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ABSTRACT
Pain is associated with stimulation of some behaviors and de-
pression of others, and m-opioid receptor agonists are among the
most widely used analgesics. This study used parallel assays of
pain-stimulated and pain-depressed behavior in male Sprague-
Dawley rats to compare antinociception profiles for six m-agonists
that varied in efficacy at m-opioid receptors (from highest to
lowest: methadone, fentanyl, morphine, hydrocodone, buprenor-
phine, and nalbuphine). Intraperitoneal injection of diluted lactic
acid served as an acute noxious stimulus to either stimulate
stretching or depress operant responding maintained by electrical
stimulation in an intracranial self-stimulation (ICSS). All m-agonists
blocked both stimulation of stretching and depression of ICSS
produced by 1.8% lactic acid. The high-efficacy agonists
methadone and fentanyl were more potent at blocking acid-induced

depression of ICSS than acid-stimulated stretching, whereas lower-
efficacy agonists displayed similar potency across assays. All
m-agonists except morphine also facilitated ICSS in the absence
of the noxious stimulus at doses similar to those that blocked
acid-induced depression of ICSS. The potency of the low-efficacy
m-agonist nalbuphine, but not the high-efficacy m-agonist metha-
done, to block acid-induced depression of ICSS was significantly
reduced by increasing the intensity of the noxious stimulus to 5.6%
acid. These results demonstrate sensitivity of acid-induced de-
pression of ICSS to a range of clinically effective m-opioid analgesics
and reveal distinctions between opioids based on efficacy at the
m-receptor. These results also support the use of parallel assays of
pain-stimulated and -depressed behaviors to evaluate analgesic
efficacy of candidate drugs.

Introduction
Pain is a significant public health problem that is associated

with sensory and affective components (Bair et al., 2003;
Neugebauer et al., 2009). It has been estimated that 42% of
US adults experience pain in their daily lives (Lethbridge-Cejku
et al., 2004), and American Pain Society (2000) estimated the
total cost to the US economy in pain-related healthcare and
disability at over $100 billion per year. Efforts to improve
pain medications include the search for new pharmacological
targets as well as development of new strategies to minimize
unwanted effects of existing medications. Development of
improved preclinical assays may also contribute to analgesic
development, because existing assays have been unreliable in
predicting clinical drug effects (Negus et al., 2006; Whiteside
et al., 2008; Mogil, 2009).

The imperfect predictive validity of conventional preclinical
assays may result in part from the dependent variables they
measure. Most preclinical assays of antinociception rely on
measurements of “pain-stimulated behaviors,” which can be
defined as behaviors that increase in rate, frequency, or in-
tensity after noxious stimulus presentation (Negus et al., 2006;
Stevenson et al., 2006; Negus, 2013). Common examples in-
clude withdrawal responses from stimuli that can be escaped
(e.g., tail withdrawal from thermal stimuli) or pseudo-
withdrawal responses from stimuli that cannot be escaped (e.g.,
stretching responses elicited by intraperitoneal injection of
chemical stimuli). An exclusive reliance on these behaviors as
dependentmeasures of nociception can be problematic for at least
two reasons. First, drug-induced decreases in these behaviors
can be produced by motor impairment (e.g., sedation, paralysis)
rather than by a decrease in sensory sensitivity to the noxious
stimulus. Second, assays of pain-stimulated behavior do not
assess clinically relevant affective dimensions of pain. In par-
ticular, pain states that require clinical intervention are often
associated with depression rather than stimulation of behavior,
and in humans, pain-related depression of behavior is often
accompanied by depression of mood (Bair et al., 2003; Lépine and
Briley, 2004). Moreover, human and veterinary medicine often
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rely on diagnostic tools that measure pain-related depression of
behavior andmood (Cleeland andRyan, 1994; Brown et al., 2008).
In accordance with the clinical importance of pain-related

behavioral depression, we have argued that analgesic drug
development might benefit from preclinical assays of “pain-
depressed behaviors,” which can be defined as behaviors that
decrease in rate, frequency, or intensity after noxious stimulus
presentation (Negus, 2013). We recently showed in rats that
a commonly used and physiologically relevant noxious stimulus
(intraperitoneal injection of diluted acid) could both stimulate
a stretching response and depress intracranial self-stimulation
(ICSS) (a positively reinforced operant behavior in which lever-
press responding is maintained by delivery of electrical brain
stimulation) (Do Carmo et al., 2009; Negus et al., 2010a; Altarifi
et al., 2013; Negus, 2013; Negus and Altarifi, 2013). Both acid-
stimulated stretching and acid-induced depression of ICSS
could be blocked by clinically effective analgesics such as the
m-opioid receptor agonist morphine and the nonsteroidal anti-
inflammatory drug ketoprofen. However, nonanalgesic drugs
that produce motor impairment (e.g., the k-opioid receptor
agonists U69,593 [(1)-(5a,7a,8b)-N-methyl-N-[7-(1-pyrrolidinyl)-
1-oxaspiro[4.5]dec-8-yl]-benzeneacetamide] and salvinorin A, the
dopamine receptor antagonist flupenthixol) produced “false
positive” antinociception in the assay of acid-stimulated stretching
but “true negative” absence of antinociception in the assay of acid-
depressed ICSS. These results provide one source of evidence to
suggest that novel assays of pain-depressed behavior may be
useful for dissociating analgesics from drugs that produce motor
impairment.
The purpose of this study was to further compare effects of

