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Abstract

This study evaluated the hypothesis that a paclitaxel treatment regimen sufficient to produce
mechanical allodynia would alter sensitivities of male and female mice to the conditioned
rewarding and reinforcing effects of morphine. Saline or paclitaxel were administered on days 1,
3,5, and 7 in male and female C57BI/6 mice to induce morphine-reversible mechanical allodynia
as measured by the Von Frey filament test. Paclitaxel treatment did not change sensitivity to
morphine conditioned place preference (CPP) relative to saline treatment in either male or female
mice. Morphine produced peak self-administration under a fixed ratio-1 schedule of reinforcement
for 0.03 mg/kg morphine per infusion in female mice and 0.1 mg/kg morphine per infusion in
male mice. During the progressive ratio experiments, saline treatment in male mice decreased the
number of morphine infusions for 12 days whereas the paclitaxel-treated male mice maintained
responding for morphine similar to baseline levels during the same time period. However,
paclitaxel did not have an overall effect on the reinforcing efficacy of morphine assessed over a
limited dose range during the course of the repeated self-administration. These results suggest that
the reward-related behavioral effects of morphine are overall not robustly altered by the presence
of paclitaxel treatment under the current dosing regimen, with the exception of maintaining a small
yet significant higher baseline than saline treatment during the development of allodynia in male
mice.
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Chronic pain is a major public health problem that significantly diminishes the quality of life
for patients (Brennan, Carr, & Cousins, 2007; Chapman, 2013). The prevalence of
prescription opioid abuse among patients for the management of chronic pain has been
estimated to be between 18— 45% (Ballantyne & LaForge, 2007; Compton & Volkow, 2006;
Fishbain, Cole, Lewis, Rosomoff, & Rosomoff, 2008; Morasco & Dobscha, 2008), although
the true incidence is still largely unknown (Bell & Salmon, 2009; Fishbain, Rosomoff, &
Rosomoff, 1992; Hojsted & Sjogren, 2007). High risk factors for prescription opioid misuse
or abuse among pain patients include personal and/or family history of substance use
disorders, any exposure to prescription opioids, duration of therapy as well as psychological,
socio-economic, genetic, and environmental factors (Edlund et al., 2013; Manchikanti et al.,
2007; Turk, Swanson, & Gatchel, 2008). Although the incidence of prescription opioid
abuse and dependence is similar between men and women, gender-specific risk factors do
exist. For example, women are more likely to use prescription opioids to cope with negative
affect and psychiatric distress (Back, Lawson, Singleton, & Brady, 2011; Jamison, Butler,
Budman, Edwards, & Wasan, 2010; McHugh et al., 2013). Other factors, including history
of substance abuse, tobacco use, mental health disorders, and childhood psychological
trauma appear to serve as risk factors for opioid abuse among cancer pain patients (for
review see (Pergolizzi, et al., 2016). More than 33% of head and neck cancer patients treated
with radiation and cancer chemotherapeutic agents were unable to stop opioid therapy after
6 months of treatment (Kwon, 2013) and emergency department studies indicate that the
occurrence of opioid misuse among cancer patients was 34% with a number of variables
such as depression, poor coping, and illicit substance use significantly associated with this
high risk of opioid misuse (Reyes-Gibby, Anderson, & Todd, 2016). However, little research
has been performed for other potential risk factors such as particular chemotherapy
regimens, types of cancer, or different cancer pain states.

Human laboratory studies (Comer, Sullivan, Vosburg, Kowalczyk, & Houser, 2010; Zacny et
al., 1996) and clinical studies reporting patient-controlled analgesia procedures (Gil,
Ginsberg, Muir, Sykes, & Williams, 1990; Graves, Arrigo, Foster, Baumann, & Batenhorst,
1985; Parker, Holtmann, & White, 1991; Sidebotham, Dijkhuizen, & Schug, 1997) indicate
that non drug-abusers self-administer prescription opioids only in the presence of
experimentally-induced or current pain while recreational opioid users self-administer
opioids (e.g., oxycodone) regardless of the presence or absence of pain (Comer, et al., 2010;
Lofwall, Nuzzo, & Walsh, 2012). These findings suggest that the reinforcing effects of
opioids in pain patients is most likely due to the ability of these drugs to relieve pain, yet the
abuse liability of opioids appears not to vary as a function of pain among drug users and
chronic pain patients with a long history of opioid use.

