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ABSTRACT
This study evaluated a battery of pain-stimulated, pain-depressed, and pain-independent behaviors
for preclinical pharmacological assessment of candidate analgesics in mice. Intraperitoneal injection
of dilute lactic acid (IP acid) served as an acute visceral noxious stimulus to produce four pain-related
behaviors in male and female ICR mice: stimulation of (1) stretching and (2) facial grimace, and
depression of (3) rearing and (4) nesting. Additionally, nesting and locomotion in the absence of the
noxious stimulus were used to assess pain-independent drug effects. These six behaviors were used
to compare effects of two mechanistically distinct but clinically-effective positive controls (ketoprofen

either general motor depression (diazepam) or motor stimulation (amphetamine). We predicted that
analgesics would alleviate all IP acid effects at doses that did not alter pain-independent behaviors,
whereas negative controls would not. Consistent with this prediction, ketoprofen (0.1-32 mg/kg)
produced the expected analgesic profile, whereas oxycodone (0.32-3.2 mg/kg) alleviated all IP acid
effects except depression of rearing at doses lower than those that altered pain-independent
behaviors. For the negative controls, diazepam (1-10 mg/kg) failed to block IP acid-induced
depression of either rearing or nesting, and only decreased IP acid-stimulated behaviors at doses that
also decreased pain-independent behaviors. Amphetamine (0.32-3.2 mg/kg) alleviated all IP acid
effects, but only at doses that also stimulated locomotion. These results support utility of this model
as a framework to evaluate candidate-analgesic effects in a battery of complementary painstimulated, pain-depressed, and pain-independent behavioral endpoints.
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SIGNIFICANCE STATEMENT
Preclinical assays of pain and analgesia often yield false-positive effects with candidate analgesics.
This study used two positive-control analgesics (ketoprofen, oxycodone) and two active negative
controls (diazepam, amphetamine) to validate a strategy for distinguishing analgesics from nonanalgesics by profiling drug effects in a battery of complementary pain-stimulated, pain-depressed,
and pain-independent behaviors in male and female mice.
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INTRODUCTION
Pain is a major reason for health care utilization (St. Sauver et al., 2013). More than 100
million Americans suffer from chronic pain, and many more are affected by acute pain, costing the US
over $600 billion annually (Institute of Medicine, 2011). Despite decades of research, the most
commonly used analgesics continue to be nonsteroidal anti-inflammatory drugs (NSAIDSs) and mu
opioid receptor (MOR) agonists. Use of these compounds is constrained by limited clinical efficacy for
some pain indications (Finnerup et al., 2015) and by side effects that include gastric ulceration for
NSAIDS and abuse liability and potentially lethal respiratory depression for MOR agonists that have
Downloaded from jpet.aspetjournals.org at ASPET Journals on January 8, 2023

contributed to the current opioid public health crisis. The opioid crisis in particular has invigorated
efforts to discover new, effective, and safe medications for pain treatment. Preclinical testing in
laboratory animals will likely play an important role in this drug-discovery effort, but preclinical-toclinical translational has been poor in analgesic drug development (Mogil, 2009; Yezierski and
Hansson, 2018; Negus, 2019; Tappe-Theodor et al., 2019; Gonzalez-Cano et al., 2020; Kandasamy
and Morgan, 2020). One of the largest discrepancies between preclinical and clinical pain
assessment is the type of behavioral endpoint used to indicate the presence of a pain state and the
impact of a drug treatment. Clinical pain in human medicine is primarily measured via verbal
reporting, whereas preclinical pain research has focused almost exclusively on reflexive withdrawal
behaviors stimulated by noxious stimuli. This creates a major discrepancy for translational research
because verbal behavior cannot be measured in animals, and suppression of nocifensive withdrawal
reflexes is not a priority for analgesic administration in humans. Moreover, pain manifests as a
constellation of behavioral changes in both humans and animals, and adequate assessment requires
evaluation of multiple behaviors.
To address this issue, we have argued that preclinical assessment of candidate analgesics
would benefit from drug testing in a battery of different pain-related behaviors that include not only
conventional pain-stimulated behaviors such as withdrawal reflexes, but also pain-related behavioral
depression that models pain-associated functional impairment and behavioral depression in humans
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(Negus, 2019). Complementary assessment of both pain-stimulated and pain-depressed behaviors
not only broadens the scope and translational relevance of preclinical behavioral testing but also
protects against false-positive effects. For example, drugs that produce sedation or motor impairment
can produce false-positive effects in assays of pain-stimulated behavior but not in assays of paindepressed behavior (Negus, 2019).
Accordingly, the goal of the present study was to validate a battery of pain-stimulated and
pain-depressed behaviors for use in mice to test candidate analgesics. Intraperitoneal injection of
dilute lactic acid (IP acid) served as a visceral noxious stimulus that models inflammation-associated

al., 2012; McMahon et al., 2013; Spahn et al., 2017). IP acid also has the experimental advantage of
producing replicable effects with repeated administration, which allows within-subject experimental
designs (Le Bars et al., 2001; Stevenson et al., 2006). Drug effects were examined on four different
IP acid-induced nociceptive behaviors: (1) stimulation of a stretching (or writhing) response as a
conventional pain-stimulated behavior somatotopically directed to the site of noxious stimulus delivery
and potentially relying on spinal circuits (Collier et al., 1968; Le Bars et al., 2001), (2) stimulation of
facial grimace as pain-stimulated behavior directed to a remote site away from the noxious stimulus
and hence requiring supraspinal circuits and potentially reflecting affective pain behaviors (Langford
et al., 2010; Matsumiya et al., 2012), (3) depression of rearing as an unconditioned and highfrequency locomotor behavior (Cho et al., 2013; Cobos and Portillo-Salido, 2013), and (4) depression
of nesting as a robust and adaptive ethological behavior (Jirkof, 2014; Negus et al., 2015). Drug
effects were also evaluated on two additional pain-independent behaviors in the absence of the IP
acid noxious stimulus: (1) nesting to assess drug-induced disruption of an adaptive ethological
behavior, and (2) horizontal locomotor activity that could be either increased or decreased by test
drugs.
To validate this behavioral battery with both clinically effective and ineffective drugs as
recommended for translational research (S. Ferreira et al., 2019), effects were compared for two
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mechanistically distinct but clinically effective positive-control analgesics (ketoprofen and oxycodone)
and two negative-control drugs that are not indicated for use as analgesics but do produce robust
behavioral effects in mice (diazepam and amphetamine). Ketoprofen is a cyclooxygenase1/2 (COX)
inhibitor representative of NSAID analgesics, whereas oxycodone is a MOR agonist representative of
opioid analgesics (Kantor, 1986; Kalso, 2005; McMahon et al., 2013; Brunton et al., 2018). Diazepam
is a gamma aminobutyric acid receptor A (GABAA)-receptor positive allosteric modulator that
produces general motor suppression, and amphetamine is a substrate at dopamine and
norepinephrine transporters (DAT and NET, respectively) that produces dopamine and

Barrow, 2014; Hutson et al., 2014; Brunton et al., 2018). We hypothesized that ketoprofen and
morphine would alleviate both IP acid-stimulated and IP acid-depressed behaviors at doses that did
not alter pain-independent behaviors, whereas diazepam and amphetamine would not. Results of this
validation study were then used as an empirical framework to interpret effects in the same behavioral
battery produced by a series of endocannabinoid catabolic enzyme inhibitors that were evaluated in a
companion study (Diester et al., 2021).

MATERIALS AND METHODS
Subjects
Subjects were male and female ICR mice (Harlan Laboratories, Frederick, MD) that were 6-8
weeks old upon arrival to the laboratory. Males weighed 25-45g and females weighed 20-35g
throughout the study. In an AAALAC approved facility, mice were housed in cages (31.75cm long x
23.50 cm wide x 15.25cm deep) with corncob bedding (Harlan Laboratories) and a “nestlet ”
composed of pressed cotton (Ancare, Bellmore, NY). All mice had ad libitum access to food (Teklad
LM-485 Mouse/Rat Diet, Harlan Laboratories) and water, and cages were mounted in a RAIR HD
Ventilated Rack (Lab Products, Seaford, DE) in a temperature-controlled room with a 12-hour
light/dark cycle (lights on from 6:00 AM to 6:00 PM). Mice used in studies of stretching, grimace, and
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rearing were littermates group housed 3/cage, and mice used in nesting studies were individually
housed. For group-housed mice, a cardboard tube was added to the cage environment to provide
enrichment and minimize fighting. All experiments were performed during the light phase of the daily
light/dark cycle beginning at least one week after arrival at the laboratory. Additionally, for singly
housed mice in nesting studies, experiments were performed in their home cages at least two days
after a cage change. Animal-use protocols were approved by the Virginia Commonwealth University
Institutional Animal Care and Use Committee and complied with the National Research Council Guide
for the Care and Use of Laboratory Animals.

