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Abstract

Research on opioid analgesics such as morphine suggests that expression of abuse-related effects
increases with repeated exposure. Repeated exposure to opioids often occurs clinically in the
context of pain management, and a major concern for clinicians is the risk of iatrogenic addiction
and dependence in patients receiving opioids for treatment of pain. This study compared abuse-
related morphine effects in male rats in an intracranial self-stimulation (ICSS) procedure after
repeated treatment either with morphine alone or with morphine in combination with a repeated
noxious stimulus (intraperitoneal administration of dilute acid). The study also permitted
comparison of morphine potency and effectiveness to block acid-induced depression of ICSS
(antinociception) and to produce enhanced facilitation of ICSS (abuse-related effect). There were
three main findings. First, initial morphine exposure to drug naive rats did not produce abuse-
related ICSS facilitation. Second, repeated daily treatment with 3.2 mg/kg/day morphine for six
days increased expression of ICSS facilitation. This occurred whether morphine was administered
in the absence or presence of the noxious stimulus. Finally, a lower dose of 1.0 mg/kg/day
morphine was sufficient to produce antinociception during repeated acid treatment, but this lower
dose did not reliably increase abuse-related morphine effects. Taken together, these results suggest
that prior morphine exposure can increase abuse liability of subsequent morphine treatments even
when that morphine exposure occurs in the context of a pain state. However, it may be possible to
relieve pain with relatively low morphine doses that do not produce increases in abuse-related
morphine effects.
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INTRODUCTION

Abuse potential limits the therapeutic deployment of opioid analgesics such as morphine
(Dart et al., 2015; Gutstein & Akil, 2005; Passik & Kirsh, 2011). Preclinical procedures used
to examine abuse-related effects of opioids include intracranial self-stimulation (ICSS), an
operant procedure in which operant responding is maintained by electrical pulses delivered
to components of the brain reward system. Drug-induced increases in ICSS rates are often
interpreted as abuse-related effects, whereas drug-induced decreases in ICSS rates may be
indicative of abuse-limiting effects associated with anhedonia or motor impairment
(Carlezon & Chartoff, 2007; Negus & Miller, 2014). Morphine and other mu opioid agonists
produce both ICSS rate-increasing and rate-decreasing effects, and the relative expression of
these effects is determined by variables including history of opioid exposure. Specifically, in
morphine-naive animals, morphine predominately produces abuse-limiting rate-decreasing
effects, whereas repeated morphine treatment results in tolerance to rate-decreasing effects
and increased expression of abuse-related rate-increasing effects (Adams, Lorens, &
Mitchell, 1972; Altarifi, Miller, & Negus, 2012; Altarifi & Negus, 2011; Carlezon & Wise,
1993; Lorens & Mitchell, 1973). Other preclinical assays, including self-administration
procedures (Carrera, Schulteis, & Koob, 1999; Negus & Rice, 2009; O’Connor, Chapman,
Butler, & Mead, 2011; Thompson & Schuster, 1964; Yanagita, 1978) have yielded similar
results. Moreover, examination of opioid abuse-related effects in humans has revealed
enhanced expression after repeated opioid exposure (Comer, Sullivan, Vosburg, Kowalczyk,
& Houser, 2010; Cooper et al., 2012; Lasagna, 1955).

Repeated exposure to opioids often occurs clinically in the context of pain management, and
as a result, a major concern for clinicians is the risk of iatrogenic addiction and dependence
in patients receiving opioids for treatment of pain. An emerging preclinical literature has
focused largely on changes in expression of abuse-related opioid effects during ongoing
pain, and a consistent pattern has yet to emerge. For example, models of sustained
inflammatory or neuropathic pain increased potency of morphine to facilitate ICSS (Leitl et
al., 2014) or to produce place preferences in place conditioning procedures (Cahill et al.,
2013; Sufka, 1994), and these effects were attributed to higher potency of morphine to
produce rewarding alleviation of pain than to produce rewarding effects in the absence of
pain. However, a spinal nerve ligation model of neuropathic pain decreased both potency of
opioids to maintain self-administration and effectiveness of opioids to facilitate ICSS in rats
(Martin, Kim, Buechler, Porreca, & Eisenach, 2007; Ewan & Martin 20113, 2011b), and
sciatic nerve ligation also reduced morphine place preferences in both rats and mice (Ozaki
et al., 2002, 2003). Finally, oral fentanyl self-administration was increased in rats by an
arthritis model of chronic inflammation but not by a sciatic nerve ligation model of
neuropathy (Kupers & Gybels, 1995; Colpaert et al., 2001), and chronic inflammation failed
to alter place conditioning by morphine in rats (Shippenberg, Stein, Huber, Millan, & Herz,
1988).