Preclinical studies in animals have advanced the understanding of neuroanatomical and
molecular effects within brain regions associated with the development of persistent chronic
pain and reward (Narita, Ozaki, Ise, Yajima, & Suzuki, 2003) such as the ventral tegmental
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area (VTA) (Narita et al., 2004; Niikura, Narita, Butelman, Kreek, & Suzuki, 2010; Ozaki,
Narita, lino, Miyoshi, & Suzuki, 2003; Ozaki et al., 2002), nucleus accumbens (Altier &
Stewart, 1999; Baliki et al., 2013), and amygdala (Goncalves et al., 2008; Narita et al., 2006;
Neugebauer, Li, Bird, & Han, 2004). Studies on the modulatory effects of arthritic pain
(Colpaert FC, 2001), nerve injury-induced neuropathic pain (Cahill CM, 2013; Woller SA,
2012) and persistent inflammatory pain (Sufka, 1994) on measures of opioid reward in rats
reveal an increase in opioid self-administration and potentiation in opioid conditioned place
preference behaviors. In contrast, other studies found that arthritic rats self-administered
fewer infusions of morphine compared to normal rats (Lyness, Smith, Heavner, lacono, &
Garvin, 1989), and nerve injury in rats decreased the rewarding and reinforcing effects of
opioids (Martin TJ, 2007; Woller SA, 2012) and the ability of opioids to facilitate mid-brain
stimulation in rats (Ewan & Martin, 2011). A recent study demonstrated that nerve injury,
chronic inflammation, and administration of cancer chemotherapeutics diminished
acquisition of fentanyl self-administration in mice (Wade CL, 2013). However, other studies
in rats reported no effect of nerve injury on fentanyl self-administration (Kupers R, 1995),
no effect of prolonged inflammation on morphine conditioned place preference
(Shippenberg TS, 1988), and no changes of paclitaxel- or oxaliplatin-induced neuropathy on
the conditioned rewarding effects of opioids (Mori, et al., 2014). Discrepancies among these
studies may be attributed to several factors, including but not limited to, the opioid studied,
the dose and route of administration used, the model of chronic pain or abuse liability
examined, and/or a combination of these factors.

In the present study, we tested the hypothesis that a paclitaxel treatment regimen sufficient to
produce mechanical allodynia will alter sensitivity of male and female C57BI/6 mice to the:
1) conditioned rewarding effects of morphine using the conditioned place preference (CPP)
procedure; and, 2) morphine reinforcing efficacy using intravenous self-administration
assays. The administration of taxane-family chemotherapeutics, such as paclitaxel, produces
damage to peripheral sensory neurons including neuronal mitochondrial and axonal
transport dysfunction, altered signal conduction, and distal axonal degeneration (Flatters &
Bennett, 2006; Melli, Keswani, Fischer, Chen, & Hoke, 2006; Nakata & Yorifuji, 1999;
Persohn et al., 2005). The persistent behavioral manifestations of these peripheral sensory
alterations include reduced threshold and increased responsiveness to non-noxious stimuli
(allodynia) in C57BI/6 mice (Ward, McAllister, Neelakantan, & Walker, 2013; Ward,
Ramirez, Neelakantan, & Walker, 2011).

METHODS

Subjects

Male and female C57BI/6 mice, 5-weeks of age at the beginning of the study, and weighing
20-25 g were purchased from SAGE Labs, (Boyertown, PA, USA) for the self-
administration studies (N=20, males; N=20, females), and from Taconic Farms, Inc.
(Cranbury, NJ, USA) for the CPP experiments (N=66, males; N=64, females). The original
vendor discontinued the sale of C57BI/6 mice temporarily requiring switching vendors to
continue the study. Mice were group housed in plastic cages and allowed to acclimate to the
temperature-and-humidity controlled animal facility for 3 to 7 days before the experiments
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began. Mice were housed under a 12 h light/dark cycle with lights off at 10.00 AM so that
all experiments occurred during the dark phase of the mice’s diurnal cycle. For the CPP
studies, mice were housed by sex in groups of four with nestlets provided as enrichment.
Food and water were available ad /ibitum. For the self-administration studies, mice were
initially group-housed by sex but then were individually housed with nestlets a day prior to
the start of the experiment and maintained on 90% of their free feeding body weights by
feeding each mouse approximately 2.75 g pellet daily of Purina Rodent Chow Diet 5001
(Ralston-Purina, St. Louis, MO, USA) during the initial food pre-training phase. After food-
training, mice received food and water ad /ibitum for the remaining experiments. All mice
were maintained in accordance with the guidelines of the Institutional Animal Care and Use
Committee of Temple University and the Guide for the Care and Use of Laboratory Animals
(Institution of Laboratory Animal Research, National Academy Press; Eighth edition,
revised 2011).

Morphine sulfate was generously donated by the National Institute on Drug Abuse (NIDA)
Drug Supply Program (Bethesda, MD, USA). Paclitaxel was obtained as a 6 mg/mL
concentration stock solution (Hospira, Inc., Lake Forest, IL, USA) and then further diluted
in saline. Morphine was dissolved in 0.9% saline. Systemic injections were administered
intraperitoneally (IP) in a volume of 0.01 ml/g of body weight.

Conditioned Place Preference (CPP)

Apparatus—The CPP apparatus consisted of 8 identical experimental chambers (Model
ENV-3013, MED Associates, St. Albans, VT, USA), each with a white (mesh floor), middle
grey (grey plexiglass floor), and black (bar floor) compartments and distinct light settings.
Each chamber was located within a sound-attenuating enclosure and connected to a
computer-driven interface (Model SG-6080/D, MED Associates, Georgia, VT USA) that
controlled the data collection and experimental conditions.