m-agonist analgesics in the assays of acid-stimulated stretching
and acid-depressed ICSS. Two sets of experiments were
conducted. First, a relatively low-intensity noxious stimulus was
used (intraperitoneal administration of 1.8% lactic acid in
a volume of 1.0 ml/kg), and antinociception was assessed for
a range of m-agonists that vary in their relative efficacies at
m-receptors. Specifically, effects were examined for methadone,
fentanyl,morphine, hydrocodone, buprenorphine, andnalbuphine
[listed in order from highest to lowest efficacy as determined by in
vitro functional assays of agonist-stimulated 59-O-(3-thiotriphos-
phate) binding] (Selley et al., 1997, 1998; Thompson et al., 2004).
We predicted that, consistent with their clinical effectiveness
(Brunton et al., 2011), all m-opioid receptor agonists would block
acid effects in both assays. Second, a higher-intensity noxious
stimulus was used (5.6% lactic acid), and the antinociceptive
effects of the high-efficacy m-agonist methadone and the low-
efficacy m-agonist nalbuphine were redetermined. Previous
studies using assays of pain-stimulated behavior found that
increased thermal noxious stimulus intensities resulted in
decreased potency and/or efficacy ofm-agonists to produce thermal
antinociception, with a greater impact of noxious stimulus
intensity on lower-efficacy agonists (Walker et al., 1993; Morgan
and Picker, 1996; Morgan et al., 1999; Negus and Mello, 1999).
Accordingly, we predicted that a higher-intensity acid noxious
stimuluswould reduce potency and/or efficacy of nalbuphinemore
than of methadone in the assay of acid-depressed ICSS.

Materials and Methods
Subjects

Male Sprague-Dawley rats (Harlan, Frederick,MD)with initial weights
of 295–335 g were used for the studies of ICSS and acid-stimulated

stretching. Male rats were selected for this study to facilitate com-
parison with our previous studies of m-, k-, and d-opioid agonist effects
on ICSSand pain-related depression of ICSS (Negus andAltarifi, 2013).
Rats were individually housed and maintained on a 12-hour light/dark
cycle with lights on from 6:00 AM to 6:00 PM. Food and water were
continuously available except during experimental sessions. 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
Animal Care and Use Committee.

All animals were anesthetized with isoflurane gas (2.5%–3% in
oxygen; Webster Veterinary, Phoenix, AZ) for stereotaxic surgery to
implant a stainless steel electrode (Plastics One, Roanoke, VA). The
cathode of each electrode was 0.25 mm in diameter and covered with
polyamide insulation except at the flattened tip. The anode was
0.124mm in diameter and uninsulated. The cathode 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 was wrapped around one of three skull screws to
serve as the ground, and the skull screws and electrode assembly were
secured with orthodontic resin. Rats received ketoprofen (5 mg/kg per
day i.p. for 2 days) as the postoperative analgesic. ICSS training
began after 7 days of recovery.

Assay of ICSS

Apparatus. Experiments were conducted in sound-attenuating
boxes that contained modular acrylic test chambers (29.2 � 30.5 �
24.1 cm) equipped with a response lever, colored stimulus lights above
the lever, a house light, and an ICSS stimulator (Med Associates,
St. Albans, VT). Electrodes were connected to the stimulator via a swivel
connector (Model SL2C; Plastics One). Control of experimental events
and acquisition of data were accomplished with a computer operated by
Med-PC IV software and connected to test chambers by an interface
system (Med Associates).

Training Procedure. Rats were trained under a fixed-ratio 1
schedule of brain stimulation using procedures identical to those
previously described (Altarifi and Negus, 2011; Altarifi et al., 2012;
Negus et al., 2012b). During initial training, sessions lasted from 30 to
60 minutes, the house light was illuminated, and each lever press
resulted in delivery of a 500-millisecond train of square-wave cathodal
pulses (0.1-millisecond pulse duration) and illumination for 500
milliseconds of the stimulus lights. Responses during the stimulation
did not earn additional stimulation. Initially, the frequency of
stimulation was held constant at 158 Hz, and stimulation intensity
for each rat was adjusted to the lowest value that would sustain a high
rate of ICSS ($30 stimulations per minute). Frequency manipula-
tions were then introduced, and the terminal schedule consisted of
sequential 10-minute components. During each component, a descend-
ing series of 10 current frequencies (from 158 to 56 Hz in 0.05-log
increments) was presented, with a 60-second trial at each frequency.
Each frequency trial began with a 10-second time out, during which the
house light was off, and responding had no scheduled consequences.
During the last 5 seconds of this time out, five noncontingent
stimulations were delivered once per second at the frequency available
during that trial, and the stimulus lights were illuminated during each
stimulation. This noncontingent stimulation was followed by a 50-second
response phase, during which the house light was illuminated, and
responding produced electrical stimulation under the fixed-ratio
1 schedule. Training continued with presentation of three consecutive
components per day, and intensity was again adjusted as necessary
until the following criteria were met for the last two components
for at least 2 consecutive days: 1) ICSS rate increased as a function
of brain stimulation frequency; 2) ICSS rates were $ 50% maximum
control rates (MCRs) for at least three and no more than six of
the highest brain stimulation frequencies (see the data analysis
section for a definition of MCR); and 3) the lowest frequency to
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maintain$ 50%MCR varied by no more than 1 frequency increment
from the median. In general, rats were trained in groups of 10–14.
The first six rats to meet training criteria were advanced to ICSS
testing. The remaining rats from each groupwere assigned to studies of
acid-stimulated stretching using methods described below.