The goal of the study was to compare effects of two clinically effective positive-control
analgesics (ketoprofen, oxycodone) and two behaviorally active negative controls (diazepam,
amphetamine) on a panel of pain-stimulated, pain-depressed, and pain-independent behaviors in
mice. Pain-related behaviors were elicited by intraperitoneal (IP) injection of dilute lactic acid as the
noxious stimulus, and an initial study determined the potency of IP acid (0-0.32%) to produce these
behaviors in two groups of mice. These two groups and all other groups described below consisted of
12 mice (6 males and 6 females) to permit exploratory analysis of sex differences as described
previously (Diester et al., 2019). One group of mice was used to evaluate IP acid-induced stimulation
of abdominal stretching and facial grimace behaviors as well as IP acid-induced depression of
rearing. A second group was used to evaluate IP acid-induced depression of nesting behavior. Thus,
behavioral assessment focused on two pain-stimulated behaviors (stretching, grimace) and two paindepressed behaviors (rearing, nesting). In each group, all mice received all IP acid concentrations in
a within-subject repeated-measures design. The order of presentation for different acid
concentrations was randomized across mice using a Latin-square design, and tests were conducted
once per week in each mouse. On the basis of this initial study, a concentration of 0.32% IP acid was
used as the noxious stimulus for all subsequent studies with test drugs. Antinociception dose-effect
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curves for each test drug were determined in two groups of mice, one to assess drug effects on IP
acid-induced changes in stretching, facial grimace, and rearing, and a second to assess drug effects
on IP acid-induced depression of nesting. Effects of each test drug on pain-independent behaviors
were determined in two additional groups of mice, one to assess drug effects on control nesting in the
absence of the IP acid noxious stimulus, and a second to assess drug effects on locomotion in the
absence of the noxious stimulus. In each group, all mice received all drug doses, dose order was
randomized across mice using a Latin-square design, and tests were conducted once per week in
each mouse. Doses for each drug were varied in 0.5 or 1.0 log-unit increments across a ≥10-fold

doses that produced either significant antinociception on one or more endpoints of pain-related
behavior or significant changes in nesting or locomotor activity as pain-independent behaviors. Data
were analyzed to evaluate the degree to which each test drug alleviated pain-related behaviors at
doses below those that altered pain-independent behaviors.
Test drug doses, pretreatment times, and supporting references were as follows: the
cyclooxygenase1/2 inhibitor ketoprofen, 0.1-32 mg/kg, 30 min (Negus et al., 2015); the mu-opioid
receptor agonist oxycodone, 0.32-10 mg/kg, 30 min (Beardsley et al., 2004); the gamma aminobutyric
acid receptor A (GABAA) receptor positive allosteric modulator diazepam, 1-10 mg/kg, 30 min
(Rosland et al., 1987; Schwienteck et al., 2017); and the dopamine and norepinephrine transporter
substrate amphetamine, 0.32-10 mg/kg, 30 min (Tyler and Tessel, 1979; Nevins et al., 1993).

Behavioral Procedures
Stretching/Grimace/Rearing Procedure. Studies of stretching, grimace, and rearing were
conducted in a procedure room separate from the housing room. Mice were acclimated for at least 1
hr to the procedure room at least one day before the first test day, and on all subsequent test days,
mice were again acclimated to the procedure room for at least 1 hr before testing. Testing was
initiated by subcutaneous (SC) administration of the specified test drug dose followed by return of the
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mouse to its home cage for the pretreatment time specified above. Subsequently, mice received IP
acid immediately before being placed into individual plexiglass cylinders (4” diameter) and filmed for
20.5 min without any researchers in the room. Videos were later scored for stretching, facial grimace,
and rearing by two trained and blinded observers, and scores across the two observers were
averaged. The number of stretches and rears was counted for the first 20-min of the observation
period. A stretch was defined as a horizontal extension of the abdomen followed by extension of at
least one hind limb. A rear was defined as vertical extension of the mouse with both front paws off the
ground followed by return of at least one front paw to the ground. Importantly, a rear was not counted

grimace was scored during the last 0.5 min of the observation period by evaluating ptosis and ear
position with criteria similar to those described previously (Langford et al., 2010). Specifically, ptosis
was scored on a graded scale with 0 = eyes fully open, 0.5 = eyes half to a quarter closed, and 1 =
eyes fully closed. Ear position was also scored on a graded scale by reference to a line drawn
following the top of the whisker line along the snout. If the center tip of the mouse’s ear was above
the line, it was scored as a 0, through the center of the ear was a 0.5, and below was a 1. Scores for
ptosis and ear position were assigned based on observer impressions for the entire 0.5 min
observation period and summed to yield a total score for each mouse, with a minimum score of 0 and
maximum score of 2.
Nesting Procedure. A nesting procedure described previously (Negus et al., 2015) was
modified to accommodate testing in the housing room and provide a continuous quantitative
dependent variable. Additionally, mice were excluded from nesting studies if they failed to nest during
the initial acclimation week in the housing room (3 mice over the course of the study). On test days,
mice received a SC injection with the specified test drug before being returned to their home cages
on the housing rack. After the specified pre-treatment time, mice were removed from their cage and
received either IP acid or vehicle. Old nesting material was removed, two 1-in2 nestlet squares were
placed 11 in apart in the center of the opposing short walls of the cage (see Supp. Figure 1), and the
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mouse was again returned to its home cage. After a 90-min nesting period with no researcher in the
room, the cage top was removed, the position of the nestlets was photographed from above, and the
distance between the center of mass for each nestlet was measured to the nearest quarter inch. For
the initial study to examine the potency and time course of IP acid effects, nestlet position was also
evaluated every 30 min during the 90 min nesting period (Supp. Figure 1); however, for all remaining
experiments, nestlet position was evaluated only at 90 min to minimize cage disturbances during the
experiment. The primary dependent variable was % Maximal Nestlet Consolidation (%MNC), defined
as [(11-End)/11] x 100], where 11 and End were the distances in inches between the nestlets at the

Locomotor Procedure. Horizontal locomotor activity was assessed during 30-min session in
16.8 cm wide x 12.7 cm deep x 12.7 cm high boxes housed in sound-attenuating chambers (Med
Associates, St. Albans, VT) and located in a procedure room separate from the housing room. Each
box had black plexiglass walls, a clear plexiglass ceiling equipped with a house light, bar floors, and
six photobeams arranged at 3 cm intervals across the long wall and 1 cm above the floor. Beam
breaks were monitored by a microprocessor operating Med Associates software. The primary
dependent variable was the total number of beam breaks, excluding consecutive interruptions of the
same beam, during the 30-min session. Test sessions were conducted twice a week with at least 48
hr between sessions. A different group of 12 mice (6 male, 6 female) was used to test each drug.
Within each group, all mice received all doses, and dose order was counterbalanced across mice
using a Latin square design. On test days, mice were brought to the procedure room at least 2 hr
before session onset. After SC test-drug administration, mice were returned to their home cages for
the 30-min pretreatment interval, then placed into the locomotor activity boxes at session onset.

Data Analysis
Stretching, rearing, nesting, and locomotor data were treated as ratio variables and analyzed
by parametric statistics, whereas facial grimace was treated as an ordinal variable and analyzed with
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non-parametric statistics. Data for each treatment on each endpoint were analyzed in four phases as
we have described previously (Diester et al., 2019). As this study was designed based on power to
assess treatment effects for pooled data (N=12), data for males and females were first pooled and
evaluated using a repeated-measures one-way ANOVA followed by Dunnett’s post hoc test for
parametric data or Friedman’s test followed by Dunn’s post hoc for non-parametric data. Second,
data were segregated by sex and evaluated by repeated-measures one-way ANOVA to assess drug
effects within each sex, and as with pooled data, a significant ANOVA was followed by Dunnett’s post
hoc test for parametric data, whereas a significant Friedman’s test was followed by Dunn’s post hoc

by two-way ANOVA to directly compare data from males and females, with sex as a betweensubjects factor and IP acid concentration or drug dose as a within-subjects factor. A significant sex x
treatment interaction was followed by a Holm-Šídák post hoc test. For non-parametric data, multiple ttests with correction for multiple comparisons were used. These first three steps of data analysis were
performed using GraphPad Prism (LaJolla, CA) with a criterion for significance of p<0.05. Lastly,
results were submitted to power analyses to calculate the Cohen’s f effect size, achieved power (1-β),
and the total number of animals predicted as necessary to detect a significant effect given the effect
size, α = 0.05 and power (1-β) = 0.8 using the free statistical analysis program G*Power (Faul et al.,
2007). There is currently no consensus method for power analysis of non-parametric data so grimace
data was not submitted for further power analyses in this study (Lehmann, 2006; Motulsky, 2020).