Procedure—A pseudo-biased place conditioning procedure was used (i.e, a pre-
conditioning preference test is not performed) (Ward SJ, 2014). Male (n = 66) and female (n
= 64) C57BI/6 mice were randomly assigned to control and treatment groups. The saline
groups of mice received saline injections and the treatment groups of mice received 8 mg/kg
paclitaxel injections on days 1, 3, 5, and 7 for a total dose of 32 mg/kg (Ward, et al., 2011).
Starting on day 11 and during the period of peak allodynia (increased sensitivity to non-
noxious mechanical stimulus) (Ward, et al., 2011), mice were conditioned on alternating
days between saline (saline, days 11, 13, and 15) and morphine (0.3, 2.5, or 10 mg/kg, days
12, 14, and 16) with a 15 min drug pretreatment time and 30 min conditioning session. Mice
were tested for their preference for the previously drug-paired environment in a drug-free
state on day 17 (relative to initiation of paclitaxel treatment). As this was a pseudo-biased
procedure, separate groups of saline- and paclitaxel-treated mice were also conditioned with
alternating vehicle alone (saline) on both sides of the CPP compartments as controls. The
effect of paclitaxel treatment on morphine-reward was determined by comparing the
preference for the drug-paired compartments between the control saline-treated and
paclitaxel-treated groups of mice.
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Data and Statistical Analysis—Time spent in each compartment was recorded on the
test day and used to calculate the preference score for each mouse using the following
equation:

Preference score = [Time in morphine-paired compartment] — [Time spent in
saline-paired compartment]

A three-way ANOVA was performed with sex (male, female), treatment (saline, paclitaxel),
and morphine dose (0, 0.3, 2.5, and 10 mg/kg) as factors and a Dunnett’s post hoc test (JMP
Pro 12, SAS Institute, Inc., Cary, NC USA). Next, individual one-way ANOVAs within each
sex and treatment group were performed to test for differences among doses and Tukey’s
multiple comparisons post hoc tests were used (GraphPad Prism 5.0 Software, Inc, La Jolla,
CA). Statistical significance was set at p < 0.05 for all analyses.

Morphine Self-Administration

Apparatus—Food pre-training and morphine self-administration experiments were
conducted in standard mouse operant experimental chambers (21.6 cm x 17.8 cm x 12.7 cm,
Model ENV-307W, Med Associates, Georgia, VT USA). The experimental chambers were
located within ventilated sound-attenuating enclosures and each chamber was equipped with
the following: two nose-poke holes (1.2 cm diameter), one on the left and one on the right,
with internal amber stimulus lights (ENV-313W), a center dipper hole between the two
nose-pokes that opened to a motor-driven dipper (ENV-302W) for liquid food presentation, a
house light (ENV-315M), a tone generator (ENV-323AW), and a ventilator fan. The
receptacle for dipper access contained an amber stimulus light located above (ENV-221M).
In addition, an electronic circuit operated a computer-controlled syringe pump designed for
intravenous drug-delivery. The syringe was connected to a single-channel fluid swivel
mounted on a counter-balanced arm above the operant chamber (MED-307A-CT-B2).

Procedure

Food pre-training: Food-restricted male and female C57BI/6 mice were trained to respond
in the right nose-poke for a 50% Ensure/50% water solution under a Fixed Ratio (FR1)
schedule of reinforcement during daily 1 h sessions. During each session, every response in
the right illuminated nose-poke hole resulted in illumination of the stimulus light and
delivery of liquid food through the center dipper receptacle for 20 s. The number of
reinforcers earned during each session, the number of inactive nose-poke responses, and the
total number of head entries into the dipper receptacle were recorded. Responses on inactive
nose-poke had no scheduled consequences during the experimental sessions. The criteria for
acquisition of liquid food self-administration were defined as three consecutive days of
stable FR1 responding (<10% changes among the mean number of reinforcers earned for the
three days) and at least 75% of total responses corresponding to the active right nose-pokes.

M orphine self-administration: acquisition and dose-response studies (FR1): Mice that
met criteria for food self-administration acquisition were surgically implanted with a chronic
indwelling jugular cannula (Caine SB, 1999). Following surgery and 2 days of recovery, all
mice were trained to self-administer 0.1 mg/kg per infusion morphine under an FR1
schedule of reinforcement during daily 2 h sessions. This initial training dose for morphine
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was chosen based on a previous study reporting that morphine maintained maximal response
rates at this dose using the FR1 schedule in C57BI/6 mice (Elmer, et al., 2002). During the
session, every response on the active right nose-poke resulted in a single infusion of
morphine paired with illumination of the light above the food receptacle and a tone delivery
for 1 s. After every morphine infusion, the chamber houselights went off for 60 s and the
mouse’s responses had no programmed consequences. After stable responding under FR1
schedule (<10% changes among the mean number of reinforcers earned for three days and
with at least 75% of total responses corresponding to the active right nose-pokes), a dose-
response curve for morphine (0.01-0.3 mg/kg per infusion) was generated. The doses of
morphine were tested in a pseudo-randomized order until stable responding for each dose
under the FR1 schedule as described above was achieved for three consecutive days. Saline
was substituted for morphine after establishing the dose-response curve for morphine in
mice.