Testing Procedure. ICSS testing was conducted in two phases. First,
the effects of methadone (0.032–1.0 mg/kg), fentanyl (0.0032–0.032 mg/kg),
morphine (0.1–3.2 mg/kg), hydrocodone (0.1–3.2mg/kg), buprenorphine
(0.001–0.032 mg/kg), and nalbuphine (0.1–1.0 mg/kg) were exam-
ined as pretreatments to 1.8% lactic acid or acid vehicle (sterile water).
Each drug was tested in a separate group of five to six rats that
were opioid naïve at the start of the study. ICSS test sessions con-
sisted of three consecutive “baseline” components followed first by a
30-minute time out when opioid/vehicle and acid/vehicle were adminis-
tered and then by two consecutive test components. The first baseline
component of each test session was considered to be an acclimation
component, and data were discarded. Data from the second and third
‘‘baseline’’ components were used to calculate baseline parameters of
frequency-rate curves for that session (see “Data Analysis”). The opioid
or its vehicle was administered subcutaneously at the beginning of the
time out as a 30-minute pretreatment to 1.8% lactic acid or its vehicle
(intraperitoneally in a volume of 1.0 ml/kg), which was administered at
the end of the time out and immediately before initiation of the test
components. Test sessions were conducted on Tuesdays and Fridays,
with one test day each week devoted to evaluation of an opioid dose plus
acid and the other day devoted to evaluation of the same opioid dose plus
acid vehicle. For all drugs, doses were delivered in a mixed order across
rats. Three-component training sessions were conducted during other
weekdays.

The second phase of the study compared effects of methadone and
nalbuphine on depression of ICSS by a higher-intensity noxious
stimulus. First, 13 experimentally naïve rats were treated at weekly
intervals with subcutaneous saline as a 30-minute pretreatment
to vehicle, 0.56%, 1.8%, or 5.6% lactic acid (in order of testing; in-
traperitoneally in a volume of 1.0 ml/kg). Test sessions began with
three baseline components followed first by delivery of injections
during a 30-minute time out and then by two consecutive test com-
ponents. Subsequently, the rats were divided into two groups, and
effects of 5.6% lactic acid on ICSS were redetermined after pre-
treatment with methadone (0.1 and 1.0 mg/kg; n 5 6) or nalbuphine
(1.0 or 10 mg/kg; n 5 7). For each drug, the lowest dose was the dose
that produced peak antinociception against 1.8% lactic acid in the first
phase of the study, and this was the first dose tested. Rats were then
tested a week later with a 10-fold higher dose of each drug.

Data Analysis. Data were analyzed as previously described
(Rosenberg et al., 2013; Negus and Miller, 2014). The primary
dependent variable was the reinforcement rate in stimulations/trial
during each frequency trial. To normalize these raw data, reinforce-
ment rates from each trial were converted to the %MCR for that rat on
that day. The MCR was determined during the baseline components of
each test session and was defined as the mean of the maximal rates
observed in any frequency trial during the second and third baseline
components. Thus, %MCR for each trial was calculated as follows:
(reinforcement rate during a frequency trial4MCR) � 100. Normalized
data from the frequency trials of each pair of consecutive test components
were then averaged within each rat and then across rats for display and
for statistical analysis using two-way analysis of variance (ANOVA), with
drug dose as one factor and ICSS frequency as the other factor.
A significant ANOVA was followed by a Holm–Sidak post hoc test, and
the criterion for significance was set at P , 0.05.

To provide an additional summary measure of ICSS performance,
the total number of stimulations obtained at all frequencies was
summed for each component. The average test number of stimulations
per component was expressed as a percentage of the average baseline
number of stimulations per component in each rat and averaged across
rats. These data were also used to quantify blockade of acid-induced
depression of ICSS. Specifically, “percent acid blockade”was quantified
using the following equation: [(test 2 acid)/(100 2 acid)] � 100, where

“test” was the percent baseline number of stimulations per component
after treatment with drug plus acid, and “acid”was the percent baseline
number of stimulations per component after vehicle plus acid. For all
drugs producing greater than 50% acid blockade, linear regression was
used to calculate an ED50 and 95% confidence limits, with ED50 defined
as the effective dose producing 50% acid blockade. For drugs that
produced inverted U-shaped dose-effect curves (methadone, fentanyl,
and morphine), the ED50 value was determined from the ascending
limb of the dose-effect curve. ED50 values were considered to be
significantly different if 95% confidence limits did not overlap.

Assay of Lactic Acid–Stimulated Stretching

Behavioral Procedure. Test sessions were conducted once per
week. Test drugs were administered subcutaneously 30 minutes prior to
treatmentwith 1.8% lactic acid (intraperitoneally in a volume of 1.0ml/kg).
Immediately after acid injection, rats were placed into acrylic test
chambers (31.0 � 20.1 � 20.0 cm) for 30-minute observation periods. A
stretch was operationally defined as a contraction of the abdomen
followed by extension of the hind limbs, and the number of stretches
during the observation period was counted. Effects of methadone (0.1–
1.0 mg/kg), fentanyl (0.0032–0.032 mg/kg), morphine (0.1–1.0 mg/kg),
hydrocodone (0.1–1.0 mg/kg), buprenorphine (0.00032–0.01 mg/kg), and
nalbuphine (0.1–1.0 mg/kg) were examined in separate groups of 5–8
rats. Drug doses were tested in a mixed order across rats.