Drugs
Lactic acid (Fisher Scientific, Hampton, NH) was diluted in sterile water and administered IP.
Ketoprofen was obtained as a commercially available solution (100 mg/mL; Ford Dodge, IA) and
diluted in sterile saline. Oxycodone and amphetamine were provided by the National Institute on Drug
Abuse Supply Program (Bethesda, MD), and were prepared in sterile saline. Diazepam was obtained
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as a commercially available solution (5 mg/ml, Hospira, Lake Forest, IL) and diluted in 1:4:5 ethanol,
propylene glycol, and saline. All test drugs were administered SC in volumes of 0.1 to 0.9 ml.

RESULTS
Effects of IP Lactic Acid Alone
Figure 1 shows the effects of IP injection with vehicle or increasing concentrations of lactic acid
on stretching, facial grimace, rearing, and nesting behaviors. After IP vehicle, stretching and facial
grimace scores were low, whereas rearing and nesting scores were high. IP acid produced

pain-stimulated behavioral endpoints at 0.18% and 0.32% (see Table 1 for all statistical results with
pooled data from both sexes). Conversely, IP acid produced concentration-dependent decreases in
rearing and nestlet consolidation, with significant decreases for rears at 0.18% and 0.32% and
significant decreases in nesting for all three acid concentrations. The time course of nesting behavior
in 30-min intervals after vehicle or acid treatment is shown in Supplemental Figure 1. Results of
statistical analysis to examine sex as a determinant of IP acid effects are shown in Supplemental
Table 1. With these sample sizes, only stretching showed a significant sex x dose interaction;
however, further post hoc analysis showed no difference between males and females for any
concentration compared to vehicle (Supp. Fig. 2). Based on these results, a concentration of 0.32%
IP acid was used for all subsequent studies with test drugs.

Overview of Data Presentation
Each test drug was evaluated for its potency and effectiveness to block each of the four IP
acid-induced behaviors, and results are shown in Figures 2-3. Additionally, each test drug was
administered alone in the nesting and locomotor procedures to evaluate general behavioral effects in
the absence of the IP acid noxious stimulus, and results are shown in Figure 4. Figure 5 compares
the potencies of each test drug to significantly attenuate IP acid effects and to alter nesting and
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locomotor behaviors when the test drug was administered alone. An optimal test-drug profile would
be significant attenuation of all IP acid-induced behaviors at doses that did not affect nesting or
locomotion when the test drug was administered alone. Table 1 shows the results of ANOVA and
power analyses for pooled data across sexes. Supplemental Tables 1-2 show results of ANOVA and
power analyses for data segregated by sex. Supplemental Tables 3-7 report results of statistical
analysis to examine sex as a determinant of effects for each drug on each endpoint, and figures are
included for selected effects when there was either a significant main effect of sex or a significant
dose x sex interaction.

Figure 2 shows the effectiveness of the COX inhibitor ketoprofen and the MOR agonist
oxycodone to block IP acid-induced pain-related behaviors. Ketoprofen (0.1-10 mg/kg) significantly
blocked IP acid-stimulated stretching and facial grimace, and also blocked IP acid-induced
depression of both rearing and nesting. Ketoprofen alone at doses up to 32 mg/kg had no effect on
nesting or locomotion (Figure 4). Thus, ketoprofen blocked all IP acid-induced changes in behaviors
at doses that had no effect on nesting or locomotion when ketoprofen was administered alone (Figure
5). Table 1 summarizes the ANOVA and power analysis results for these pooled data. Results of
statistical analysis to examine sex as a determinant of ketoprofen effects are shown in Supplemental
Table 4. No endpoint showed a significant sex x dose interaction, and only nesting in the presence of
IP acid had a significant main effect of sex (greater nesting in females; Supp. Figure 3).
Oxycodone (0.32-3.2 mg/kg) significantly blocked IP acid-stimulated stretching at all three
doses and facial grimace at 1.0 and 3.2 mg/kg. No oxycodone dose tested blocked IP acid-depressed
rearing, and only 1.0 mg/kg significantly attenuated IP acid-depressed nesting to a mean %MNC of
42.2±10.96. Oxycodone alone significantly decreased nesting at 10 mg/kg, and significantly
stimulated locomotion at 3.2 and 10 mg/kg (Figure 4). Thus, oxycodone decreased IP acid-stimulation
of both stretching and facial grimace and attenuated acid-induced depression of nesting at doses
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lower than those that produced significant effects on nesting and locomotion when administered
alone (Figure 5). The ANOVA and power analysis results for these pooled data are summarized in
Table 1. Supplemental Table 5 shows the results of the statistical analyses to examine sex as a
determinant for oxycodone effects. No endpoint showed a significant main effect of sex for the given
sample and effect sizes, and only nesting in the absence of the noxious stimulus produced a
significant sex x dose interaction; however, further post hoc analysis did not reveal an individual dose
being significantly different between males and females (Supp. Figure 4).

Figure 3 shows the effects of the GABAA positive allosteric modulator diazepam and the
DAT/NET substrate amphetamine on IP acid-induced pain-related behaviors. The highest dose of
diazepam (10 mg/kg) significantly attenuated IP acid-stimulated stretching and grimace, but
diazepam did not attenuate IP acid-induced depression of either rearing or nesting; rather, 10 mg/kg
diazepam exacerbated IP acid-induced depression of rearing. Diazepam administered alone
significantly decreased nesting at 10 mg/kg and significantly decreased locomotion at 3.2 and 10
mg/kg (Figure 4). Thus, diazepam reduced IP acid-stimulated stretching and grimace only at a dose
that exacerbated IP acid-induced depression of rearing and significantly decreased nesting and
locomotion when administered alone (Figure 5). ANOVA and power analysis data summarizing these
results is shown in Table 1. Results of statistical analysis to examine sex as a determinant of
diazepam are shown in Supplemental Table 6. No endpoints in the presence of IP acid resulted in a
significant sex x dose interaction or main effect of sex for the given sample and effect sizes.
Diazepam alone did produce a significant main effect of sex in locomotion, but further post hoc
analysis showed no individual dose to be significantly different between males and females
(Supplemental Figure 4).
Amphetamine (0.32-3.2 mg/kg) significantly reduced IP acid-induced stimulation of both
stretching and facial grimace at the highest dose tested. Additionally, 3.2 mg/kg amphetamine
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attenuated IP acid-induced depression of rearing and nesting. Amphetamine delivered alone (0.32-10
mg/kg) significantly decreased nesting at 10 mg/kg and significantly increased locomotion at both 3.2
and 10 mg/kg (Figure 4). Thus, amphetamine blocked all IP acid-induced behaviors, but only at a
dose that significantly increased locomotion when administered in the absence of the noxious
stimulus (Figure 5). Table 1 summarizes the ANOVA and power analysis results for these pooled
data. Supplemental Table 7 shows the results of the statistical analyses to examine sex as a
determinant for amphetamine effects. No endpoints showed a significant sex x dose interaction or
main effect of sex for the given sample and effect sizes.

This study compared the effects of two clinically effective analgesics (ketoprofen, oxycodone)
and two active negative controls (diazepam and amphetamine) on a panel of pain-stimulated, paindepressed, and pain-independent behaviors in male and female mice. There were three main
findings. First, IP acid served as an effective chemical noxious stimulus to produce a concentrationdependent stimulation of stretching and facial grimace and depression of rearing and nesting as
putative pain-related behaviors. Test drugs could then be evaluated for their profiles of
antinociceptive effectiveness to alleviate these IP acid effects. Second, the positive-control
analgesics ketoprofen and oxycodone produced antinociception in assays of both pain-stimulated and
pain-depressed outcome measures (with ketoprofen being the most effective) at doses below those
that altered nesting and/or locomotion in the absence of the IP acid noxious stimulus, whereas the
negative controls diazepam and amphetamine did not. These results suggest that analgesic potential
of test drugs can be predicted by higher potency to alleviate pain-related stimulation and depression
of behavior than to produce pain-independent motor disruption in mice. Lastly, sex differences in drug
effects were not a primary focus of the present study and few sex differences were identified;
however, the inclusion of equal numbers of male and female mice permitted exploratory power
analysis of sex differences that could guide future studies designed to focus on sex as a primary
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variable of interest. Overall, this study outlines an experimental design and a framework of results
with positive and negative controls that can be used to study and interpret effects of candidate
analgesic drugs.

Effects of IP lactic acid as a noxious stimulus
The present results confirm and extend previous studies in finding that IP injection of dilute
acid serves as an effective noxious stimulus to stimulate stretching (Koster et al., 1959; Collier et al.,
1968; Stevenson et al., 2006; Booker et al., 2009; Do Carmo et al., 2009; Miller et al., 2012; Bagdas

(Cho et al., 2013; Cobos and Portillo-Salido, 2013) and nesting (Negus et al., 2015; Lewter et al.,
2017; Alexander et al., 2019). The present study builds on these previous results by showing that
potency of IP lactic acid was similar across all four endpoints. Additionally, our approach assessed
stretching, facial grimace, and rearing simultaneously during the same video sessions to provide for
efficient data collection on both pain-stimulated and pain-depressed behaviors in the same subject.
Nesting was assessed in different subjects tested in their home cages, which provided an opportunity
to assess generality of results across different subjects and testing environments.