Morphine self-administration: maintenance and progressive ratio responding: The
doses of morphine that maintained the highest rates of responding under the FR1 schedule of
reinforcement in male (0.1 mg/kg per infusion) and female (0.03 mg/kg per infusion) mice
were chosen for the subsequent experiments. After stable responding under the FR1
schedule of responding, mice were given access to morphine under a PR schedule of
reinforcement. Under this schedule, the response requirements to earn a single reinforcer
were increased exponentially in the following progression: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32,
40, 50, 62, etc. (Richardson & Roberts, 1996). The dependent variable measured was the
number of infusions earned by the end of the 4 h session and defined as breakpoint. Total
cumulative responses made by the mouse on the correct nose-poke during each 4 h session
were also recorded. The criterion for stable response under the PR schedule was defined as
three consecutive days of stable breakpoints (<20% changes from the mean number of
reinforcers earned for three consecutive days). Three female mice and one male mouse
failed to acquire reliable PR responding (lower than 4 infusions) and the cannula of two
male mice were blocked before they could acquire PR responding fully and move to saline
or paclitaxel treatment. These mice were not included in the PR study.

M orphine self-administration: Effect of paclitaxel on progressiveratio

responding: Following stable responding on PR, mice were randomly assigned to receive
saline or 8 mg/kg paclitaxel injections using the same dosing regimen used above while
continuing daily PR self-administration sessions. Mice received the paclitaxel injections
after completion of the 4 h PR session on days 1, 3, 5, and 7, and the training dose of
morphine (males-0.1 mg/kg per infusion; females 0.03 mg/kg per infusion) continued to be
available through day 13, a period during which mechanical allodynia develops (Ward et al.,
2011). On days 14-16 and 17-19, mice were tested with two other morphine doses (0.01 to
0.1 mg/kg per infusion) counter-balanced within a treatment group and balanced between
the saline- and paclitaxel-treatment groups so that the order of testing was the same in the
saline- and paclitaxel-treatment groups.
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Data and Statistical Analysis

Response rates measured from the FR experiments were subjected to a two-way ANOVA
with sex (male, female) and morphine dose (0, 0.01, 0.03, 0.1, 0.3 mg/kg per infusion) as
factors with Bonferroni post hoc tests (GraphPad Prism 5.0 Software, Inc, La Jolla, CA).
The data from the PR experiments included total number of responses and breakpoint
(equivalent to the number of infusions per session). The breakpoints and total responses
measured on the three test days for each of the three doses of morphine were averaged for
each mouse, averaged into group means, and compared between saline- and paclitaxel-
treated groups. The number of infusions of morphine (breakpoint) was subjected to one-way
ANOVA at baseline and two, three-way ANOVAS: 1) development over days; and, 2)
morphine dose-response curve. The first three-way ANOVA was performed with sex (male,
female), treatment (saline, paclitaxel), and days of treatment (baseline, 2, 7, 12) as factors
and a Dunnett’s post hoc test. The second three-way ANOVA was performed with sex (male,
female), treatment (saline, paclitaxel), and morphine dose (0.01, 0.03, 0.1) as factors and a
Dunnett’s test post hoc test. Statistical significance was set at p < 0.05 for all analyses.

Paclitaxel-Induced Mechanical Allodynia

To compare the results from CPP and self-administration studies (described above) with the
anti-allodynia effects of systemic administration of morphine in male and female mice,
mechanical allodynia produced by paclitaxel administration was examined under the similar
dosing and testing protocols. Separate groups of male and female C57BI/6 mice were treated
with 8 mg/kg paclitaxel or saline on days 1, 3, 5 and 7. Paclitaxel-induced mechanical
allodynia was measured using the Von Frey filament assay (Ward, et al., 2011), on days 2, 5,
and 8. Starting on day 11, corresponding to the peak allodynia period, separate groups of
saline- and paclitaxel-treated mice (n=8 per group) received one injection per day of
morphine for three consecutive days (days 11-13). Within each group, half of the mice (n=4)
received the lower dose (2.5 mg/kg) while the remaining half (n=4) received the higher dose
(10 mg/kg) of morphine. Following the third injection of morphine on day 13, mice were
tested for mechanical allodynia 30 min after the injection of morphine. This three-day
regimen of dosing and testing was continued for the following two weeks so that morphine
injections were administered Monday, Tuesday, and Wednesday (days 18-20 and days 25—
27) with either ascending doses (5.0 and 10 mg/kg) or descending doses (5.0 and 2.5 mg/kg)
of morphine (counterbalanced within groups). The purpose of the three-day morphine
treatment was to directly compare the anti-allodynia effects of morphine after repeated
morphine injections as in the CPP and self-administration studies. Mechanical allodynia
prior to and following treatment with morphine (2.5-10 mg/kg) in saline-or paclitaxel-
treated male and female mice were determined and compared.