In contrast to these studies of opioid effects during putative pain states, no studies have yet
evaluated whether opioid treatment during a pain state alters subsequent sensitivity to abuse-
related opioid effects after termination of pain. This is a pertinent clinical issue given that
many patients receive transient opioid treatment for transient pain (e.g. postsurgical pain),
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and little is known regarding the degree to which such regimens of opioid exposure might
increase subsequent vulnerability to opioid abuse. Accordingly, the major goal of this study
was to compare abuse-related morphine effects in an ICSS procedure after repeated
treatment either with morphine alone or with morphine in combination with a repeated
noxious stimulus (intraperitoneal administration of dilute acid (IP acid)). Two different
doses of repeated morphine were examined to evaluate potency of morphine to enhance
subsequent morphine-induced facilitation of ICSS. IP acid was used as the repeated noxious
stimulus for two reasons (Stevenson, Bilksy, & Negus, 2006; Pereira Do Carmo, Stevenson,
Carlezon, & Negus 2009; Altarifi, Rice, & Negus., 2015). First, IP acid effects are transient
(1-2 hr) and permit more precise temporal control of noxious stimulation onset and offset
than can be achieved with other more sustained inflammatory or neuropathic insults.
Second, we have shown previously that IP acid produces a pain-related decrease in ICSS,
and morphine produces a dose-dependent antinociceptive blockade of this IP acid effect.
Accordingly, morphine potency and effectiveness to block acid-induced depression of ICSS
could be compared to morphine potency and effectiveness to produce enhanced facilitation
of ICSS.

METHODS

Subjects and ICSS Electrode Implantation

Male Sprague-Dawley rats (Harlan, Fredrick, MD, USA) weighing 310-350 g and
approximately 11-12 weeks old at the time of surgery were used for these studies. Rats were
individually housed and maintained on a 12-h light/dark cycle with lights on from 6:00 a.m.
to 6:00 p.m. Rats had free access to food and water except during testing. Animal
maintenance and research were in compliance with National Institutes of Health guidelines
on care and use of animal subjects in research (National Research Council, 2011), and all
animal use protocols were approved by the Virginia Commonwealth University Institutional
Care and Use Committee.

Rats were anesthetized with isoflurane gas (2.5-3% in oxygen; Webster Veterinary, Phoenix,
AZ) for the implantation of stainless steel electrodes. The cathode (0.25 mm, insulated) of
each bipolar electrode (Plastics One, Roanoke, VA) was implanted in the left medial
forebrain bundle at the level of the lateral hypothalamus (2.8 mm posterior and 1.7 mm
lateral from bregma, and 8.8 mm below the skull). The anode (0.124 mm, uninsulated) was
wrapped around one of three skull screws to serve as the ground, and the skull screws and
electrode assembly were secured to the skull with orthodontic resin. Animals were allowed
to recover for at least 7 days prior to commencing ICSS training.

Experimental Procedure

Apparatus—Experiments were conducted in sound attenuating chambers that contained
modular acrylic test chambers (29.2 x 30.5 x 24.1 cm) equipped with a response lever (4.5
cm wide, extended 2.0 cm through the center of one wall, 3 cm off the floor), stimulus lights
(three lights colored red, yellow and green positioned 7.6 cm directly above the lever), a 2-
W white house light, and an ICSS stimulator (Med Associates, St. Albans, VT). Electrodes
were connected to the stimulator via bipolar cables routed through a commutator (Model
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SL2C, Plastics One, Roanoke, VA). A computer and software (Med Associates, St. Albans,
VT) controlled the stimulator, programming parameters and data collection.

Training—Rats were trained under a fixed-ratio 1 (FR 1) schedule of brain stimulation
using procedures similar to those described previously (Altarifi et al., 2012). During the
initial phase of training, the frequency of stimulation was held constant at 2.2 Log Hz, and
the stimulation intensity was adjusted to the lowest value that would sustain at least 30
stimulations per minute during 60-min training sessions. Once this criterion was met,
frequency manipulations were introduced during sessions that consisted of sequential 10 min
components. During each component, a descending series of 10 current frequencies
(2.2-1.75 Log Hz in 0.05 log increments) was presented, with a 60-s trial at each frequency.
A frequency trial began with a 5-s time out followed by a 5-s “priming” phase during which
animals received five non-contingent stimulations with a 0.5-s interval between each
stimulation. This non-contingent stimulation was followed by a 50-s “response” period
during which responding produced electrical stimulation under the FR 1 schedule. During
this phase of training, the current intensity was adjusted until rats reliably responded during
the first four to five frequency trials of all components for at least three consecutive days.
This intensity was held constant for the duration of the study. Once training was completed,
three “Pre-drug Baseline” sessions were conducted over three consecutive days to establish
baseline ICSS performance. Experimental sessions each day consisted of three ICSS
components. The first component was considered an acclimation component and data were
discarded. Data from the second and third components were averaged for the three sessions
to yield Pre-Drug Baseline Data shown in Table 1 and the figures. Rats were then divided
into six groups (N=6-7 each), and testing was initiated using the experimental design
described below.