Similar to ICSS experiments, a separate group of naïve rats (n5 7)
was treated with subcutaneous saline as a 30-minute pretreatment to
vehicle (water), 0.56%, 1.8%, or 5.6% lactic acid (in order of testing;
intraperitoneally in a volume of 1.0 ml/kg). After acid administration,
rats were observed for 30 minutes, and the total number of stretches
was counted as previously described. Opioids were not tested as
pretreatments to 5.6% acid, because this high-intensity acid concen-
tration failed to elicit a significant number of stretches.

Data Analysis. Data were analyzed as previously described
(Rosenberg et al., 2013). The primary dependent variable was the
number of stretches counted during each observation period in each rat.
To normalize these data, raw counts were converted to percent vehicle
control using the following: equation (test/acid)� 100, where “test”was
the number of stretches observed after drug plus acid, and “acid” was
the number of stretches after drug vehicle plus acid. These data were
then averaged across rats. For all drugs producing greater than 50%
reduction in stretching, linear regression was used to calculate an ED50

and 95% confidence limits, with ED50 defined as the effective dose
producing 50% control writhing. ED50 values were considered to be
significantly different if 95% confidence limits did not overlap.

To evaluate significance during tests with different acid concen-
trations, data were averaged across rats and submitted to one-way
ANOVA with acid concentration as the single factor. A significant
ANOVA was followed by a Dunnett post hoc test with P , 0.05.

Drugs

Methadone HCl, fentanyl HCl, morphine sulfate, hydrocodone bi-
tartrate, and buprenorphineHCl were provided by theNational Institute
on Drug Abuse Drug Supply Program (Bethesda, MD). Nalbuphine HCl
was provided by K.C.R. (Chemical Biology Branch, National Institute on
Drug Abuse and National Institute on Alcohol Abuse and Alcoholism,
Bethesda, MD). All opioids were dissolved in saline and delivered
subcutaneously in a volume of 1 ml/kg body weight. Lactic acid was
purchased from Sigma-Aldrich (St. Louis, MO), diluted in sterile water,
and administered intraperitoneally in a volume of 1 ml/kg body weight.

Results
Effects of m-Agonists in the Assay of Acid-Stimulated
Stretching

Across all 35 rats used for studies of acid-stimulated
stretching, intraperitoneal administration of 1.8% lactic acid
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(1.0 ml/kg) after drug vehicle pretreatments elicited a mean6
S.E.M. of 13.16 4.1 stretches. The baseline number of control
stretches elicited by acid after vehicle pretreatment in each
group is reported in the legend of Fig. 1. All six m-opioid
receptor agonists produced a dose-dependent decrease in acid-
stimulated stretching, and ED50 values are shown in Table 1.

Effects of m-Agonists in the Assay of Acid-Depressed ICSS

Effects of the Lactic Acid Noxious Stimulus on
ICSS. Figure 2 shows effects of the same noxious stimulus
(intraperitoneal injection of 1.8% lactic acid) on ICSS. During
each test session, a ‘‘baseline’’ frequency-rate curve was de-
termined before experimental treatments to permit determina-
tion of the MCR for that session. Over the course of the entire
study, the mean 6 S.E.M. MCR was 61.49 6 8.91 stimulations
per trial. Reinforcement rates during each frequency trial of
a session were then expressed as a percentage of that session’s
MCR, and the average frequency-rate curve for all studies with
drug vehicle plus acid vehicle is shown in Fig. 2. Maximum
reinforcement rates were usually observed at the highest
stimulation frequencies (112–158 Hz), and responding generally
decreased in a frequency-dependent manner. Administration
of 1.8% lactic acid depressed ICSS, producing a rightward shift
in the frequency-rate curve. Figure 2 also shows summary data
for the total number of stimulations delivered across all
10 frequencies during each component. The overall mean6S.E.M.
baseline number of stimulations per component for all rats in the
study was 319 6 79.5. Total ICSS after treatment with vehicle
plus acid vehicle was nearly identical to baseline preinjection
ICSS, but acid treatment decreased the number of stimulations
per component. This acid-induced depression of ICSS provided
a measure of pain-related behavioral depression, and opioids
were evaluated for their ability to block this acid-induced
depression of ICSS.
Methadone and Fentanyl. Figure 3 shows that metha-

done and fentanyl dose-dependently and completely blocked
1.8% acid-induced depression of ICSS at or near doses that also
facilitated control ICSS in the absence of the noxious acid
stimulus.When administered as a pretreatment to acid vehicle,
methadone doses of 0.032–0.32 mg/kg produced leftward shifts
in the ICSS frequency-rate curve and significant facilitation
of ICSS at intermediate frequencies of brain stimulation (71–
100 Hz), whereas the highest dose of 1.0 mg/kg methadone only
depressed ICSS at the highest two frequencies (141–158 Hz)
(Fig. 3A). Similarly, when administered as a pretreatment to