Data and Statistical Analysis

Two, three-way ANOVAs were performed with: 1) the factors of sex (male and female),
treatment (saline and paclitaxel), and days (0, 5, 8); and, 2) the factors of sex (male and
female), treatment (saline and paclitaxel), and morphine dose (0, 2.5, 5, 10) (JMP Pro 12,
SAS Institute, Inc., Cary, NC USA). Separate repeated-measures, two-way ANOVAS with
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Dunnett’s Multiple Comparisons post hoc tests were used to compare treatment and
morphine dose factors within each sex (GraphPad Prism 5.0 Software, Inc, La Jolla, CA).

Morphine Conditioned Reward in the Absence and Presence of Paclitaxel-Induced
Mechanical Allodynia

A three-way ANOVA of dose, sex, and treatment in the CPP assay was significant [F(7, 147)
= 11.05, p < 0.0001] with Dunnett’s post hoc test indicating dose as the significant
contributing factor (p<0.00001). No treatment or sex differences, and no interactions among
any of the three factors were found (Figure 1, panels A and B). Individual one-way
ANOVASs were then performed for morphine dose in the different groups of mice. In the
saline-treated mice, morphine produced significant dose-dependent rewarding effects in
male [F(336)=14.24; p<0.0001] and female mice [F(3 32)=11.39; p < 0.0001]. Tukey’s
multiple comparison post hoc tests revealed significant differences (p<0.05) between saline
and 2.5 and 10 mg/kg morphine in all mice and between 0.3 mg/kg morphine and the doses
of 2.5 and 10 mg/kg morphine in male, saline-treated mice and between 0.3 and the dose of
10 mg/kg morphine in female, saline-treated mice. In paclitaxel-treated mice, morphine
produced significant CPP in male (F(3 35=9.743; p<0.0001) and female mice (F 3 35)=23.28;
p < 0.0001). Post hoc tests revealed significant differences (p<0.05) between saline and all
doses of morphine in both male and female mice. Besides being different from saline,
morphine failed to reveal any dose-dependent effects in male paclitaxel-treated mice, but a
dose of 0.3 mg/kg morphine produced significantly less CPP (p<0.05) than either 2.5 or 10
mg/kg morphine in female paclitaxel-treated mice.

Morphine Self-Administration in the Absence and Presence of Paclitaxel-Induced
Mechanical Allodynia

Prior to paclitaxel treatment, morphine produced an inverted-U shaped dose-response curve
under an FR1 schedule of reinforcement in male and female C57BI/6 mice (Figure 2). A
two-way ANOVA revealed a significant effect of dose [F(4, 67) = 6.56, p<0.0002], but no
effect of sex or an interaction between sex and dose. Bonferroni post tests revealed that the
response rates maintained by 0.03 mg/kg per infusion (p < 0.01) and 0.3 mg/kg per infusion
(p < 0.05) morphine in female mice and 0.1 mg/kg per infusion of morphine in male mice (p
< 0.01) were significantly different from response rates maintained by saline.

Prior to paclitaxel treatment, morphine supported breakpoint values of 6.0 in the saline
group and 6.8 in the paclitaxel group at the training dose of 0.1 mg/kg per infusion in male
mice (baseline measures Figure 3A) and breakpoint values of 6.8 in the saline group and 7.8
in the paclitaxel group at the training dose of 0.03 mg/kg per infusion in female mice
(baseline measures Figure 3B). There were no significant differences among the four groups
in baseline responding for morphine [F(3 21)=2.56, p<0.08); N.S.] as tested by one-way
ANOVA. During the development of allodynia in the PR assay, a three-way ANOVA of
treatment, sex, and number of days was significant [F7, 9p)= 3.35, p < 0.0031] with
Dunnett’s post hoc test indicating treatment as the significant contributing factor
(p<0.00031) (Figure 3). No significant differences for sex or number of days of treatment
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were observed although a significant interaction between sex and treatment was observed
(p<0.028). Specifically, the PR responding for saline-treated males was decreased relative to
the PR responding for 0.1 mg/kg per infusion morphine in the paclitaxel-treated male
(p<0.0003) while PR responding for 0.03 mg/kg per infusion morphine was not different
between the saline- and paclitaxel-treated female mice.

Although paclitaxel treatment produced slightly higher number of total cumulative responses
and breakpoints relative to saline treatment for all doses of morphine tested in both male
(Figure 4A) and female (Figure 4B) mice, these small differences between treatments were
not statistically significant [F(7 70y=1.01, p=0.43 N.S.] as determined by a three-way
ANOVA of treatment, sex, or morphine dose. In addition, no differences between sex or
morphine dose were observed in the analysis.