Testing—Experiments were conducted using an eight-day treatment protocol (Figure 1A).
On Days 0 and 7, rats received cumulative doses of morphine (0.32-10 mg/kg), and on
intervening days 1-6, rats received daily injections of (1) morphine (1.0 or 3.2 mg/kg/day) or
its vehicle paired with (2) 1.8% lactic acid or its vehicle. Treatment groups are outlined in
Table 1. Major goals of the study were to evaluate (a) impact of the Day 1-6 treatment on
effects of cumulative morphine and (b) stability of treatment effects on Days 1 to 6.

Each test session on Days 0-7 began with three “Daily Baseline” components. The first
component of each session was considered an acclimation component, and data were
discarded. Data from the second and third components were averaged to yield Daily
Baseline data shown in the figures. During cumulative-dosing sessions on Day 0 and Day 7,
Daily Baseline components were followed by cumulative morphine administration (0.32-10
mg/kg). Specifically, a series of increasing morphine doses was administered at 50 min
intervals, and each sequential dose increased the total cumulative morphine dose by 0.5 log
units. ICSS was evaluated during two consecutive 10-min test components starting 30 min
after each dose. During treatment sessions on Days 1-6, the Daily Baseline components were
followed by treatment according to group assignments shown in Table 1. Thus, rats were
treated first with saline, 1.0 mg/kg or 3.2 mg/kg morphine and then 30 min later with 1.8%
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lactic acid or water before being returned immediately to the operant chambers for two 10-
min ICSS test components.

Data Analysis

Data were analyzed using an approach described previously (Negus & Miller, 2014). First,
to evaluate performance over the entire range of frequency magnitudes, the total number of
stimulations earned per component in each rat was calculated as the average of the total
stimulations delivered across all 10 frequency trials of each component. Daily Baseline and
Test data during each experimental day in each rat were expressed as a percentage of the
total stimulations per component earned during the “Pre-drug Baseline” components in that
rat before initiation of morphine and/or acid exposure. Thus, % Pre-drug Baseline Total
Stimulations was calculated as: (Mean Total Stimulations during Daily Baseline or Test
Components + Mean Total Stimulations during Pre-drug Baseline Components) x 100.
These data were analyzed by repeated-measures one-way or two-way ANOVA. For
cumulative dosing test sessions (Days 0 and 7), the factors were morphine dose and test day.
For treatment sessions (Days 1-6), the factors were treatment and treatment day. A
significant ANOVA was followed by a Dunnett’s or Holm-Sidak post hoc test, and the
criterion for significance was set at p < 0.05.

The analysis described above was complemented by analysis of full frequency-rate curves
for selected conditions. For this analysis, raw ICSS rates at each frequency in each rat were
first converted to Percent Maximum Control Rate (%MCR) for that rat, with the maximum
control rate (MCR) defined as the mean of the maximal rates observed in any frequency trial
during each of the Pre-drug Baseline components. Thus, %MCR for each trial was
calculated as: (ICSS Rate During a Frequency Trial + Maximum Control Rate) x 100.
Normalized data for Daily Baseline and Test components were then averaged across rats for
statistical analysis using repeated-measures two-way ANOVA, with brain stimulation as one
factor and either morphine dose or treatment day as the second factor. A significant
ANOVA was followed by a Holm-Sidak post hoc test, and the criterion for significance was
set at p <0.05.

Drugs
Morphine sulfate was provided by the National Institute on Drug Abuse Drug Supply
Program (Bethesda, MD, USA), dissolved in saline, and delivered subcutaneously in a
volume of 1 ml/kg body weight. Lactic acid was purchased from Sigma Chemical Co. (St.
Louis, MO), diluted in bacteriostatic water to a concentration of 1.8%, and delivered IP in a
volume of 1 ml/kg body weight.

RESULTS

Baseline ICSS performance and effects of morphine in drug-naive rats

Table 1 shows “Pre-drug Baseline” values from each group for (a) maximum control rate
(MCR) at the most reinforcing frequency, and (b) total stimulations per component earned
across all frequencies. These baseline measures did not significantly differ across groups,
and subsequent data were expressed as a percent of these Pre-drug Baseline data. Figure 1
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shows the Day 0 cumulative morphine dose-effect curve determined in all 41 rats included
in this study. Data for total stimulations per component are shown in Figure 1B, and full
frequency-rate curves are shown in Figure 1C. Under these conditions morphine exclusively
decreased ICSS rates, and ICSS was not facilitated at any frequency by any cumulative
morphine dose.

Effects of cumulative morphine on ICSS before and after repeated saline or morphine