Effects of ketoprofen and oxycodone
The present results agree with previous evidence that ketoprofen and other COX inhibitors are
effective to produce antinociception against a range of chemical and inflammatory pain stimuli
producing an array of pain-related behaviors including stretching (Seguin et al., 1995; Bagdas et al.,
2016; Alexander et al., 2019), facial grimace (Leach et al., 2012; Matsumiya et al., 2012; Tuttle et al.,
2018; Cho et al., 2019; de Almeida et al., 2019), depression of rearing (Matson et al., 2007; Nagase
et al., 2012) and depression of nesting (Negus et al., 2015; Oliver et al., 2018; Alexander et al.,
2019). In the present study, ketoprofen potency and efficacy were similar to alleviate IP acid-induced
stimulation of stretching and facial grimace and depression of nesting, and although ketoprofen was
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less potent to alleviate IP acid-induced depression of rearing, it did significantly restore rearing at 10
mg/kg. The antinociceptive effectiveness of ketoprofen on endpoints of both pain-stimulated and paindepressed behaviors provides one source of evidence to suggest that ketoprofen effects reflected
sensory blockade of the acid noxious stimulus rather than production of nonspecific motor effects that
might impede expression of nociceptive behaviors. This conclusion is further supported by the finding
that antinociceptive ketoprofen doses did not alter nesting or locomotion in the absence of the IP acid
noxious stimulus. Previous studies have also reported ketoprofen antinociception at doses without
evidence of motor disruption (Niemegeers et al., 1975; Julou et al., 1976; Negus et al., 2015;

efficacy of ketoprofen and other COX inhibitors for treatment of inflammatory pain (Moore and
McQuay, 2013), and they also demonstrate sensitivity of this panel of behavioral endpoints to a
clinically effective analgesic as a positive control.
The MOR agonist oxycodone is also a clinically effective analgesic to treat inflammatory and
other types of pain, but it produced a profile of effects distinct from that of ketoprofen. Like ketoprofen,
oxycodone attenuated acid-induced stimulation of stretching and facial grimace and depression of
nesting at doses that did not alter locomotion or nesting in the absence of the noxious stimulus. This
agrees with other evidence to suggest that MOR agonists can alleviate some inflammation-related
pain-stimulated and pain-depressed behaviors at doses that do not alter other pain-independent
behaviors (Matson et al., 2007; Cobos et al., 2012; Cobos and Portillo-Salido, 2013; Bagdas et al.,
2016; Lewter et al., 2017; Negus, 2019). However, unlike ketoprofen, oxycodone produced only a
partial alleviation of acid-induced depression of nesting, and it failed to alleviate acid-induced
depression of rearing. Previous studies have also reported limited effectiveness of MOR agonists to
alleviate some types of pain-related behavioral depression, and this limited efficacy appears to reflect
MOR agonist-induced motor effects that prevent antinociceptive restoration of function in assays of
pain-depressed behavior (Matson et al., 2007; Cobos et al., 2012; Elhabazi et al., 2012; Cho et al.,
2013; Kendall et al., 2016). In the present study, for example, oxycodone significantly increased
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locomotion and produced a small though nonsignificant decrease in control nesting at 3.2 mg/kg.
These motor effects could have contributed to the descending limb of the inverted-U shaped doseeffect curve for oxycodone effects on IP acid-induced nesting depression and prevented expression
of oxycodone antinociception on acid-induced rearing depression (which was also less responsive to
ketoprofen, see above). Taken together, these results suggest that this panel of behaviors is also
sensitive to MOR agonist analgesics and provides data that can be used to interpret interactions
between analgesic and motoric drug effects.

The GABAA receptor positive allosteric modulator diazepam produced significant
antinociception against both IP acid-stimulated stretching and grimace, a finding that agrees with
other evidence for antinociception by diazepam and related benzodiazepines in preclinical assays of
pain-stimulated behaviors elicited by chemical noxious stimuli (Rosland et al., 1987; Fidecka and
Pirogowicz, 2002; Munro et al., 2008; Chiba et al., 2009). However, as in these previous studies,
diazepam antinociception was observed only at a high dose that also produced evidence of motor
impairment in the absence of the noxious stimulus, suggesting that apparent antinociception reflected
motor impairment rather than analgesia. This conclusion was further supported by the failure of
diazepam to alleviate IP acid-induced depression of either rearing or nesting, and indeed, diazepam
only exacerbated IP acid-induced depression of rearing. Moreover, this conclusion is also consistent
with the lack of diazepam analgesic effectiveness in humans (Raft et al., 1977) and for the absence of
a clinical indication for diazepam as a stand-alone treatment for pain (Physician's Desk Reference,
2020). Overall, these results illustrate the vulnerability of traditional assays of pain-stimulated
behavior to false-positive effects with drugs that produce sedation or motor impairment. A traditional
strategy to address this vulnerability has been to compare drug potency to produce antinociception
with potency to impair motor performance in the absence of the noxious stimulus, but this approach is
not always reliable (Seguin et al., 1995). Combined drug evaluation in complementary assays of both
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pain-stimulated and pain-depressed behavior as shown here can further reduce false positives and
enhance selectivity for clinically effective analgesics while also probing drug effects on clinically
relevant outcome measures related to behavioral depression and functional impairment (Cobos et al.,
2012; Negus et al., 2015; Bagdas et al., 2016; Negus, 2019).
The psychostimulant and dopamine/norepinephrine releaser amphetamine produced
antinociception on all four behavioral endpoints only at a dose (3.2 mg/kg) that also significantly
stimulated pain-independent locomotor activity, although this dose did not alter pain-independent
nesting behavior. These data are consistent with previous evidence that amphetamine and other

antinociception in assays of both pain-stimulated behavior (Tocco and Maickel, 1984; Gatch et al.,
1999; Connor et al., 2000; Alexander et al., 2019) and pain-depressed behavior (Matson et al., 2007;
Negus et al., 2012; Rosenberg et al., 2013). However, as in the present study, amphetamine and
related psychostimulants generally produce antinociception only at doses that also stimulate behavior
in the absence of a noxious stimulus (suggesting a lack of behavioral selectivity), and they do not
always restore pain-related behavioral depression in preclinical studies (Matson et al., 2007;
Alexander et al., 2019) (suggesting limited effectiveness). Although amphetamine is not approved for
use as an analgesic, it has been found to produce weak analgesic effects in humans and can
augment the analgesic effects of opioids (Dalal and Melzack, 1998; Westfall and Westfall, 2011).
These analgesic effects may be related to effectiveness of amphetamine and related
psychostimulants to alleviate pain-related depression of mesolimbic dopamine signaling (Wood,
2008; Leitl et al., 2014; Martikainen et al., 2018; Watanabe and Narita, 2018). As increased dopamine
also can cause increases in general motor behavior, this proves difficult to parse true analgesia from
psychostimulant effects. With regard to its effects on pain-independent behaviors in the present
study, the inverted-U shaped dose-effect curve for amphetamine in the assay of locomotor activity is
consistent with previous studies (Rethy et al., 1970; Tyler and Tessel, 1979). In particular, the
decrease in locomotion at 10 mg/kg likely reflected recruitment of stereotypies that competed with
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and reduced horizontal locomotion (Tyler and Tessel, 1979; Matson et al., 2007). High baseline
nesting near the ceiling of the assay’s dynamic range may have prevented detection of any
stimulation of nesting by lower amphetamine doses; however, depression of nesting by 10 mg/kg
amphetamine may also have reflected stereotypies that competed with and reduced nesting behavior.

Authorship Contributions:
Participated in research design: Diester, Negus
Conducted experiments: Diester, Santos, Moerke
Downloaded from jpet.aspetjournals.org at ASPET Journals on January 8, 2023

Performed data analysis: Diester
Wrote or contributed to the writing of the manuscript: Diester, Santos, Negus

21

JPET Fast Forward. Published on February 23, 2021 as DOI: 10.1124/jpet.120.000464
This article has not been copyedited and formatted. The final version may differ from this version.