Anti-Allodynia Effects of Morphine

The effects of morphine to reverse paclitaxel-induced mechanical allodynia were assessed in
male and female mice after the paclitaxel treatment and similar morphine dosing regimens
as were used in the self-administration and CPP experiments. For development of allodynia
after treatment with 8 mg/kg paclitaxel (Figure 6, panels A and C), three-way ANOVA of
treatment, sex, and number of days was significant [F(7 g95) = 6.60, p<0.0001] with Dunnett’s
post hoc test indicating number of days (p<0.0009) and treatment (p<0.00001) as significant
factors. Specifically, treatment with 8 mg/kg paclitaxel produced measurable allodynia by
days 5 and 8 in both male and female mice. No sex differences or interactions were
observed. For the potency of morphine to reverse allodynia after paclitaxel treatment (Figure
6, panels B and D), three-way ANOVA of treatment, dose, and sex was significant [F(7 121) =
6.10, p<0.0001] with Dunnett’s post hoc test indicating morphine dose (p<0.0002) and
treatment (p<0.00004) as significant factors and treatment by dose as a significant
interaction (p<0.02). No sex differences or other interactions were observed. Separate
repeated-measures, two-way ANOVAs of treatment and morphine dose were significant in
both male [F(3 42) = 3.88, p<0.02] and female [F 3 42) = 4.43, p<0.01] mice. Morphine did
not alter the sensitivity to mechanical pressure in the saline-treated male mice but Dunnett’s
post hoc tests revealed morphine doses of 2.5 mg/kg (p<0.03), 5 mg/kg (p<0.004), and 10
mg/kg (p<0.0001) significantly decreased mechanical allodynia relative to baseline
allodynia measures in the paclitaxel-treated male mice (Figure 6B). In female mice,
morphine did not alter sensitivity measures in the saline-treated mice but morphine
significantly decreased mechanical allodynia at doses of 5 mg/kg (p<0.006) and 10 mg/kg
(p<0.02) doses relative to baseline in the paclitaxel-treated group (Figure 6D).

DISCUSSION

The assessment of reward-related behaviors associated with morphine using two different
models with high predictive validity and the evaluation of these behavioral effects in both
male and female mice described in the current study are unique to the best of our
knowledge. The current findings reveal that a regimen of paclitaxel sufficient to produce
morphine reversible mechanical allodynia with no observable sex differences in mice, did
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not significantly alter the conditioned rewarding effects or the relative reinforcing efficacy of
morphine tested within a limited dose range in either male or female mice.

The conditioned rewarding effects of morphine were assessed in the presence and absence of
paclitaxel-induced mechanical allodynia in male and female mice using the CPP procedure.
Sensitivities to morphine-induced reward in the control saline-treated male and female
groups are consistent with previous studies using similar doses in mice (Belzung & Barreau,
2000; Mirbaha, Tabaeizadeh, Shaterian-Mohammadi, Tahsili-Fahadan, & Dehpour, 2009;
Ozaki, Narita, Ozaki, Khotib, & Suzuki, 2004; Sahraei et al., 2004). In the CPP experiments,
paclitaxel-induced allodynia failed to alter significantly the effects of morphine relative to
saline-treated control male and female mice. Our observation that the susceptibility to
morphine’s conditioned rewarding effects remains unaltered as a function of paclitaxel
treatment is consistent with a recent report in male rats where the conditioned rewarding
effects of opioids such as 4 mg/kg morphine, 0.056 mg/kg oxycodone, and 0.017 mg/kg
fentanyl, administered subcutaneously, were not altered in the presence of paclitaxel- and
oxaliplatin-induced treatment (Mori, et al., 2014). However, our results are in contrast to the
reports indicating either an increase (Cahill CM, 2013; Sufka, 1994) or a decrease (Suzuki,
Kishimoto, & Misawa, 1996) (Niikura, Kobayashi, et al., 2008; Niikura, Narita, et al., 2008;
Ozaki, et al., 2003; Ozaki, et al., 2002; Ozaki, et al., 2004) in opioid reward using alternative
chronic pain models such as persistent inflammatory pain and neuropathic pain from nerve
injury in male rats and mice.