Figure 2 shows effects of cumulative morphine (0.32-10 mg/kg) before and after six days of
treatment with saline, 1.0 mg/kg/day morphine, or 3.2 mg/kg/day morphine in combination
with lactic acid vehicle. Data for total stimulations per component on Day 0 and Day 7 are
compared in the left panels (Figure 2A,C,E), and right panels highlight effects of cumulative
3.2 mg/kg morphine on full frequency-rate curves on Day 7 (Figures 2B,D,F). Repeated
saline treatment did not alter cumulative morphine effects on total stimulations per
component (Figure 2A). On Day 7, cumulative 3.2 mg/kg morphine had little effect on the
ICSS frequency-rate curve, producing significant but small facilitation of ICSS at one brain-
stimulation frequency (1.95 log Hz) and a non-significant trend toward depression of ICSS
at higher frequencies (2.15 and 2.20 log Hz) (Figure 2B). Repeated 1.0 mg/kg/day morphine
produced a small but significant change in morphine effects on Day 0 vs. Day 7. On Day 0,
before 1.0 mg/kg/day morphine treatment, doses of 3.2 and 10 mg/kg morphine significantly
depressed total stimulations per component; however, on Day 7, 3.2 mg/kg morphine no
longer depressed ICSS (Figure 2C). Cumulative treatment with 3.2 mg/kg morphine on Day
7 produced mixed effects on full frequency-rate curves, with significant facilitation of ICSS
at one low frequency (1.90 log Hz) and significant depression of ICSS at two high
frequencies (2.10 and 2.20 log Hz) (Figure 2D). Repeated 3.2 mg/kg/day morphine
produced a greater change in morphine effects on Day 0 vs. Day 7. On Day 0, cumulative
3.2 and 10 mg/kg morphine significantly depressed total stimulations per component;
however, on Day 7, 3.2 mg/kg morphine significantly increased this measure of ICSS
(Figure 2E). Moreover, Figure 2F shows that cumulative 3.2 mg/kg morphine on Day 7
produced a leftward shift in the ICSS frequency curve and facilitated ICSS at three
intermediate frequencies (1.90-2.0 log Hz) without evidence for ICSS depression at higher
frequencies. Thus, relative to treatment with saline or 1.0 mg/kg/day morphine, treatment
with 3.2 mg/kg/day morphine on Days 1-6 reduced expression of rate-decreasing effects and
increased expression of rate-increasing effects by morphine on Day 7.

Effects of Day 1-6 treatment with saline or morphine

Figure 3 shows ICSS on Days 1-6 before (Daily Baseline) and after (Treatment) each daily
treatment with saline, 1.0 mg/kg/day morphine or 3.2 mg/kg/day morphine. Daily baselines
were stable across days in all groups with the exception that the Daily Baseline on
Treatment Day 2 differed from Day 1 in the 1.0 mg/kg/day morphine + vehicle group. Daily
saline treatment produced modest decreases in total stimulations relative to Daily Baseline,
and there was no change in saline effects across days. Treatment with 1.0 mg/kg/day
morphine (Figure 3B) significantly increased total stimulations compared to the Daily
Baseline on Day 6 of treatment, and total stimulations were elevated on Days 3-6 compared
to Day 1. Treatment with 3.2 mg/kg/day morphine (Figure 3C) decreased total stimulations
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compared to the Daily Baseline on Days 1 and 2, but increased total stimulations earned on
Days 4-6. In addition, total stimulations were elevated on Days 3-6 compared to Day 1.

Effects of cumulative morphine on ICSS before and after repeated saline or morphine + IP

acid

Figure 4 shows effects of cumulative morphine (0.32-10 mg/kg) before and after six days of
treatment with saline, 1.0 mg/kg/day morphine, or 3.2 mg/kg/day morphine in combination
with IP acid. Repeated saline+acid did not alter cumulative morphine effects on total
stimulations per component (Figure 4A), and on Day 7, cumulative 3.2 mg/kg morphine
produced a significant but small facilitation of ICSS at one brain-stimulation frequency (2.0
log Hz) and significant depression of ICSS at two higher frequencies (2.10 and 2.20 log Hz)
(Figure 4B). Repeated 1.0 mg/kg/day morphine+acid attenuated the rate-decreasing effects
of morphine. In particular, cumulative doses of both 3.2 and 10 mg/kg morphine
significantly depressed total stimulations per component on Day 0, but on Day 7 after six
days of 1.0 mg/kg/day morphine+acid, 3.2 mg/kg morphine no longer depressed ICSS
(Figure 4C). Cumulative treatment with 3.2 mg/kg morphine on Day 7 did not alter ICSS at
any frequency of the frequency-rate curve on Day 7 (Figure 4D). Repeated 3.2 mg/kg/day
morphine+acid also modified morphine effects on Day 0 vs. Day 7. Total stimulations per
component were significantly higher after cumulative 3.2 mg/kg morphine on Day 7 than on
Day 0 (Figure 4E). Moreover, Figure 4F shows that cumulative 3.2 mg/kg morphine on Day
7 produced a leftward shift in the ICSS frequency curve and facilitated ICSS at four
intermediate frequencies (1.90-2.05 log Hz) without producing significant depression of
ICSS at higher frequencies.

