycodone
(0.01 mg/kg/infusion) or saline on alternate days for a total of 6 days to demonstrate that rats could behaviorally differentiate between saline and
oxycodone (*p < 0.05 comparing infusions on oxycodone days to saline d3, 4). B, In the dose response test, rats self-administered one dose/day
of oxycodone (0.003-0.3 mg/kg/infusions; one dose/trial/day), presented in random order. Data are presented as the total number of oxycodone
infusions during each days' 2-h dose-response test. “"p < 0.01 main effect of dose. N = 7-14 rats/group

FIGURE 6 Effects of previous morphine
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that completed the PR tests were Male, Vehicle: 8; Male, Morphine: averaged for the two PR sessions. Break point is defined as the last
9; Female, Vehicle: 12; Female, Morphine: 7. Five days after the dose FR completed in the 4-h session. The number of oxycodone infusions
response test, rats were tested in two independent, 4-h PR sessions and break points depended on sex x treatment interactions (Infusions:

(oxycodone: 0.06 mg/kg/infusion) separated by 2 days of 2-h, FR1 F131 = 4.20, p < 0.05; Figure 6A, break points: F1 31 = 4.31, p < 0.05;
SA. Total infusions, active lever presses, and break points were Figure 6C), with Bonferroni post hoc tests showing a significant
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decrease in infusions in morphine-experienced compared to vehicle
control females. In contrast, a two-way ANOVA of active lever pres-
ses was not significant (Fy 31 = 2.29, ns; Figure 6B). The finding that
females previously exposed to morphine have lower PR responses
compared to other groups is consistent with this group's lower oxyco-
done intake in the last half of the 10-day training phase (Figure 4D,E).
To ensure that the subset of rats on which PR testing was done
showed SA behaviors similar to those shown in Figure 4, we graphed
oxycodone acquisition and maintenance SA data for just the rats
tested in PR (Figure S1) and found the same pattern of results. To fur-
ther investigate the relationship between oxycodone SA in the last
few days of SA training and PR break point, a Pearson r correlation
test was conducted on the sum of infusions on training days 8-10
compared to the PR break point (Figure 6D). There was a strong posi-
tive correlation (r = 0.758, p < 0.001), such that the more oxycodone
self-administered in the last 3 days of training correlated with higher
break points in the PR test—regardless of treatment group. We distin-
guished morphine-withdrawn female data points (open circles) as a
visual aid to show that both the sum of infusions during training and
PR break points were at the lowest end of the graph. Due to the
length of time rats had indwelling jugular catheters, a total of 35 rats
still had patent catheters for the PR tests. To ensure that the SA data
collected from these 35 rats were representative of the data pres-
ented for oxycodone SA acquisition and maintenance, we graphed
these data for only those 35 rats used in PR (see Figure S1).

5 | DISCUSSION

This study demonstrates that prior exposure to chronic, escalating
dose morphine treatment followed by withdrawal results in potenti-
ated acquisition of oxycodone SA in males but decreased maintenance
of, and motivation for, oxycodone SA in females. Evidence for this is
that when first allowed to SA oxycodone, morphine-withdrawn male
rats pressed the active lever and took significantly more infusions
than control males or females. In contrast, female rats that had prior
morphine and withdrawal experience self-administered qualitatively
less oxycodone across the 8-day maintenance period following acqui-
sition, and significantly less on the eighth day of oxycodone mainte-
nance relative to other treatment groups. In addition, female rats
previously exposed to morphine showed the least motivation to work
for a unit dose of oxycodone in the PR paradigm. Although not signifi-
cant, morphine-exposed females also tended to SA less oxycodone
per unit dose in the dose response paradigm. Spontaneous somatic
withdrawal signs were observed in both male and female rats the day
after the last morphine injection, demonstrating morphine depen-
dence in both sexes. However, only morphine-treated males failed to
gain weight during the escalating dose morphine regimen and
subsequent withdrawal period. In addition, withdrawal-induced
hyperalgesia was observed in males but not females. Broadly, these
findings are contrary to our hypothesis that morphine-withdrawn
female rats would be more vulnerable to the reinforcing efficacy of

oxycodone as measured with intravenous SA. This hypothesis of
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gender/sex differences in addictive-like behavior was based primarily

on clinical literature?32 33-35

as well as some preclinical studies,
although see Caine et al.3¢ Despite these findings, there have been
relatively few studies that directly compare male and female
addiction-like behaviors and those that do have typically used
psychostimulants under a variety of experimental conditions. As such,
our current findings combined with our previously published work?®
showing that drug-naive males SA more oxycodone than females
provide important additions to our knowledge on male and female
vulnerability to the reinforcing effects of prescription opioids.

It is well established that opioid withdrawal reduces body weight
in male rats,®” and our data corroborate this. It is notable that neither
daily morphine treatments nor withdrawal modulated overall body
weights in females, which is consistent with prior studies.®® Close
inspection of daily body weight fluctuations at the end of the escalat-
ing dose morphine regimen showed that morphine treated male and
female rats gained weight between the AM and PM injections
(all morphine treatments were done during the day) that was then lost
overnight. This contrasts with saline-treated rats, which gained weight
overnight. Although the impact of opioids on food intake and body
weight was not the focus of this study, our findings are consistent
with studies showing that acute opioid treatment stimulates feeding
behavior® and appears independent of biological sex.

Both male and female rats showed significant spontaneous
somatic withdrawal signs the day after the last morphine injection.
These were less robust than those observed after naloxone-
precipitated withdrawal,*° but specific withdrawal-associated behav-
iors such as increased grooming, wet dog shakes, and ptosis were
significantly increased in morphine rats. On balance, somatic with-
drawal signs were greater in males, suggesting a contribution of bio-
logical sex to their magnitude.®® Opioid withdrawal unmasks

8 and our studies suggest that sex

neuroadaptations in the brain,!
modulates these neuroadaptations in a circuit- and cellular-specific
manner.