The discrepancies between these studies may be due to the different underlying mechanisms
of the chronic pain models used. Chemotherapeutic agents such as paclitaxel produce
modest degeneration and toxicity of peripheral afferent neurons and spinal microglial
hypertrophies compared to those evoked by surgical nerve injuries in animals (Xiao &
Bennett, 2008; Zheng, Xiao, & Bennett, 2011). Dissociable molecular changes across pain
models appear to be consistent with behavioral manifestations, including a more severe
reduction in withdrawal thresholds to mechanical stimulus (80% increase in sensitivity to
mechanical stimulus — mechanical allodynia) on the ipsilateral paw in mice with nerve
injury (Wade CL, 2013) as opposed to our previous observations in mice treated with
paclitaxel at the current dosing regimen (50-65% bilateral decrease in the mechanical
threshold sensitivity) (Ward SJ, 2014). The supraspinal pathophysiological alterations
produced as a result of paclitaxel exposure to higher brain structures are largely unknown.
Therefore, a plausible explanation for the lack of effects of paclitaxel on morphine CPP in
the current study is that the presence of paclitaxel-induced mechanical allodynia is less
likely to modulate key neural substrates such as the VTA and nucleus accumbens that
directly regulate opioid reward (Wise, 1989; Leone P, 1991). In comparison, the presence of
persistent inflammatory pain can up-regulate kappa-opioid receptors in the nucleus
accumbens of the central reward circuitry (Narita et al., 2005; Suzuki, Kishimoto, Misawa,
Nagase, & Takeda, 1999) and the presence of peripheral nerve injury via surgical
manipulation can down regulate and reduce the functioning of the p opioid receptors in the
VTA thereby decreasing opioid-induced reward (Narita, et al., 2004; Niikura, Narita, et al.,
2008; Ozaki, et al., 2003).
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Paclitaxel treatment failed to significantly alter morphine CPP data in the current study, yet
dose-response analyses for morphine CPP in male paclitaxel-treated mice revealed a
relatively flat dose-response curve compared to the saline-treated male mice or any of the
female mice. The doses of morphine that induced CPP in the paclitaxel-treated mice were
likely lower (~males — 8-fold; females — 17-fold) than those doses that were shown to
effectively reverse paclitaxel-induced mechanical allodynia in male and female mice. Our
observation suggests that the conditioned rewarding effects of morphine may occur at doses
below those required to reverse mechanical allodynia and that morphine may alter the two
distinct behavioral endpoints (allodynia vs. CPP) via different mechanisms similar to
previous observations using other animal models of pain (Airavaara et al., 2012; Johansen,
Fields, & Manning, 2001; Speed et al., 2011) (Qu, et al., 2011; Zhang, et al., 2013). For
example, 10-fold increases in the rewarding potency relative to the anti-nociceptive and anti-
allodynic effects of morphine were demonstrated in rats in the presence of chronic
inflammatory (van der Kam EL, 2008; Hummel M, 2008) and neuropathic pain (Rutten K,
2011). However, as there were no overall paclitaxel treatment effects on the conditioned
rewarding effects of morphine in either sex in the current study, full potency estimates or
conclusions cannot yet be made until additional lower doses of morphine are tested in both
the CPP and allodynia behavioral tests.

The use of drug self-administration models to assess opioid reinforcing behaviors in the
context of a developing chronic pain state in rats has been examined previously (Colpaert,
Meert, De Witte, & Schmitt, 1982) and supports the notion that the presence of untreated or
undertreated chronic pain primarily maintains opioid self-administration behavior via the
pain-alleviating effects of different opioids, i.e., negative reinforcement (Colpaert et al.,
2001; Lyness, et al., 1989; Martin, Kim, Buechler, Porreca, & Eisenach, 2007). Whether or
not the positive reinforcing effects are altered as a function of pain are difficult to examine in
these studies by comparing rates of responding using an FR schedule of reinforcement. The
PR schedule of reinforcement provides a reliable model to predict the relative reinforcing
efficacy of drugs of abuse (Markou et al., 1993; Richardson & Roberts, 1996) and has not
been employed previously to assess the reinforcing effects of opioids as a function of pain.

In the present study, male and female C57BI/6 mice exhibited comparable morphine self-
administration behaviors with no sex differences noted in the rate of acquisition under the
FR1 schedule. The FR schedule dose-response curve for morphine revealed maximal
response rates at the 0.1 mg/kg per infusion dose in male mice and 0.03 mg/kg per infusion
dose in female mice. These findings in our male mice are similar to dose-response functions
reported in previous studies in mice (Elmer, Pieper, Hamilton, & Wise, 2010; Elmer, et al.,
2002). The observed peak response rates for our female mice are in agreement with the
limited number of studies in female rats under similar dose conditions (Maisonneuve 1M,
1999). Surprisingly, morphine intravenous self-administration in female mice has not been
established prior to this study. While previous studies found female rats to acquire
intravenous opioid self-administration faster than males (morphine and heroin) (Carroll,
Campbell, & Heideman, 2001; Lynch & Carroll, 1999; Cicero TJ, 2003) and infuse greater
amounts of opioids intravenously (Carroll et al., 2002; Cicero, Aylward, & Meyer, 2003), the
female mice in the current study did not acquire self-administration faster or infuse more
morphine than the male mice under the FR1 schedule. These observations suggest that the
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magnitude or existence of the sex differences in morphine self-administration may be
dissimilar across species (Forgie, Beyerstein, & Alexander, 1988; Fattore L1, 2009).
Additional studies are needed to resolve these apparent discrepancies.

After the FR portion of the study, male and female mice were switched to a PR schedule of
reinforcement and maintained on morphine to stabilize their responding and provide a
baseline prior to starting paclitaxel administration. Significant main effects of treatment and
treatment by sex interaction suggest that progressive ratio responding for 0.1 mg/kg per
infusion morphine was lower in the saline-treated male mice while progressive ratio
responding remained at the higher baseline levels after initiation of paclitaxel treatment in
the male mice. Paclitaxel treatment therefore prevented the reduction in morphine PR
responding observed in the saline-treated male mice for 12 days. No differences in PR
responding for the dose of 0.03 mg/kg per infusion morphine were observed between the
female mice treated with saline or paclitaxel. Tests of additional doses of morphine after day
12 revealed that paclitaxel treatment did not have an overall effect on the reinforcing efficacy
of morphine under the PR schedule of reinforcement. The interpretation of our results under
the PR schedule is challenging due to the shallow dose-response curves we obtained for
morphine similar to those often observed for opioids under similar PR schedules — [see
discussion (Richardson & Roberts, 1996) (Arnold & Roberts, 1997). Future studies
employing modified PR schedules where the response increments are more gradual and
sensitive to support monotonically increasing dose-dependent response curves for opioids
(Grasing K, 2003; Roberts & Bennett, 1993) are needed to dissociate dose-specific positive
reinforcing effects and motivational salience of opioids in the context of chronic pain
induced by chemotherapy.