Effects of Day 1-6 treatment with saline or morphine + acid

Figure 5 shows ICSS on Days 1-6 before (Daily Baseline) and after (Treatment) each daily
treatment with saline, 1.0 mg/kg/day morphine or 3.2 mg/kg/day morphine + IP acid.
Treatment with saline+acid (Figure 5A) decreased total stimulations per component on five
of the six treatment days, and IP acid effects on total stimulations did not differ across
treatment days. Treatment with 1.0 mg/kg/day morphine+acid (Figure 5B) did not reduce
ICSS relative to the Daily Baseline, and total stimulations per component were elevated on
Days 5 and 6 compared to Day 1. Treatment with 3.2 mg/kg/day morphine+acid (Figure 5C)
also did not reduce ICSS relative to the Daily Baseline, and effects did not significantly
differ across treatment days. Overall, IP acid produced a repeatable and pain-related
depression of ICSS in the saline+acid group, and both morphine doses produced a repeatable
blockade of acid-induced ICSS depression that tended to be more robust at the last days of
treatment than the first days of treatment.

DISCUSSION

This study used an intracranial self-stimulation procedure to evaluate abuse-related effects
of morphine determined before and after a regimen of repeated morphine in the absence or
presence of a noxious stimulus. There were three main findings. First, as reported
previously, initial morphine exposure to drug naive rats produced primarily rate-decreasing
effects and did not produce abuse-related ICSS facilitation. Second, repeated daily treatment
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with 3.2 mg/kg/day morphine for six days reduced expression of ICSS rate-decreasing
effects by subsequent morphine treatment and increased expression of ICSS facilitation.
This occurred whether morphine was administered in the absence or presence of the noxious
stimulus, indicating that noxious stimulation did not prevent effectiveness of morphine
exposure to increase subsequent expression of abuse-related morphine effects. Finally, a
lower dose of 1.0 mg/kg/day morphine was sufficient to produce antinociception during
repeated IP acid treatment, but this lower dose did not reliably increase abuse-related
morphine effects. Taken together, these results suggest that prior morphine exposure can
increase abuse liability of subsequent morphine treatments even when that morphine
exposure occurs in the context of a pain state. However, it may be possible to relieve pain
with relatively low morphine doses that do not produce increases in abuse-related morphine
effects.

Drug-induced increases in low ICSS rates maintained by low frequencies of brain
stimulation are often interpreted as evidence of abuse potential, whereas drug-induced
decreases in higher ICSS rates maintained by higher brain-stimulation frequencies are
interpreted as evidence of abuse-limiting effects that may be related to anhedonia or motor
impairment (Carlezon & Chartoff, 2007; Negus & Miller, 2014). In this study, morphine
exclusively decreased ICSS rates in morphine-naive rats, and repeated morphine treatment
produced a dose-dependent tolerance to these initial rate-decreasing effects and increased
expression of rate-increasing effects. These findings are consistent with previous work with
both morphine and other mu agonist analgesics in ICSS procedures (Altarifi et al., 2012;
Altarifi, Rice, & Negus, 2013; Altarifi & Negus, 2011; Carlezon Jr & Wise, 1993; Lorens &
Mitchell, 1973), and these results suggest that one consequence of repeated opioid exposure
is a transition from expression of primarily abuse-limiting effects to expression of primarily
abuse-related effects. Similar increases in abuse-related morphine effects after regimens of
opioid exposure have been reported from other preclinical assays such as place conditioning
(Shippenberg, Heidbreder, & Lefevour, 1996) and drug self-administration (Carrera et al.,
1999; Negus & Rice, 2009; Thompson & Schuster, 1964; Yanagita, 1978), and in humans
using measures of subjective effects and drug self-administration (Comer et al., 2010;
Cooper et al., 2012; Lasagna, 1955). A major goal of the present study was to evaluate the
degree to which a noxious stimulus might alter effectiveness of morphine exposure to
enhance subsequent expression of abuse-related morphine effects.

Morphine and other mu agonists are effective analgesics, and pain management is one
context in which individuals experience repeated exposure to these drugs. A major concern
in opioid pain management is whether opioid exposure to treat pain might increase risk for
opioid abuse and development of iatrogenic addiction (Dart et al., 2015; Passik & Kirsh,
2011); however, it remains unclear whether repeated opioid exposure in the context of pain
management exposes individuals to increased risk (Minozzi, Amato, & Davoli, 2013). Such
questions have fueled preclinical efforts to examine the role of pain as a determinant of
opioid effects related to abuse-potential, and the present study examined morphine effects
both during and after exposure to a noxious stimulus. Our results suggest that abuse-related
morphine effects were reduced during a pain state. Specifically, when 1.0 or 3.2 mg/kg/day
morphine was administered in the absence of IP acid, there was at least one treatment day
during which morphine significantly increased ICSS rates above that day’s Daily Baseline
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rates. In contrast, when 1.0 or 3.2 mg/kg/day morphine was administered in combination
with daily acid injections, morphine never increased ICSS rates above the Daily Baseline
rates. This finding is consistent with other studies reporting pain-related decreases in the
acute abuse-related opioid effects in assays of opioid self-administration (Martin et al.,
2007), opioid-induced place conditioning (Narita et al., 2004; Ozaki et al., 2003; Ozaki et
al., 2002), and opioid-induced increases in nucleus accumbens dopamine release (Narita et
al., 2004). It should be noted, however, that these results contrast with other reports
suggesting either no decrease, or an increase, in abuse-related opioid effects in assays of
self-administration (Colpaert et al., 2001; Kupers & Gybels, 1995) and place conditioning
(Cahill et al., 2013; Sufka, 1994).