REFERENCES

22

Downloaded from jpet.aspetjournals.org at ASPET Journals on January 8, 2023

Alexander KS, Rodriguez TR, Sarfo AN, Patton TB and Miller LL (2019) Effects of monoamine uptake
inhibitors on pain-related depression of nesting in mice. Behav Pharmacol 30:463-470.
Bagdas D, Muldoon PP, AlSharari S, Carroll FI, Negus SS and Damaj MI (2016) Expression and
pharmacological modulation of visceral pain-induced conditioned place aversion in mice.
Neuropharmacology 102:236-243.
Beardsley PM, Aceto MD, Cook CD, Bowman ER, Newman JL and Harris LS (2004) Discriminative
stimulus, reinforcing, physical dependence, and antinociceptive effects of oxycodone in mice,
rats, and rhesus monkeys. Exp Clin Psychopharmacol 12:163-172.
Booker L, Naidu PS, Razdan RK, Mahadevan A and Lichtman AH (2009) Evaluation of prevalent
phytocannabinoids in the acetic acid model of visceral nociception. 105:42-47.
Brunton L, Hilal-Dandan R and Knollmann B (2018) Goodman & Gilman’s: The Pharmacological
Basis of Therapeutics, in Goodman & Gilman’s: The Pharmacological Basis of Therapeutics,
McGraw-Hill.
Calcaterra NE and Barrow JC (2014) Classics in Chemical Neuroscience: Diazepam (Valium). ACS
Chemical Neuroscience 5:253-260.
Chiba S, Nishiyama T, Yoshikawa M and Yamada Y (2009) The antinociceptive effects of midazolam
on three different types of nociception in mice. J Pharmacol Sci 109:71-77.
Cho C, Michailidis V, Lecker I, Collymore C, Hanwell D, Loka M, Danesh M, Pham C, Urban P, Bonin
RP and Martin LJ (2019) Evaluating analgesic efficacy and administration route following
craniotomy in mice using the grimace scale. Sci Rep 9:359.
Cho H, Jang Y, Lee B, Chun H, Jung J, Kim S, Hwang S and Oh U (2013) Voluntary movements as a
possible non-reflexive pain assay. 9:25.
Cobos E and Portillo-Salido E (2013) “Bedside-to-Bench” Behavioral Outcomes in Animal Models of
Pain: Beyond the Evaluation of Reflexes. Current Neuropharmacology 11:560-591.
Cobos EJ, Ghasemlou N, Araldi D, Segal D, Duong K and Woolf CJ (2012) Inflammation-induced
decrease in voluntary wheel running in mice: A nonreflexive test for evaluating inflammatory
pain and analgesia. Pain 153:876-884.
Collier HOJ, Dinneen LC, Johnson CA and Schneider C (1968) The Abdominal Constriction
Response and its Suppression by Analgesic Drugs in the Mouse. British Journal of Pharmac
Chemother 32:295-310.
Connor J, Makonnen E and Rostom A (2000) Comparison of analgesic effects of khat (Catha edulis
Forsk) extract, D-amphetamine and ibuprofen in mice. J Pharm Pharmacol 52:107-110.
Dalal S and Melzack R (1998) Potentiation of Opioid Analgesia by Psychostimulant Drugs. Journal of
Pain and Symptom Management 16:245-253.
de Almeida AS, Rigo FK, De Pra SD, Milioli AM, Dalenogare DP, Pereira GC, Ritter CDS, Peres DS,
Antoniazzi CTD, Stein C, Moresco RN, Oliveira SM and Trevisan G (2019) Characterization of
Cancer-Induced Nociception in a Murine Model of Breast Carcinoma. Cell Mol Neurobiol
39:605-617.
Diester C, Santos E, Moerke M and Negus S (2021) Behavioral Battery for Testing Candidate
Analgesics in Mice. I. Validation with Positive and Negative Controls. Journal of Pharmacology
and Experimental Therapeutics.
Diester CM, Banks ML, Neigh GN and Negus SS (2019) Experimental design and analysis for
consideration of sex as a biological variable. Neuropsychopharmacology 44:2159-2162.
Do Carmo GP, Stevenson GW, Carlezon WA and Negus SS (2009) Effects of pain- and analgesiarelated manipulations on intracranial self-stimulation in rats: Further studies on pain-depressed
behavior. Pain 144:170-177.
Elhabazi K, Trigo J, Mollereau C, Moulédous L, Zajac JM, Bihel F, Schmitt M, Bourguignon J,
Meziane H, Petit-Demoulière B, Bockel F, Maldonado R and Simonin F (2012) Involvement of
neuropeptide FF receptors in neuroadaptive responses to acute and chronic opiate treatments.
British Journal of Pharmacology 165:424-435.

JPET Fast Forward. Published on February 23, 2021 as DOI: 10.1124/jpet.120.000464
This article has not been copyedited and formatted. The final version may differ from this version.

23

Downloaded from jpet.aspetjournals.org at ASPET Journals on January 8, 2023

Fidecka S and Pirogowicz E (2002) Lack of Interaction Between the Behavioral Effects of Ketoprofen
and Benzodiazepines in Mice. Polish Journal of Pharmacology 54:111-117.
Finnerup NB, Attal N, Haroutounian S, McNicol E, Baron R, Dworkin RH, Gilron I, Haanpää M,
Hansson P, Jensen TS, Kamerman PR, Lund K, Moore A, Raja SN, Rice ASC, Rowbotham M,
Sena E, Siddall P, Smith BH and Wallace M (2015) Pharmacotherapy for neuropathic pain in
adults: a systematic review and meta-analysis. The Lancet Neurology 14:162-173.
Gatch MB, Negus SS and Mello NK (1999) Antinociceptive Effects of Cocaine in Rhesus Monkeys.
Pharmacoogy Biochemistry and Behavior 62:291-297.
Gonzalez-Cano R, Montilla-Garcia A, Ruiz-Cantero MC, Bravo-Caparros I, Tejada MA, Nieto FR and
Cobos EJ (2020) The search for translational pain outcomes to refine analgesic development:
Where did we come from and where are we going? Neurosci Biobehav Rev 113:238-261.
Holzer P (2009) Acid-Sensitive Ion Channels and Receptors, in pp 283-332, Springer Berlin
Heidelberg.
Hutson PH, Tarazi FI, Madhoo M, Slawecki C and Patkar AA (2014) Preclinical pharmacology of
amphetamine: Implications for the treatment of neuropsychiatric disorders. 143:253-264.
Jirkof P (2014) Burrowing and nest building behavior as indicators of well-being in mice. Journal of
Neuroscience Methods 234:139-146.
Julou L, Guyonnet J, Durcot R, Fournel J and Pasquet J (1976) Ketoprofen (19.583 R.P.) (2-(3benzoylphenyl)-propionic acid). Main pharmacological properties--outline of toxicological and
pharmacokinetic data. Scan J Rheumatol Suppl:33-44.
Kalso E (2005) Oxycodone. Journal of Pain and Symptom Management 29:47-56.
Kandasamy R and Morgan MM (2020) 'Reinventing the wheel' to advance the development of pain
therapeutics. Behav Pharmacol.
Kantor MD (1986) Ketoprofen: A Review of its Pharmacologic and Clinical Properties.
Pharmacotherapy 6:93-102.
Kendall L, Wegenase D, Dorsey K, Kang S, Lee NY and Hess AM (2016) Efficacy of SustainedRelease Buprenorphine in an Experimental Laparotomy Model in Female Mice. Journal of the
American Association for Laboratory Animal Science 55:77-73.
Koster R, Anderson M and De Beer EJ (1959) Acetic Acid for Analgesic Screening. Federation
Procedings:412-417.
Langford DJ, Bailey AL, Chanda ML, Clarke SE, Drummond TE, Echols S, Glick S, Ingrao J, KlassenRoss T, Lacroix-Fralish ML, Matsumiya L, Sorge RE, Sotocinal SG, Tabaka JM, Wong D, Van
Den Maagdenberg AMJM, Ferrari MD, Craig KD and Mogil JS (2010) Coding of facial
expressions of pain in the laboratory mouse. Nature Methods 7:447-449.
Le Bars D, Gozaru M and Cadden SW (2001) Animal Models of Nociception. Pharmacol Rev 53:597652.
Leach MC, Klaus K, Miller AL, Scotto di Perrotolo M, Sotocinal SG and Flecknell PA (2012) The
assessment of post-vasectomy pain in mice using behaviour and the Mouse Grimace Scale.
PLoS One 7:e35656.
Lehmann EL (2006) Nonparametrics: Statistical Methods Based on Ranks, Revised. Springer.
Leitl MD, Onvani S, Bowers MS, Cheng K, Rice KC, Carlezon WA, Banks ML and Negus SS (2014)
Pain-Related Depression of the Mesolimbic Dopamine System in Rats: Expression, Blockade
by Analgesics, and Role of Endogenous κ-opioids. Neuropsychopharmacology 39:614-624.
Lewter LA, Fisher JL, Siemian JN, Methuku KR, Poe MM, Cook JM and Li JX (2017) Antinociceptive
Effects of a Novel alpha2/alpha3-Subtype Selective GABAA Receptor Positive Allosteric
Modulator. ACS Chem Neurosci 8:1305-1312.
Martikainen IK, Hagelberg N, Jaaskelainen SK, Hietala J and Pertovaara A (2018) Dopaminergic and
serotonergic mechanisms in the modulation of pain: In vivo studies in human brain. Eur J
Pharmacol 834:337-345.
Matson DJ, Broom DC, Carson SR, Baldassari J, Kehne J and Cortright DN (2007) InflammationInduced Reduction of Spontaneous Activity by Adjuvant: A Novel Model to Study the Effect of
Analgesics in Rats. Journal of Pharmacology and Experimental Therapeutics 320:194-201.