1.8% lactic acid, methadone increased ICSS responding and
ameliorated acid-induced depression of ICSS (Fig. 3B). Signif-
icant increases in ICSS responding were observed after pre-
treatment with all methadone doses at a broad range of
frequencies ranging from 71 to 112 Hz. The highest dose of
1.0 mg/kg methadone also decreased ICSS at 158 Hz after acid
pretreatment. Figure 3C shows summary data for methadone
effects, and 0.1 mg/kg was the dose that produced the maximal
attenuation of acid-induced depression of ICSS.
Pretreatment with fentanyl also facilitated ICSS responding

in the absence of the noxious stimulus (Fig. 3D) and blocked
acid-induced depression of ICSS (Fig. 3E). Doses of 0.01 and
0.032 mg/kg fentanyl significantly increased ICSS under both
conditions across a broad range of frequencies from 79 to
112Hz, and these effects of fentanyl are summarized in Fig. 3F.
Morphine and Hydrocodone. Figure 4 shows effects

of morphine and hydrocodone on ICSS in the absence or
presence of the acid noxious stimulus. When administered
as a pretreatment to acid vehicle, morphine doses of 0.1–
1.0 mg/kg had no significant effect on ICSS, but a higher dose
of 3.2 mg/kg significantly depressed high rates of ICSS main-
tained by some high brain stimulation frequencies (Fig. 4A).
When administered as a pretreatment to lactic acid, morphine
doses of 0.1–1.0 mg/kg dose-dependently blocked acid-induced
depression of ICSS; the higher dose of 3.2 mg/kg also attenuated
acid-induced depression of ICSS, although to a lesser degree than
1.0mg/kg (Fig. 4B). In contrast withmorphine, hydrocodone doses
of 0.1–3.2 mg/kg dose-dependently facilitated ICSS in the
absence of the noxious stimulus (Fig. 4D) and also dose-
dependently blocked acid-induced depression of ICSS (Fig. 4E).
No dose of hydrocodone depressed ICSS at any frequency in the
absence or presence of the noxious stimulus. Overall, both
morphine and hydrocodone blocked acid-induced depression
of ICSS, although with hydrocodone, this was accompanied
by facilitation of ICSS in the absence of the noxious stimulus
(Fig. 4, C and F).
Buprenorphine and Nalbuphine. Figure 5 shows that,

similar to hydrocodone, the lower-efficacy m-agonists bupre-
norphine and nalbuphine produced dose-dependent facilitation
of ICSS in the absence of the noxious stimulus (Fig. 5, A and D)
and also dose-dependently blocked acid-induced depression of
ICSS (Fig. 5, B and E). No dose of buprenorphine or nalbuphine
depressed ICSS at any frequency in the absence or presence of
the noxious stimulus. Summary data for buprenorphine and
nalbuphine are shown in Fig. 5, C and F, respectively.

Fig. 1. Effects of m-opioid agonists in the assay
of acid-stimulated stretching. Abscissae: dose
in milligrams per kilogram (log scale). Ordi-
nates: percent control stretching. All points
show mean data 6 S.E.M. from 5–8 rats, and
ED50 values are reported in Table 1. The mean 6
S.E.M. numbers of control stretches for each
group were as follows: (A) methadone, 13.3 6
4.3; fentanyl, 13.9 6 2.7; morphine, 14.0 6 7.6;
(B) hydrocodone, 12.7 6 3.1; buprenorphine,
12.3 6 4.1; and nalbuphine, 12.9 6 2.8.
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Opioid ED50 Values to Block Acid-Induced Depres-
sion of ICSS. Figure 6 shows effects of all six opioids ex-
pressed as ‘‘percent blockade” in the assay of acid-induced
depression of ICSS. For the highest-efficacy drugs methadone,
fentanyl, and morphine, an inverted U-shape curve was pro-
duced such that peak blockade of acid-induced ICSS depression
was achieved with intermediate doses (Fig. 6A). Conversely,
hydrocodone, buprenorphine, and nalbuphine produced dose-
dependent blockade of acid-induced depression of ICSS across
the dose range examined (Fig. 6B). Table 1 shows ED50 values
for effects of each drug to block acid-induced depression of ICSS.
Effects of Noxious Stimulus Intensity. Figure 7 shows

the effect of different concentrations of lactic acid on acid-
stimulated stretching and acid-induced depression of ICSS.
Vehicle produced 2.57 6 1.72 stretches during the 30-minute
observation period, and vehicle did not facilitate or depress
ICSS compared with baseline. Lactic acid produced a bitonic
effect on acid-stimulated stretching, such that 0.56% and 5.6%
acid did not produce significant stimulation of stretching
relative to vehicle, whereas 1.8% acid did produce significant
stimulation of stretching (Fig. 7A). Because thehigh concentration

of 5.6% lactic acid did not stimulate a significant stretching re-
sponse, opioid effects were not examined. By contrast, lactic acid
produced a concentration-dependent depression of ICSS that was
significant after 1.8% and 5.6% acid (Fig. 7B). Table 1 shows the
effect of increasing noxious stimulus intensity on potency of
methadone and nalbuphine to block acid-induced depression of
ICSS. For methadone, the ED50 value increased 10-fold, but 95%
confidence limits overlapped, so the change in potency did not
meet the criterion for statistical significance. For nalbuphine, the
ED50 value increased 15-fold, and this reduction in potency was
significant as indicated by nonoverlapping confidence intervals.

Discussion
This study compared antinociceptive effects of six m-opioid

agonists in assays of acid-stimulated stretching and acid-
depressed ICSS in rats. There were three main findings. First,
each m-agonist, regardless of its efficacy at the m-receptor,
produced antinociception in both assays when the noxious
stimulus intensity was 1.8% lactic acid. These results provide
further evidence for sensitivity of acid-induced depression of
ICSS to blockade by a broad range of clinically effective opioid
analgesics. Second, both the high-efficacy agonist methadone
and the low-efficacy agonist nalbuphine retained antinocicep-
tive effectiveness in the assay of acid-depressed ICSS when the
noxious stimulus intensity was increased to 5.6% lactic acid.
This increase in noxious stimulus intensity tended to reduce
the potency of both compounds, although this reduction in
potency was significant only for nalbuphine. Finally, with
the notable exception of morphine, doses of m-agonists that
produced antinociception in the assay of acid-depressed ICSS
also tended to facilitate ICSS in the absence of the noxious
stimulus. Drug-induced facilitation of ICSS is often interpreted
as an abuse-related effect (Negus and Miller, 2014), and as
a result, these findings are consistent with the abuse liability of
m-opioid analgesics.
m-Agonist Effects on Acid-Stimulated Stretching. In

this study, all m-opioid agonists produced a dose-dependent
decrease in acid-stimulated stretching. Previous studies have
shown similar results with morphine and other opioids in

TABLE 1
ED50 values for m-opioid agonists to produce antinociception in the assays
of acid-stimulated stretching or acid-induced depression of ICSS
Data are presented as ED50 values with 95% confidence limits.