One factor that may contribute to these apparent discrepancies is the interpretative challenge
in distinguishing between aspects of drug reward that are independent of pain state from
those that depend on alleviation of an aversive pain state. Although interpretations may
differ regarding pain effects on opioid reward, there is more general agreement that
morphine and other opioids are effective to reduce aversive aspects of pain. In the present
study, for example, morphine blocked pain-related depression of ICSS produced by daily
acid injections. This is consistent with previous reports that pain-related depression of ICSS
and some other behaviors can be blocked by morphine and other mu opioid analgesics
(Altarifi et al., 2015; Matson et al., 2007; Miller, Picker, Umberger, Schmidt, & Dykstra,
2012; Rutten, Robens, Read, & Christoph, 2014), as well as by non-steroidal anti-
inflammatory drugs (Kwilasz & Negus, 2012; Matson et al., 2007; Rutten et al., 2014).
Morphine also blocks pain-related place aversion (Pedersen & Blackburn-Munro, 2006; van
der Kam, Vry, Schiene, & Tzschentke, 2008) and pain-related punishment of operant
responding (Neubert et al., 2005). The present study expands on these earlier studies in two
ways. First, this study found sustained effectiveness of the acid noxious stimulus to depress
ICSS during repeated daily treatments for six days. This suggests a lack of tolerance to acid
effects and supports use of repeated acid administration to model sustained pain. Second,
there was also a lack of tolerance to morphine antinociception expressed as a blockade of
acid-induced ICSS depression. Previous studies have provided evidence that tolerance to
morphine’s antinociceptive effects develops at different rates in assays of pain-stimulated
and pain-depressed behavior (Altarifi & Negus, 2015). Moreover, these findings are
consistent with experimental (Cooper et al., 2012) and clinical human data (Cowan, Allan,
Libretto, & Griffiths, 2001; Watson, 2012) suggesting opioids often maintain analgesic
efficacy after repeated treatment. Though no evidence of antinociceptive tolerance was
observed in this study, there was qualitative evidence of enhanced antinociceptive efficacy
over the course of the treatment regimen. Effects observed in Figures 5B and C may reflect
the development of tolerance to morphine’s rate-decreasing effects, such as sedation, over
the course of the treatment regimen. Sedation and respiratory depression limit the
therapeutic potential of opioids, and tolerance to these effects can be viewed as a desirable
consequence of repeated opioid exposure (Benyamin et al., 2008; Labianca et al., 2012).

The interaction between rewarding effects of analgesics and aversive effects of pain states is
an important consideration for pain treatment; however, it is also important to consider
whether opioid exposure during a pain state might increase vulnerability to abuse-related
opioid effects after the pain state has resolved. Results of the present study which used 1.8%
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lactic acid as a noxious stimulus suggest that the answer to this question depends more on
the morphine dose than on presence or absence of this noxious stimulus. The low dose of 1.0
mg/kg morphine was sufficient to block acid-induced depression of ICSS during repeated
morphine+acid treatment, and this regimen of opioid exposure produced little change in
subsequent expression of morphine effects after termination of acid treatment. This finding
suggests that morphine can be administered repeatedly at doses sufficient to produce
antinociception without producing large changes in subsequent vulnerability to abuse-related
morphine effects. Though definitive data are lacking, this conclusion may also be consistent
with relatively low rates of iatrogenic opioid addiction in patients who receive transient
opioid treatment for transient pain (Compton & Volkow, 2006). However, this low
morphine dose also produced little change in subsequent vulnerability to abuse-related
morphine effects when it was administered repeatedly in the absence of the acid noxious
stimulus. Moreover, in contrast to results with the low dose of 1.0 mg/kg/day morphine,
repeated treatment with the higher dose of 3.2 mg/kg/day morphine did increase subsequent
expression of abuse-related morphine effects regardless of whether this morphine dose was
administered in the absence or presence of repeated acid. Taken together, these results
suggest two conclusions. First, under these conditions, morphine is more potent to produce
antinociceptive effects than to produce increases in subsequent sensitivity to abuse-related
morphine effects. Second, the IP acid noxious stimulus is not sufficient to block the increase
in abuse-related morphine effects produced by repeated exposure to higher morphine doses.
Additional studies using pain manipulations of different modality, duration, and magnitude
are needed to further bridge the gaps in our knowledge of how pain states modulate opioid
reward and abuse potential.
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Figure 1.
Study timeline and initial effects of cumulative morphine under morphine-naive conditions