JPET Fast Forward. Published on February 23, 2021 as DOI: 10.1124/jpet.120.000464
This article has not been copyedited and formatted. The final version may differ from this version.

24

Downloaded from jpet.aspetjournals.org at ASPET Journals on January 8, 2023

Matsumiya LC, Sorge RE, Sotocinal SG, JTabaka JM, Wieskopf JS, Zaloum A, King OD and Mogil
JS (2012) Using the Mouse Grimace Scale to Reevaluate the Efficacy of Postoperative
Analgesics in Laboratory Mice. Journal of American Association for Laboratory Animals
Science 51:42-49.
McMahon S, SKoltzenburg M, Tracey I and Turk D (2013) Wall and Melzack’s Textbook of Pain, in,
Elsevier, Philadelphia.
Medicine Io (2011) Relieving Pain in America: A Blueprint for Transforming Preveition, Care,
Education, and Research. The National Academics Press, Washington D.C.
Miller LL, Picker MJ, Umberger MD, Schmidt KT and Dykstra LA (2012) Effects of Alterations in
Cannabinoid Signaling, Alone and in Combination with Morphine, on Pain-Elicited and PainSuppressed Behavior in Mice. Journal of Pharmacology and Experimental Therapeutics
342:177-187.
Mogil JS (2009) Animal models of pain: progress and challenges. Nature Reviews Neuroscience
10:283-294.
Moore A and McQuay H (2013) Cyclooxygenase Inhibitors: Clinical Use, in Wall & Melzack’s
Textbook of Pain (McMahon S, Koltzenburg M, Tracey I and Turk D eds) pp 455-464, Elsevier,
Philadelphia.
Motulsky H (2020) Graphpad Statistics Guide, in.
Munro G, Lopez-Garcia JA, Rivera-Arconada I, Erichsen HK, Nielsen EO, Larsen JS, Ahring PK and
Mirza NR (2008) Comparison of the novel subtype-selective GABAA receptor-positive
allosteric modulator NS11394 [3'-[5-(1-hydroxy-1-methyl-ethyl)-benzoimidazol-1-yl]-biphenyl-2carbonitrile] with diazepam, zolpidem, bretazenil, and gaboxadol in rat models of inflammatory
and neuropathic pain. J Pharmacol Exp Ther 327:969-981.
Nagase H, Kumakura S and Shimada K (2012) Establishment of a novel objective and quantitative
method to assess pain-related behavior in monosodium iodoacetate-induced osteoarthritis in
rat knee. Journal of Pharmacological and Toxicological Methods 65:29-36.
Negus SS (2019) Core Outcome Measures in Preclinical Assessment of Candidate Analgesics.
Pharmacological Reviews 71:225-266.
Negus SS, Neddenriep B, Altarifi AA, Carroll FI, Leitl MD and Miller LL (2015) Effects of Ketoprofen,
Morphine, and Kappa Opioids On Pain-Related Depression of Nesting in Mice. PAIN:1.
Negus SS, O'Connell R, Morrissey E, Cheng K and Rice KC (2012) Effects of Peripherally Restricted
κ Opioid Receptor Agonists on Pain-Related Stimulation and Depression of Behavior in Rats.
Journal of Pharmacology and Experimental Therapeutics 340:501-509.
Network P (2020) Physician’s Desk Reference, in, Montvale, NJ.
Nevins ME, Nash SA and Beardsley PM (1993) Quantitative grip strength assessment as a means of
evaluating muscle relaxation in mice. 110:92-96.
Niemegeers C, Lenaerts F, Awouters F and Janssen P (1975) Gastrointestinal effects and acute
toxicity of suprofen. Arzneimittelforschung 10:1537-1542.
Oliver V, Thurston S and Lofgren J (2018) Using Cageside Measures to Evaluate Analgesic Efficacy
in Mice (Mus musculus) after Surgery. Journal of the American Association for Laboratory
Animal Science 57:186-201.
Raft D, Gregg J, Ghia J and Harris L (1977) Effects of intravenous tetrahydrocannabinol on
experimental and surgical pain; Psychological correlates of the analgesic response. Clinical
Pharmacology & Therapeutics 21:26-33.
Rethy C, Smith C and Villarreal J (1970) Effects of narcotic analgesics upon the locomotor activity
and brain catecholamine content of the mouse. The Journal of Pharmacology and
Experimental Therapeutics 176:472-479.
Rosenberg MB, Carroll FI and Negus SS (2013) Effects of Monoamine Reuptake Inhibitors in Assays
of Acute Pain-Stimulated and Pain-Depressed Behavior in Rats. The Journal of Pain 14:246259.
Rosland JH, Hunskaar S and Hole K (1987) The Effect of Diazepam on Nociception in Mice.
Pharmacology & Toxicology 61:111-115.

JPET Fast Forward. Published on February 23, 2021 as DOI: 10.1124/jpet.120.000464
This article has not been copyedited and formatted. The final version may differ from this version.

Footnotes
This work was supported by grants [T32DA007027] and [R01DA030404] from the National Institute
on Drug Abuse, National Institutes of Health. The authors declare no conflict of interest.

25

Downloaded from jpet.aspetjournals.org at ASPET Journals on January 8, 2023

S. Ferreira G, Veening-Griffioen DH, Boon WPC, Moors EHM, Gispen-De Wied CC, Schellekens H
and Van Meer PJK (2019) A standardised framework to identify optimal animal models for
efficacy assessment in drug development. PLOS ONE 14:e0218014.
Schwienteck KL, Li G, Poe MM, Cook JM, Banks ML and Stevens Negus S (2017) Abuse-related
effects of subtype-selective GABAA receptor positive allosteric modulators in an assay of
intracranial self-stimulation in rats. Psychopharmacology 234:2091-2101.
Seguin L, Le Marouille-Girardon S and Millan MJ (1995) Antinociceptive profiles of non-peptidergic
neurokinin1 and neurokinin2 receptor antagonists: a comparison to other classes of
antinociceptive agent. 61:325-343.
Spahn V, Del Vecchio G, Labuz D, Rodriguez-Gaztelumendi A, Massaly N, Temp J, Durmaz V, Sabri
P, Reidelbach M, Machelska H, Weber M and Stein C (2017) A nontoxic pain killer designed
by modeling of pathological receptor conformations. Science 355:966-969.
St. Sauver JL, Warner DO, Yawn BP, Jacobson DJ, McGree ME, Pankratz JJ, Melton LJ, Roger VL,
Ebbert JO and Rocca WA (2013) Why Patients Visit Their Doctors: Assessing the Most
Prevalent Conditions in a Defined American Population. Mayo Clinic Proceedings 88:56-67.
Stevenson GW, Bilsky EJ and Negus SS (2006) Targeting Pain-Suppressed Behaviors in Preclinical
Assays of Pain and Analgesia: Effects of Morphine on Acetic Acid-Suppressed Feeding in
C57BL/6J Mice. The Journal of Pain 7:408-416.
Tappe-Theodor A, King T and Morgan MM (2019) Pros and Cons of Clinically Relevant Methods to
Assess Pain in Rodents. Neurosci Biobehav Rev 100:335-343.
Tocco D and Maickel R (1984) Analgesic Activities of Amphetamine Isomers. Arch Int Pharmacodyn
Ther 268:25-31.
Tuttle AH, Molinaro MJ, Jethwa JF, Sotocinal SG, Prieto JC, Styner MA, Mogil JS and Zylka MJ
(2018) A deep neural network to assess spontaneous pain from mouse facial expressions. Mol
Pain 14:1744806918763658.
Tyler TD and Tessel RE (1979) Amphetamine's locomotor-stimulant and norepinephrine-releasing
effects: Evidence for selective antagonism by nisoxetine. 64:291-296.
Watanabe M and Narita M (2018) Brain Reward Circuit and Pain, in Advances in Pain Research:
Mechanisms and Modulation of Chronic Pain (Shyu B and Tominaga M eds), Springer Nature,
Singapore.
Westfall T and Westfall D (2011) Adrenergic Agonists and Antagonists, in Goodman & Gilman’s The
Pharmacological Basis of Therapeutics (Brunton L, Chabner B and Knollmann B eds),
McGraw-Hill.
Wood PB (2008) Role of central dopamine in pain and analgesia. Expert Reviews Neurotherapeutics
8:781-797.
Yezierski RP and Hansson P (2018) Inflammatory and Neuropathic Pain From Bench to Bedside:
What Went Wrong? The Journal of Pain 19:571-588.