Agonist Acid-Stimulated Stretching Acid-Depressed ICSS

mg/kg

1.8% Lactic acid
Methadone 0.272 (0.145–0.511) 0.051 (0.030–0.085)a

Fentanyl 0.008 (0.006–0.011) 0.004 (0.003–0.006)a

Morphine 0.171 (0.097–0.301) 0.124 (0.070–0.218)
Hydrocodone 0.343 (0.236–0.501) 0.239 (0.161–0.355)
Buprenorphine 0.002 (0.001–0.005) 0.004 (0.002–0.008)
Nalbuphine 0.217 (0.152–0.309) 0.328 (0.130–0.826)

5.6% Lactic acid
Methadone Not tested 0.51 (0.08–3.46)
Nalbuphine Not tested 4.90 (1.52–15.86)b

aIndicates significantly different from acid-stimulated stretching as indicated by
nonoverlapping confidence limits.

bIndicates significantly lower potency to block depression of ICSS by 5.6% than
1.8% lactic acid as indicated by nonoverlapping confidence limits.

Fig. 2. Depression of ICSS by 1.8% lactic acid. (A) The left panel compares effects of pretreatment with vehicle plus vehicle and vehicle plus 1.8% lactic
acid on full frequency-rate curves for all 35 rats used in the first phase of ICSS experiments. Abscissa: frequency of electrical brain stimulation in hertz
(log scale). Ordinate: ICSS rate expressed as %MCR. Two-way ANOVA indicated a significant main effect of frequency [F(9,306) = 295.4, P , 0.001] and
acid treatment [F(1,34) = 86.8, P , 0.001], and the interaction was also significant [F(9,306) = 10.2, P , 0.001]. The acid noxious stimulus significantly
depressed ICSS at all frequencies (Holm–Sidak post hoc test, P , 0.05). (B) The right panel shows summary data for lactic acid effects on the total
number of stimulations per component. Abscissa: pretreatment condition. Ordinate: percent baseline number of stimulations per component. The
downward arrow indicates that lactic acid produced a significant decrease in ICSS at one or more frequencies in the full frequency-rate curve. LA, lactic
acid; Veh, vehicle.
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assays of acid-stimulated stretching in rats and mice (Cowan
et al., 1977; Fürst, 1991; Stevenson et al., 2006; Pereira Do
Carmo et al., 2009). Previous studies have also shown that
m-opioid agonists block other examples of pain-stimulated
behavior, such as tail- or paw-withdrawal responses from
noxious thermal stimuli (Paronis and Holtzman, 1991, 1992;
Gringauz et al., 2001; Taracha et al., 2009) or withdrawal
responses in subjects rendered hypersensitive to thermal or
mechanical stimuli by inflammatory or neuropathic manipu-
lations (Wang et al., 2006; Cobos et al., 2012; Jagla et al.,
2014). m-Agonist effects on pain-stimulated behaviors are
often interpreted as evidence consistent with clinical analge-
sic efficacy (Negus et al., 2006). For example, m-agonists ef-
fects on acid-stimulated stretching in this study agree with
evidence for the efficacy of m-agonists to treat visceral pain in
humans (Yuan et al., 2010; Carter and Green, 2011; O’Connor
and Rao, 2012). However, assays of pain-stimulated behavior,
such as this assay of acid-stimulated stretching in rats, often
yield “false positive” effects with drugs that lack analgesic
efficacy in humans. Assays of pain-depressed behavior pro-
vide one strategy to address this discrepancy in translational

evaluation of analgesics (Negus, 2013), and a major goal of
this study was to compare m-agonist effects in parallel assays
of pain-stimulated and pain-depressed behavior.
m-Agonist Effects on Acid-Depressed ICSS. Consistent

with previous findings, morphine produced a dose-dependent
blockade of acid-induced depression of ICSS (Pereira Do Carmo
et al., 2009; Negus et al., 2010b). This study extends these
previous findings by showing that acid-induced depression of
ICSS was also blocked by other m-agonists that are used
clinically in humans as analgesics (Sunshine et al., 1997; Gutstein
and Akil, 2006; Anderson, 2011; Calderon and Copenhaver, 2013;
Chen et al., 2014). These findings are also consistent with
the ability of m-agonists to block pain-related depression of
other behaviors produced by other types of noxious stimuli
(Negus and Altarifi, 2013). For example, morphine has been
shown to block depression of 1) feeding and locomotion by
intraperitoneal acid in mice (Stevenson et al., 2006, 2009), 2)
wheel running by intraplantar complete Freund’s adjuvant
in mice (Cobos et al., 2012), 3) food-maintained operant
responding by laparotomy or capsaicin treatment in rats
(Martin et al., 2004; Neubert et al., 2006), and 4) locomotion