for all rats used in this study. Figure 1A, schematic of the experimental timeline. Figure 1B
shows effects of morphine on ICSS expressed as Percent Pre-drug Baseline total
stimulations delivered across all frequencies of brain stimulation. Abscissa: morphine dose
in mg/kg. Ordinate: Percent Pre-drug Baseline total stimulations. Filled symbols represent
ICSS rates that were statistically different from Daily Baseline as determined by one-way
ANOVA followed by a Dunnett’s post hoc test, P<0.05. Figure 1C shows morphine effects
on full ICSS frequency-rate curves. Abscissa: Frequency of electrical brain stimulation in
Log Hz. Ordinate: Percent maximum control reinforcement rate (%MCR). Filled points
represent frequencies at which reinforcement rates were statistically different from Daily
Baseline as determined by a two-way ANOVA followed by a Holm-Sidak post hoc test, P <
0.05. Statistical results as follows: (B) significant effect of morphine dose [F(4, 160) =
184.7, P < 0.05]. (C) significant main effects of morphine dose [F(4, 160) = 165.3, P < 0.05]
and frequency [F(9, 360) = 344.7, P < 0.05], and a significant interaction [F(36, 1440) =
49.58, P < 0.05]. Data show mean + SEM for 41 rats.
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Figure 2.
Effects of cumulative morphine on ICSS before and after repeated saline or repeated

morphine without the acid noxious stimulus. Figure 2A and 2B: repeated vehicle + vehicle
treatment group, Figure 2C and 2D: repeated 1.0 mg/kg/day morphine + vehicle treatment
group, Figure 2E and 2F: repeated 3.2 mg/kg/day morphine + vehicle treatment group. Left
column of panels (A,C,E) shows effects of morphine on ICSS expressed as Percent Pre-drug
Baseline total stimulations delivered across all frequencies of brain stimulation. Abscissae:
morphine dose in mg/kg. Ordinates: Percent Pre-drug Baseline total stimulations. Filled
symbols represent ICSS rates that were statistically different from Daily Baseline, and
asterisks represent ICSS rates that were statistically different across test days (Day 0 vs Day
7) as determined by two-way ANOVA followed by a Holm-Sidak post hoc test, P<0.05.
Right column of panels (B,D,F) shows full ICSS frequency-rate curves on Day 7 for the
Daily Baseline and after cumulative 3.2 mg/kg morphine. Abscissae: Frequency of electrical
brain stimulation in Log Hz. Ordinate: Percent maximum control reinforcement rate
(%MCR). Filled points represent frequencies at which reinforcement rates were statistically
different from the Daily Baseline as determined by a two-way ANOVA followed by a
Holm-Sidak post hoc test, P < 0.05. Statistical results are as follows: (A) significant effect
of morphine dose [F(4, 20) = 54.4, P < 0.05], no effect of test day [F(1, 5) = 6.6, P = 0.05],
and no interaction [F(4, 20) = 1.0, P > 0.05]. (B) significant effects of morphine [F(4, 20) =
20.6, P < 0.05] and frequency [F(9, 45)=37.9, P < 0.05], and a significant interaction [F(36,
180) = 7.5, P < 0.05]. (C) significant effect of morphine dose [F(4, 24) = 42.8, P < 0.05], no
effect of test day [F(1, 6) = 1.37, P > 0.05], but a significant interaction [F(4, 24) =2.9, P <
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0.05]. (D) significant effects of morphine [F(4, 24) = 50.0, P < 0.05] and frequency [F(9, 54)
= 35.2, P <0.05], and a significant interaction [F(36, 216) = 8.3, P < 0.05]. (E), significant
effects of morphine dose [F(4, 24) = 68.2, P < 0.05] and test day [F(1, 6) = 30.42, P < 0.05],
and a significant interaction [F(4, 24) = 8.5, P < 0.05]. (F) significant effects of morphine
[F(4, 24) = 46.4, P < 0.05] and frequency [F(9, 54) = 149.9, P < 0.05], and a significant
interaction [F(36, 216) = 8.5, P < 0.05]. Data show mean + SEM for 6-7 rats.
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Figure 3.
Effects of Day 1-6 treatment with saline or morphine + acid vehicle. Figure 3A: repeated

vehicle + vehicle group, Figure 3B: repeated 1.0 mg/kg/day morphine + vehicle group,
Figure 3C: repeated 3.2 mg/kg/day morphine + vehicle group. Abscissae: treatment day.
Ordinates: Percent Pre-drug Baseline total stimulations per component. Filled symbols
represent ICSS rates that were statistically different from the Daily Baseline, and asterisks
represent ICSS rates that were statistically different from Day 1 as determined by two-way
ANOVA followed by a Holm-Sidak post hoc test, P < 0.05. Statistical results are as follows:
(A) significant effect of treatment [F(1, 5) = 11.3, P < 0.05], no significant effect of
treatment day [F(5, 25) = 1.9, P > 0.05], no significant interaction [F(5, 25) = 0.8, P > 0.05].
(B) significant effects of treatment [F(1, 6) = 1.3, P > 0.05] and treatment day [F(5, 30) =
4.6, P < 0.05], and a significant interaction [F(5, 30) = 3.6, P < 0.05]. (C) no significant
main effect of treatment [F(1, 6) = 0.3, P > 0.05], significant main effect of treatment day
[F(5, 30) = 4.9, P < 0.05], and a significant interaction [F(5, 30) = 14.3, P < 0.05]. Data
show mean + SEM for 6-7 rats.
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Figure 4.
Effects of cumulative morphine on ICSS before and after repeated saline or morphine + IP