JPET Fast Forward. Published on February 23, 2021 as DOI: 10.1124/jpet.120.000464
This article has not been copyedited and formatted. The final version may differ from this version.

Figure Legends

Figure 1. Effects of IP lactic acid on stretching, facial grimace, rearing and nesting behaviors
in male and female mice. Abscissae: concentration of lactic acid diluted in sterile water and
administered IP in a volume of 10 ml/kg (log scale). Ordinates: number of stretches (A), grimace
score (B), number of rears (C), and nesting expressed as percent maximum nestlet consolidation (D).
Each point shows mean ± SEM for 12 mice (6 male, 6 female). Filled symbols indicate a significant
difference from vehicle (Veh) as determined by RM one-way ANOVA and Dunnett’s post hoc test for

p<0.05. Results of ANOVA and power analysis for each panel are shown in Table 1.

Figure 2. Effects of the clinically-effective positive controls ketoprofen and oxycodone on IP
acid-induced pain behaviors. Abscissae: doses of ketoprofen or oxycodone in mg/kg (log scale).
Ordinates: number of stretches (A), grimace score (B), number of rears (C), and nesting expressed
as percent maximum nestlet consolidation (D). Each point shows mean ± SEM for 12 mice (6 male, 6
female). Filled symbols indicate a significant difference from vehicle (Veh) as determined by RM oneway ANOVA and Dunnett’s post hoc test for parametric data (A, C & D) or by Friedman’s and Dunn’s
post hoc test for nonparametric data (B), p<0.05. Results of ANOVA and power analysis data for
each panel are shown in Table 1.

Figure. 3. Effects of the active negative controls diazepam and amphetamine on IP acidinduced pain behaviors. Abscissae: doses of diazepam or amphetamine delivered SC in mg/kg (log
scale). Ordinates: number of stretches (A), grimace score (B), number of rears (C), and nesting
expressed as percent maximum nestlet consolidation (D). Each point shows mean ± SEM for 12 mice
(6 male, 6 female). Filled symbols indicate a significant difference from vehicle (Veh) as determined
by RM one-way ANOVA and Dunnett’s post hoc test for parametric data (A, C & D) or by Friedman’s
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and Dunn’s post hoc test for nonparametric data (B), p<0.05. Results of ANOVA and power analysis
data for each panel are shown in Table 1.

Figure. 4. Effects of all drugs on nesting and locomotion in the absence of the IP acid noxious
stimulus. Abscissae: Doses of ketoprofen, diazepam, oxycodone and amphetamine delivered in
mg/kg (log scale). Ordinates: nesting expressed as percent maximum nestlet consolidation (A) and
locomotor counts (B). Each point shows mean ± SEM for 12 mice (6 male, 6 female). Filled symbols
indicate a significant difference from vehicle (Veh) as determined by RM one-way ANOVA and

Table 1.

Figure. 5. Drug profiles for comparing potency to produce antinociceptive effects versus
general behavioral disruption. Abscissae: Drug dose for either ketoprofen (A), oxycodone (B),
diazepam (C) or amphetamine (D). Open bars span the dose range over which each drug
significantly attenuated IP acid-induced stimulation of stretching (S), facial grimace (G) or IP acidinduced depression of rearing (R) or nesting (N). In each panel, bars for pain-stimulated behaviors
(PSB) and pain-depressed behaviors (PDB) are shown above and below the dose line, respectively.
The gray zone in each panel spans doses over which each drug disrupted nesting and/or locomotion
when administered alone in the absence of the IP acid noxious stimulus. Ketoprofen (A) did not alter
nesting or locomotion at does up to 32 mg/kg, so no gray zone is indicated.
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Table 1. Summary of power analysis results from pooled one-way ANOVA data from Figures 1-4
IP Acid
Current Effect
Current
Sample Size:
Friedman statistic;
Male & Female
F Statistic, p value
Size (Cohen's f)
Power
Power≥ 0.8
p value
Stretch + Acid
Rear + Acid
Grimace
Nesting + Acid
Nesting
Locomotor

F(2.188, 24.07)=15.29;
p<0.0001*
F(1.938, 21.32)=7.251;
p=0.0042*
F(1.888, 20.77)=16.76;
p<0.0001*
-

1.180

0.999

6

-

0.58

0.607

18

-

-

-

-

F=31.44; p<0.0001*

1.235

0.998

6

-

-

-

-

-

Ketoprofen
Stretch + Acid
Rear + Acid

Nesting + Acid
Nesting
Locomotor

F(2.881, 31.69)=0.8522;
p=0.472

-

0.856

0.873

11

0.52
-

0.576
-

19
-

F=26.78; p<0.0001*

1.628

1

4

-

0.119

0.074

>100

-

2.531

1

3

-
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Grimace

F(1.578, 17.36)=8.075;
p=0.0052*
F(2.403, 26.43)=6.641;
p=0.003*
F(2.188, 24.07)=29.17;
p<0.0001*
F(2.628, 28.94)=0.158;
p=0.9037

-

Oxycodone
Stretch + Acid
Rear + Acid
Grimace
Nesting + Acid
Nesting
Locomotor

F(1.596, 17.55)=17.10;
p=0.0002*
F(2.066, 22.72)=3.224;
p=0.0571
F(1.634, 17.98)=4.157;
p=0.0396*
F(1.806, 19.86)=43.87;
p<0.0001*
F(2.755, 30.3)=15.22;
p<0.0001*

-

1.18

0.991

7

0.542
-

0.565
-

19
-

F=25.12; p<0.0001*

0.614

0.603

18

-

2

1

4

-

1.175

1

5

-

-

Diazepam
Stretch + Acid
Rear + Acid
Grimace
Nesting + Acid
Nesting
Locomotor

F(2.307, 25.38)=6.478;
p=0.0039*
F(1.691, 18.6)=4.033;
p=0.0409*
F(2.28, 25.08)=2.984;
p=0.0628
F(2.164, 23.8)=60.51;
p<0.0001*
F(2.54, 27.94)=10.47;
p=0.0002*

0.768

0.899

10

0.605
-

0.601
-

18
-

0.52

0.56

19

2.343

1

3

0.976

0.992

7

F=19.83; p=0.0002*
-

Amphetamine
Stretch + Acid
Rear + Acid
Grimace
Nesting + Acid
Nesting
Locomotor

F(2.201, 26.41)=6.822;
p=0.0033*
F(2.44, 29.28)=3.131;
p=0.0496*
F(2.041, 22.45)=5.594;
p=0.0103*
F(2.641, 29.05)=36.46;
p<0.0001*
F(1.704, 18.74)=22.07;
p<0.0001*

0.755

0.907

11

0.511
-

61
-

19
-

0.713

0.81

12

1.819

1

4

1.415

1

6

F=25.37; p<0.0001*
-
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Supplemental Figures:

Supplemental Figure 1. Time course data for nestlet consolidation behavior. Panel A shows a
photograph of the starting configuration for each experiment, and panel B shows an example of a
complete nest, with a “% Maximal Nestlet Consolidation” (%MNC) of 0% for panel A and 100% for
panel B. Panel C shows the time course of nestlet consolidation after vehicle or increasing
concentrations of IP lactic acid, with abscissa as time in minutes and the ordinate as %MNC. Each
point represents mean ± SEM for 12 mice (6 male, 6 female). Filled symbols indicate a significant
difference from vehicle as determined by RM two-way ANOVA and Dunnett’s post hoc test, p<0.05. For
vehicle data, an additional RM one-way ANOVA and Dunnett’s post hoc test was performed, with 30
min, 60 min and 90 min being significantly different from 0 min.

2

Supplemental Figure 2. Effects of IP lactic acid on stretching, facial grimace, rearing and nesting
behaviors in male and female mice. Abscissae: concentration of lactic acid diluted in sterile water and
administered IP in a volume of 10 ml/kg. Ordinates: number of stretches (A), grimace score (B), number
of rears (C), and nesting expressed as percent maximum nestlet consolidation (D). All points represent
the mean ± SEM for either 6 male (blue), 6 female (pink), or pooled male and female data (black). Filled
symbols indicate a significant difference from vehicle (Veh) as determined by RM one-way ANOVA and
Dunnett’s post hoc test for parametric data (A, C & D) or by Friedman’s and Dunn’s post hoc test for
nonparametric data (B), p<0.05. $ Indicates a significant sex x dose interaction as determined by 2-way
ANOVA and Holm-Sidak post hoc test of data segregated by sex. Results of ANOVA and power
analysis data for each panel are shown in Table 1. Statistical results for the 2-way ANOVA (parametric)
or multiple t-test (non-parametric) data are as follows. (A) Significant main effect of acid dose [F(2.264,
22.64)=28.10; p<0.0001], but no main effect of sex. Significant sex x dose interaction [F(3,30)=3.059;
p=0.043], but post hoc analysis did not reveal a sec difference at any dose. (B) Significant main effect
of dose [F(2.361, 23.61)=14.28; p=<0.0001], but no significant main effect of sex or sex x dose

3

interaction. (C) No significant difference for any lactic acid concentration between males and females.
(D) Significant main effect of dose [F(1.655, 16.55)=16.90; p=0.0002], but no main effect of sex or sex x
dose interaction. Results of ANOVA and power analyses are shown in Supp. Tables 1, 2, & 3.