Repeated exposure to opioids can induce the paradoxical
response of opioid-induced hyperalgesia, a condition in people charac-
terized by increased pain sensitivity.** We found that only morphine-
treated males exhibited hyperalgesia-like behavior in the TF assay
when measured on withdrawal day 5, which is broadly consistent with
findings by Holtman and Wala*? in which males, but not females,
showed hyperalgesia 2 h after low-dose oxycodone administration.
Previous research has shown that the underlying mechanisms of
opioid-induced hyperalgesia can be sex-specific,*® although it is not
known if hyperalgesia promotes of discourages opioid misuse. The
broad conclusion that males show more robust morphine withdrawal
signs compared to females is consistent with increasing findings that
opioid painkillers are typically more potent in males. Numerous stud-
ies suggest that this is due to brain region-specific sex differences in
MOR density** rather than pharmacokinetics. As such, in our study, it
would not be feasible to equalize morphine doses to generate identi-
cal behavioral outputs because each behavior likely results from dif-
ferent brain circuits and different combinations of MOR densities and

functional activities.
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Over the last several decades, numerous studies have investi-
gated whether opioid dependence and withdrawal are required for
subsequent opioid SA, because clinical evidence suggests chronic
opioid administration is associated with increased risk for opioid
misuse and OUD.2 As such, numerous approaches have been taken to
test the interaction between opioid dependence/withdrawal and
SA. Consistent with the opponent process theory of addiction,®® it
has been shown that spontaneous withdrawal from noncontingent
heroin does, whereas naloxone-precipitated withdrawal does not,
reinstate lever pressing in rats with heroin SA experience.'© Likewise,
morphine-dependent rats show increased escalation of heroin SA
compared to control rats when allowed 8-h access to heroin SA. On
the other hand, there is evidence showing a lack of interaction
between opioid dependence and SA behavior.*® Indeed, there is a
considerable body of evidence supporting a proponent process of
addiction,” in which the essential motivator for drug SA is prior experi-
ence of drug reward or a drug-associated cue. Early studies showed
that opioid-seeking behavior is primed by opioid administration and
not by the opponent effects associated with opioid withdrawal.*¢
Taken together, it is likely that both opponent and proponent pro-
cesses contribute to maintenance of opioid misuse and relapse. In the
current study, previous morphine exposure potentiated acquisition of
oxycodone SA in males, but not females. During the 8 days of mainte-
nance SA, morphine-treated males showed a trend for increased,
whereas morphine-treated females did not increase, oxycodone
SA. This latter finding in females could be due to a reduction in toler-
ance, a reduction in the reinforcing efficacy of oxycodone, an increase
in sensitivity to oxycodone reward, or an increase in the sensitivity to
the aversive effects of oxycodone. Our finding that females previously
exposed to morphine tended to SA less oxycodone in the dose
response and showed a decrease in PR break point suggests a reduced
motivation to work for drug driven, perhaps, by increased sensitivity
to the negative effects of drug. A caveat of our PR data is that the test
was conducted over 1 month after jugular catheters were implanted.
As such, the number of rats in each PR treatment group was lower
than that for the initial acquisition and maintenance phases of SA
(see Section 4 for breakdown of rat numbers). As noted in the
Supporting Information, there were a number of reasons for attrition.
However, to ensure the SA behavior of the rats used in the PR test
was similar to that for the initial SA tests, we graphed and analyzed
the acquisition and maintenance data for the rats used in the PR test
(Figure S1). The same trends were observed in both the full cohort of
rats (Figure 2) and the PR rats (Figure S1).

The results of this study are the first to demonstrate a number of
sex differences in interactions between non-contingent opioid expo-
sure and SA behavior, which we predict will provide a platform for
subsequent, mechanistic studies. Our study design was longitudinal,
so it is not yet possible to directly attribute the individual effects of
morphine treatments, morphine abstinence, or oxycodone self-
administration to our findings. Rather, the combination of these expe-
riences contributed to a potentiation of initial oxycodone SA in males
but not females. Importantly, we used a “generic” opioid (morphine) to

induce dependence and a “specific” opioid (oxycodone) to test
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measures of addictive-like behavior. Our intention was to focus atten-
tion on the specific problem of oxycodone abuse after noncontinent
experience with a “generic” opioid. Morphine and oxycodone are both
full agonists at MORs, activation of which produces the drugs' power-
ful analgesic and rewarding effects.*”**® Oxycodone has a lower affin-
ity for MORs and crosses the blood-brain barrier more readily than
morphine.*’ However, dependence to both drugs readily develops,
resulting in similar withdrawal effects upon abstinence. There are
numerous studies in the fields of pain and stress touching on the
molecular and cellular mechanisms underlying sex differences in opi-
oid responses. Applying some of this knowledge to preclinical models
of OUD is essential. For example, mu opioid receptor (MOR) levels
and function are decreased in pain- and stress-related regions such as
the periaqueductal grey and locus coeruleus of females compared to
males, with evidence that estrogen plays a role in decreasing MOR
levels.** In addition, chronic morphine has been associated with selec-
tive internalization of MOR in male, but not female, locus coeruleus>®
as well as an estrogen-potentiated switch of MOR coupling from G;/o
to Ggs proteins in females. This latter effect is thought to contribute
to sex differences in opioid withdrawal signs and hyperalgesia.>!
Regardless, our findings suggest that clinical studies reporting that
women more than men tend to misuse prescription opioids to
self-medicate aversive states do not necessarily reflect underlying
biological processes. Further preclinical studies in rodent models of
addictive-like behavior are warranted to understand these biological

processes.
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