acid. Figure 4A and 4B: repeated vehicle + acid group, Figure 4C and 4D: repeated 1.0
mg/kg/day morphine + acid group, Figure 4E and 4F: repeated 3.2 mg/kg/day morphine +
acid group. Left column of panels (A,C,E) shows effects of morphine on ICSS expressed as
Percent Pre-drug Baseline total stimulations delivered across all frequencies of brain
stimulation. Abscissae: morphine dose in mg/kg. Ordinates: Percent Pre-drug Baseline total
stimulations. Filled symbols represent ICSS rates that were statistically different from Daily
Baseline, and asterisks represent ICSS rates that were statistically different across test days
(Day 0 vs Day 7) as determined by two-way ANOVA followed by a Holm-Sidak post hoc
test, P<0.05. Right column of panels (B,D,F) shows full ICSS frequency—rate curves on Day
7 for the Daily Baseline and after cumulative 3.2 mg/kg morphine. Abscissae: Frequency of
electrical brain stimulation in Log Hz. Ordinate: Percent maximum control reinforcement
rate (%MCR). Filled points represent frequencies at which reinforcement rates were
statistically different from the Daily Baseline as determined by a two-way ANOVA
followed by a Holm-Sidak post hoc test, P < 0.05. Statistical results are as follows: (A)
significant effect of morphine dose [F(4, 24) = 41.9, P < 0.05], no effect of test day [F(1, 6)
=0.1, P> 0.05], and no interaction [F(4, 24) = .5, P>0.05]. (B) significant effect of
morphine [F(4, 24) = 27.7, P<0.05] and frequency [F(9, 54) =51.9, P < 0.05],and a
significant interaction [F(36, 216) = 12.6, P < 0.05]. (C) significant effect of morphine dose
[F(4, 24) = 48.5, P < 0.05] and test day [F(1, 6) = 9.9, P < 0.05], and a significant interaction
[F(4, 24) = 4.9, P < 0.05]. (D) significant effect of morphine [F(4, 24) = 27.3, P < 0.05] and

Exp Clin Psychopharmacol. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Miller et al.

Page 19

frequency [F(9, 54) = 36.9, P < 0.05], and a significant interaction [F(36, 216) =5.1, P <
0.05]. (E) significant effect of morphine dose [F(4, 24) = 38.4, P < 0.05], no significant main
effect of test day [F(1, 6) = 3.2, P > 0.05], but a significant interaction [F(4, 24) =4.0, P <
0.05]. (F), significant main effect of morphine [F(4, 24) = 13.9, P < 0.05] and frequency
[F(9, 54) = 58.7, P < 0.05] and a significant interaction [F(9, 54) = 7.5, P < 0.05]. Data show
mean + SEM for 7 rats.
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Figure 5.
Effects of Day 1-6 treatment with saline or morphine + acid. Figure 5A: repeated vehicle +

IP acid group, Figure 5B: repeated 1.0 mg/kg/day morphine + IP acid group, Figure 5C:
repeated 3.2 mg/kg/day morphine + IP acid group. Abscissae: treatment day. Ordinates:
Percent Pre-drug Baseline total stimulations per component. Filled symbols represent ICSS
rates that were statistically different from the Daily Baseline, and asterisks represent ICSS
rates that were statistically different from Day 1 as determined by two-way ANOVA
followed by a Holm-Sidak post hoc test, P < 0.05. Statistical results are as follows: (A)
significant effect of treatment [F(1, 6) = 34.3, P < 0.05], no effect of treatment day [F(5, 30)
=0.7, P >0.05], and a significant interaction [F(5, 30) = 2.7, P < 0.05]. (B) no effect of
treatment [F(1, 6) = 6.1, P = 0.05], but a significant effect of treatment day [F(5, 30) = 6.5, P
< 0.05], and no significant interaction [F(5, 30) = 1.1, P > 0.05]. (C) no significant main
effect of treatment [F(1, 6) = 1.7, P > 0.05] or treatment day [F(5, 30) = 1.1, P > 0.05] and
no significant interaction [F(5, 30) = 2.5, P = 0.05]. Data show mean = SEM for 7 rats.

Exp Clin Psychopharmacol. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Miller et al.

Table 1

Pre-experiment MCR and Total Stimulations.

Group MCR +SE  Total Stimulations + SE
Repeated Saline + Water 58.9+2.0 2576 +27.7
Repeated 1.0 mg/kg + Water ~ 58.9 +4.2 283.0+32.7
Repeated 3.2 mg/kg + Water ~ 58.3 + 3.0 283.0+12.0
Repeated Saline + IP acid 61.4+26 279.9+29.2
Repeated 1.0 mg/kg + IP acid  55.6 +5.0 285.6 +37.3
Repeated 3.2 mg/kg + IP acid  56.5 + 4.0 267.1+284
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