Fig. 3. Effects of methadone (A–C, n = 6) and fentanyl (D–F, n = 5) on control and 1.8% acid-depressed ICSS. Left and center panels show drug effects on
full frequency-rate curves when drugs were administered as a pretreatment to vehicle (left panels in A and D) or 1.8% lactic acid (center panels in B and
E). Abscissae: frequency of electrical brain stimulation in hertz (log scale). Ordinates: %MCR. Right panels (C and F) show summary data for drug effects
on the total number of stimulations per component when drugs were administered as a pretreatment to vehicle (open bars) or acid (filled bars).
Abscissae: dose of drug in milligrams per kilogram. Ordinate: percent baseline number of stimulations per component. Statistical results for two-way
ANOVA of full frequency-rate curves are as follows. (A) Significant main effects of frequency [F(9,45) = 41.2, P , 0.001] and dose [F(4,20) = 5.9, P = 0.003],
and a significant interaction [F(36,180) = 3.0, P , 0.001]. (B) Significant main effects of frequency [F(9,45) = 41.2, P , 0.001] and dose [F(4,20) = 3.8, P =
0.018], and a significant interaction [F(36,180) = 4.2, P, 0.001]. (D) Significant main effect of frequency [F(9,36) = 72.8, P, 0.001], but not dose [F(3,12) = 1.1,
P = 0.384]; the interaction was significant [F(27,108) = 4.3, P, 0.001]. (E) Significant main effects of frequency [F(9,36) = 63.5, P, 0.001] and dose [F(3,12) =
6.1, P = 0.009], and a significant interaction [F(27,108) = 1.7, P = 0.030]. Filled symbols indicate a significant difference from vehicle plus vehicle (A and D)
or vehicle plus lactic acid (B and E) (Holm–Sidak post hoc test, P , 0.05). Upward/downward arrows indicate that the drug dose produced a significant
increase/decrease in ICSS at one or more frequencies when comparing the full frequency-rate curves. LA, lactic acid; Veh, vehicle.
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by intra-articular formalin treatment in dogs (Rodríguez,
1974). These findings suggest considerable generality in the
effectiveness of m-agonists to block pain-related depression
of behavior.
The m-agonists tested in this study were selected because they

vary along a continuum of efficacy to activate G protein signaling
pathways coupled to m-receptors (Selley et al., 1997, 1998;
Thompson et al., 2004). Despite these differences in efficacy at
the receptor level, all six m-agonists were fully effective to block
both acid-stimulated stretching and acid-induced depression of
ICSS. m-Agonist efficacy appeared to influence only the relative
potency of drugs in the two assays, in that the high-efficacy
m-agonistsmethadone and fentanyl weremore potent to produce
antinociception in the assay of acid-depressed ICSS, whereas the
other m-agonists displayed similar potencies in the assays of
acid-stimulated and acid-depressed behavior. The antinocicep-
tive effectiveness of these compounds in this study agrees with
their effectiveness in other preclinical antinociception proce-
dures that use relatively low-intensity noxious stimuli (Morgan
et al., 1999; Negus et al., 2012a) and with the analgesic ef-
fectiveness of all six compounds to treat pain in humans
(Gutstein and Akil, 2006). A more prominent behavioral
correlate of m-receptor efficacy in this study was effectiveness of
high doses to reduce ICSS rates. Thus, the relatively high-
efficacy agonists methadone, fentanyl, and morphine produced

inverted U-shaped dose-effect curves in the assay of acid-
depressed ICSS, such that peak blockade of acid-induced
depression of ICSS was produced by intermediate doses, but
rate-decreasing effects were produced by high doses, which can
be explained by their sedative effects at high doses (for review,
see Altarifi and Negus, 2011). Conversely, lower-efficacy agonists
produced only a monotonic and dose-dependent blockade of acid-
induced ICSS depression across the dose range tested. Higher
doses of hydrocodone, buprenorphine, and nalbuphine were
tested in a previous study of ICSS in the absence of noxious
stimulation (Altarifi et al., 2012), and although a higher dose
of hydrocodone (10 mg/kg) did reduce ICSS, higher doses of
buprenorphine (1.0 mg/kg) and nalbuphine (10 mg/kg) still
produced little or no ICSS depression. Taken together, these
results suggest that m-receptor efficacy is a more important
determinant of ICSS rate-decreasing effects than of antinoci-
ception in this assay of acid-induced ICSS depression.
In addition to their different efficacies at the m-receptor, the

six test drugs in this study also have different selectivities for
m- versus k- and d-opioid receptors. For example, the high-
efficacy m-agonists methadone and fentanyl are relatively
selective for m-receptors versus other opioid receptor types,
whereas the low-efficacy m-agonist nalbuphine has little
selectivity for m- versus k-receptors (Emmerson et al., 1994;
Raynor et al., 1994; Butelman et al., 1998) and also has low but