Previous studies demonstrated that the presence of chronic pain maintained intravenous self-
administration of prescription opioids using an FR schedule of reinforcement in rats in direct
relationship with the effectiveness of these compounds to reverse mechanical
hypersensitivity (Martin, et al., 2007). Other studies demonstrated a decrease in the positive
reinforcing effects of opioids under the FR schedule of reinforcement in rats with chronic
pain (Lyness, et al., 1989; Woller et al., 2012), including chronic pain after chemotherapy
treatment (Wade CL, 2013). The main discordance among the studies is the use of FR versus
PR schedules of reinforcement which can be differentially sensitive to experimental
manipulations (Richardson & Roberts, 1996; (Coen KM, 2009), and perhaps mediated by
discrete underlying processes and neural systems (McGregor & Roberts, 1993; McGregor &
Roberts, 1995) as well as differential pain models with varying underlying mechanisms.
Taken together with previous findings in the literature, the most likely explanation for the
current pattern of overall similar morphine-seeking behavior in the presence or absence of
paclitaxel-induced mechanical allodynia in our mice is that the paclitaxel dosing regimen
may produce only a modest negative subjective state and/or sensory component (e.g.
allodynia), and perhaps the male mice may be slightly more sensitive to some aspects of the
development of allodynia relative to female mice. Only one statistically significant treatment
effect and one sex by treatment effect were observed suggesting that if they exist, sex
differences were too small to be detected with the sample size used in the current study.
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Paclitaxel treatment does not alter the rewarding effects of morphine in the conditioned
place preference assay in male (panel A) or female (panel B) mice. Abscissa: Saline (Sal) or
doses of morphine expressed as mg/kg. Ordinate: Preference score, time spent in the drug —
vehicle paired sides on the test day in seconds (s). Each point represents the mean preference
score + SEM (n=8/group for morphine, n=16/group for saline). ~, significantly different than
saline-conditioned place preference p<0.05; *, significantly different than saline and 0.03
mg/kg morphine-conditioned place preference: p<0.05.
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Figure2.
An inverted-U shaped dose-response for morphine under an FR1 schedule of reinforcement

in male (filled circles) and female (open squares) mice. Abscissa: Saline (Sal) or unit dose of
morphine expressed as mg/kg per infusion. Ordinate: Response rate expressed as the mean
number of infusions per 2 h £ SEM (n=5-18/group). Significantly different than saline
responding: *, p<0.05; **, p<0.01.
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Paclitaxel treatment maintained responding for morphine under a PR schedule in male mice
responding for 0.1 mg/kg per infusing compared to saline treatment (panel A) but not in
female mice responding for 0.03 mg/kg per infusion (panel B). Abscissa: Baseline (BI) prior
to stating paclitaxel injections, day after first saline (filled symbols) or paclitaxel (closed
symbols) injection. Paclitaxel injections occurred on days 1, 3, 5, and 7. Left ordinate:
Breakpoint (defined as the number of infusions per session); Right ordinate: Corresponding

total cumulative number of responses required in the PR schedule. Each data point

represents mean = SEM (n=6-15/group).
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Paclitaxel treatment did not alter morphine dose-response curves under a PR schedule of
responding in either male (panel A) or female (panel B) mice. Abscissa: Unit doses of
morphine expressed as mg/kg per infusion. Left ordinate: Breakpoint (defined as the number
of infusions per session); Right ordinate: Corresponding total cumulative number of
responses required in the PR schedule. Each data point represents mean number of infusions

achieved in the 4 h session + SEM (n=6-15/group).
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Figure5.

Mechanical allodynia develops after 5 days of treatment with 8 mg/kg paclitaxel treatment
(panels A, C) and is reversed by morphine (2.5-10 mg/kg) (panels B, D) in only the
paclitaxel-treated male (upper panels) and female (lower panels) mice. Abscissa: Time
points prior to (D0) and after initiation of paclitaxel treatment on days 5 and 8) (panels A
and C); baseline (BI) and morphine dose expressed as mg/kg (panels B and D) on days 11—
27. Ordinate: Threshold of sensitivity to the mechanical stimulus (g). Bars represent the
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mean + SEM for paw withdrawal thresholds in g; n=8 per group. Significantly different than
baseline: *, p<0.03; **, p<0.004; ***, p<0.0001; ~, p<0.02; ™, p<0.006.
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