Fig. 4. Effects of morphine (A–C, n = 6) and hydrocodone (D–F, n = 6) on control and 1.8% acid-depressed ICSS. Details are as in Fig. 3. Statistical
results for two-way ANOVA of full frequency-rate curves are as follows. (A) Significant main effect of frequency [F(9,45) = 91.9, P , 0.001], but not dose
[F(4,20) = 1.2, P = 0.356]; the interaction was significant [F(36,180) = 2.2, P , 0.001]. (B) Significant main effects of frequency [F(9,45) = 56.8, P, 0.001] and
dose [F(4,20) = 8.2,P, 0.001], and a significant interaction [F(36,180) = 2.7, P, 0.001. (D) Significant main effects of frequency [F(9,45) = 71.0, P, 0.001] and
dose [F(4,20) = 8.0, P , 0.001], and a significant interaction [F(36,180) = 5.6, P , 0.001]. (E) Significant main effects of frequency [F(9,45) = 70.0, P , 0.001]
and dose [F(4,20) = 9.4, P , 0.001], and a significant interaction [F(36,180) = 5.8, P , 0.001]. LA, lactic acid; Veh, vehicle.
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significant efficacy at k-receptors (Remmers et al., 1999).
However, it is unlikely that k-receptors contributed to effects of
nalbuphine or other opioid agonists in this study. Selective
k-agonists only depress ICSS and exacerbate acid-induced
depression of ICSS (Todtenkopf et al., 2004; Negus et al., 2010b,
2012b); however, in this study, ICSS depression was produced
only by high doses of the higher efficacy and more selective
opioids, and all opioids blocked rather than exacerbated acid-
induced depression of ICSS.
m-Agonist Effects on ICSS after 5.6% Lactic Acid.

Preclinical studies that used assays of pain-stimulated behavior
previously found that increases in noxious stimulus intensity

were more likely to reduce antinociceptive potency and/or
effectiveness of low-efficacy than of high-efficacy agonists
(Walker et al., 1993; Morgan and Picker, 1996; Morgan et al.,
1999; Negus and Mello, 1999). This finding has also been
supported by clinical data, which suggest that high-efficacy
m-agonists are preferred over low-efficacy ligands in cases of
severe pain (Prommer and Ficek, 2012). Consistent with these
observations, an increase in lactic acid concentration from 1.8%
to 5.6% in this study produced a significant reduction in
potency (increase in ED50 values) of the low-efficacy m-agonist
nalbuphine but not the high-efficacy agonist methadone. How-
ever, the increase in ED50 values was only slightly smaller for

Fig. 5. Effects of buprenorphine (A–C, n = 6) and nalbuphine (D–F, n = 6) on control and 1.8% acid-depressed ICSS. Details are as in Fig. 3. Statistical
results for two-way ANOVA of full frequency-rate curves are as follows. (A) Significant main effect of frequency [F(9,45) = 70.6, P, 0.001] and dose [F(4,20) =
2.9, P = 0.049], and a significant interaction [F(36,180) = 3.8, P , 0.001]. (B) Significant main effects of frequency [F(9,45) = 37.9, P , 0.001] and dose
[F(4,20) = 4.2,P = 0.012], and a significant interaction [F(36,180) = 2.1,P, 0.001]. (D) Significantmain effect of frequency [F(9,45) = 91.5, P, 0.001], but not dose
[F(3,15) = 1.5, P = 0.261]; the interaction was significant [F(27,135) = 2.9, P , 0.001]. (E) Significant main effects of frequency [F(9,45) = 152.2, P , 0.001] and
dose [F(3,15) = 5.1, P = 0.012], and a significant interaction [F(27,135) = 2.9, P , 0.001]. LA, lactic acid; Veh, vehicle.

Fig. 6. Dose-effect curves for m-agonist
blockade of acid-induced depression of ICSS.
Abscissae: dose in milligrams per kilogram
(log scale). Ordinates: percent blockade of
acid-induced depression of ICSS. All points
show mean data 6 S.E.M. from five to six
rats, andED50 values are reported inTable 1.
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methadone than for nalbuphine, and both drugs retained
effectiveness. The relatively modest dissociation by stimulus
intensity of antinociceptive effects produced by low- and high-
efficacy m-agonists in this study contrasts with the greater
dissociation produced by increases in thermal stimulus intensity
on thermal nociception. For example, in rats tested in a warm-
water tail-withdrawal procedure, an increase in stimulus in-
tensity from 52 to 56°C produced only a 3-fold reduction in the
potency of morphine, but the same increase in stimulus intensity
produced a .30-fold reduction in nalbuphine potency (Morgan
and Picker, 1996). The reasons for this discrepancy are currently
unclear, but may be related to the different types of, and in-
crements in, noxious stimuli, or the different dependent mea-
sures of nociception. Opioid effects could not be examined with
the higher acid concentration in the assay of acid-stimulated
stretching in this study, because as reported previously (Pereira
DoCarmo et al., 2009), intraperitoneal acid stimulates stretching
with an invertedU-shaped dose-effect curve, and the highest acid
concentration failed to significantly increase stretching.
m-Agonist Effects on ICSS in the Absence of Acid. In

this study, opioid effects on ICSS were also examined in
the absence of noxious stimulation. As previously reported,
morphine blocked acid-induced depression of ICSS at doses
that did not alter control ICSS (Pereira Do Carmo et al., 2009;
Negus et al., 2010b). However, morphine effects on ICSS are
highly influenced by factors that include not only dose, but
also pretreatment time and regimen of prior opioid exposure,
and even modest prior exposure to opioids can increase
morphine-induced ICSS facilitation (Altarifi and Negus,
2011). Moreover, we previously reported that intermittent
dosing with the other m-agonists tested here can also facilitate
ICSS (Altarifi et al., 2012). Insofar as drug-induced facilita-
tion of ICSS is predictive of abuse potential (Negus andMiller,
2014), these results are consistent with the abuse liability of
opioid analgesics (Gutstein and Akil, 2006). These results are
also consistent with other data that suggest reciprocal effects
of m-opioid analgesics and pain states on brain reward circuitry
and behaviors such as ICSS that rely on brain reward circuitry
(Leknes and Tracey, 2008; Leitl et al., 2014).
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