4

Supplemental Figure. 3 Effects of the clinically-effective positive control ketoprofen on IP acidinduced pain behaviors. Abscissae: doses of ketoprofen delivered SC in a volume of 10 ml/kg.
Ordinates: number of stretches (A), grimace score (B), number of rears (C), and nesting expressed as
percent maximum nestlet consolidation (D). All points represent the mean ± SEM for either 6 male
(blue), 6 female (pink), or pooled male and female data (black). Filled symbols indicate a significant
difference from vehicle (Veh) as determined by RM one-way ANOVA and Dunnett’s post hoc test for
parametric data (A, C & D) or by Friedman’s and Dunn’s post hoc test for nonparametric data (B),
p<0.05. # Indicates a significant main effect of sex as determined by 2-way ANOVA and Holm-Sidak
post hoc test for parametric data segregated by sex. Nonparametric data (B) were assessed for sex
differences by multiple t tests using the Holm-Sidak method to correction for multiple comparisons.
Statistical results for the 2-way ANOVA (parametric) or multiple t-test (non-parametric) data are as
follows. (A) Significant main effect of dose [F(1.555, 15.55)=7.64; p=0.0075], but no significant main
effect of sex or sex x dose interaction. (B) Significant main effect of dose [F(2.344, 23.44)=6.151;
p=0.0052], but no significant main effect of sex or sex x dose interaction. (C) No significant differences

5

between males and females for any ketoprofen dose. (D) Significant main effect of dose [F(2.089,
20.89)=28.13; p<0.0001] and significant main effect of sex [F(1, 10)=9.565; p=0.0114], with further post
hoc analysis showing no individual dose being significantly different between males and females. There
was no significant sex x dose interaction. Results of ANOVA and power analysis data for each panel
are shown in Supp. Tables 1, 2, & 4.

6

Supplemental Figure 4. Effects of oxycodone and diazepam on nesting and locomotion in the
absence of the noxious stimulus. Abscissae: doses of oxycodone (A) or diazepam (B) delivered SC in a
volume of 10 ml/kg. Ordinates: nesting expressed as percent maximum nestlet consolidation (A) and
locomotor counts (B). All points represent the mean ± SEM for either 6 male (blue), 6 female (pink), or
pooled male and female data (black). Filled symbols indicate a significant difference from vehicle (Veh)
as determined by RM one-way ANOVA and Dunnett’s post hoc test, p<0.05. # Indicates a significant
main effect of sex and $ indicates a significant sex x dose interaction as determined by 2-way ANOVA
and Holm-Sidak post hoc test for parametric data segregated by sex. Statistical results for the 2-way
ANOVA data are as follows. (A) Significant main effect of dose [F(2.009, 20.09)=50.61; p<0.0001] and
sex x dose interaction [F(4,40)=2.690; p=0.0447], but no significant main effect of sex. (B) Significant
main effect of dose [F(2.532, 25.32)=10.13; p=0.0003] and main effect of sex [F(1, 10)=5.608;
p=0.0394], but no significant sex x dose interaction. Results of 1-way ANOVA and power analyses can
be found in Supp. Tables 1 & 2, and results of 2-way ANOVA and power analyses can be found in
Supp. Table 5 (oxycodone) and Supp. Table 6 (diazepam).
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Supplemental*Table*1.&Summary&of&power&analysis&results&from&male&onePway&ANOVA&data&from&Figures&1P4
IP*Acid
Current&Effect&
Current&
Sample&Size:&
Friedman&statisticD&&&&&&&&&&&&&
Male
F&Statistic,&p&value
Size&(Cohen's&f)
Power
Power≥&0.8
p&value
Stretch&+&Acid
Rear&+&Acid
Grimace
Nesting&+&Acid&
Nesting&
Locomotor&

F(1.435,&7.175)=43.55D&
p=0.0002*
F(1.746,&8.732)=3.935D&
p=0.0644
P
F(1.498,&7.491)=7.253D&
p=0.022*
P
P

2.951

0.99

4

P

0.449

0.167

29

P

P

P

P

F=16.25D&p<0.0001*

1.205

0.735

7

P

P
P

P
P

P
P

P
P

Ketoprofen
Stretch&+&Acid
Rear&+&Acid
Grimace
Nesting&+&Acid&
Nesting&
Locomotor&

F(1.244,&6.22)=3.31D&
p=0.114
F(2.131,&10.66_=2.614D&
p=0.1171
P
F(1.385,&6.924)=30.18D&
p=0.0006*

P

0.813

0.363

13

0.509
P

0.227
P

21
P

F=14.37D&p=0.0002*

2.458

0.999

4

P

F(1.861,&9.303)=0.7242D&
p=0.5006

0.381

0.136

38

P

F(3.309,&16.55)=0.9731D&
p=0.4358

0.441

0.226

20

P

P

Oxycodone
Stretch&+&Acid
Rear&+&Acid
Grimace
Nesting&+&Acid&
Nesting&
Locomotor&

F(1.143,&5.714)=8.013D&
p=0.0295*
F(1.825,&9.125)=1.905D&
p=0.2041
P
F(1.487,&7.434)=1.977D&
p=0.2048
F(1.695,&8.475)=17.2D&
p=0.0013*
F(1.759,&8.796)=14.23D&
p=0.0021*

P

1.267

0.675

8

0.617
P

0.288
P

16
P

F=10.86D&p=0.0052*

0.628

0.263

18

P

1.856

0.989

4

P

1.687

0.976

5

P

P

Diazepam
Stretch&+&Acid
Rear&+&Acid
Grimace
Nesting&+&Acid&
Nesting&
Locomotor&

F(2.148,&10.74)=2.668D&
p=0.1122
F(1.868,&9.340)=1.68D&
p=0.2377
P
F(1.746,&8.728)=2.229D&
p=0.1674
F(1.303,&6.515)=36.03D&
p=0.0005*
F(2.012,&10.06)=4.959D&
p=0.0316*

0.731

0.43

11

0.579
P

0.262
P

18
P

0.667

0.321

15

2.683

1

4

0.996

0.676

8

P
P
F=12.00D&p=0.0035*
P
P
P

Amphetamine
Stretch&+&Acid
Rear&+&Acid
Grimace
Nesting&+&Acid&
Nesting&
Locomotor&

F(2.057,&12.34)=6.621D&
p=0.0107*
F(1.754,&10.52)=0.5711D&
p=0.5599
P
F(1.416,&7.079)=3.96D&
p=0.0787
F(1.58,&7.9)=31.93D&
p=0.0002*
F(1.304,&6.518)=8.839D&
p=0.0188*

1.05

0.833

7

0.308
P

0.118
P

59
P

0.89

0.458

11

2.53

1

4

1.33

0.766

7

P
P
F=14.26D&p=0.0026*
P
P
P
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Supplemental-Table-2.&Summary&of&power&analysis&results&from&female&onePway&ANOVA&data&from&Figures&1P4
IP-Acid
Current&Effect&
Current&
Sample&Size:&
Friedman&statisticC&&&&&&&&&&&&&
Female
F&Statistic,&p&value
Size&(Cohen's&f)
Power
Power≥&0.8
p&value
Stretch&+&Acid
Rear&+&Acid
Grimace
Nesting&+&Acid&
Nesting&
Locomotor&

F(2.086,&10.43)=7.84C&
p=0.0079*
F(1.602,&8.01)=11.71C&
p=0.0054*
P
F(1.94,&9.7)=12.36C&
p=0.0022*
P
P

1.253

0.879

6

P

0.745

0.368

13

P

P

P

P

F=15.79C&p<0.0001*

1.57

0.969

5

P

P
P

P
P

P
P

P
P

Ketoprofen
Stretch&+&Acid
Rear&+&Acid
Grimace
Nesting&+&Acid&
Nesting&
Locomotor&

F(1.227,&6.134)=5.717C&
p=0.049*
F(2.234,&11.17)=3.673C&
p=0.0558
P
F(2.252,&11.26)=7.963C&
p=0.0060*

P

1.07

0.558

9

0.548
P

0.265
P

18
P

F=12.68C&p=0.0012*

1.26

0.903

5

P

F(1.885,&9.427)=0.6267C&
p=0.5463

0.353

0.124

43

P

F(2.131,&10.65)=0.3154C&
p=0.749

0.25

0.089

76

P

P

Oxycodone
Stretch&+&Acid
Rear&+&Acid
Grimace
Nesting&+&Acid&
Nesting&
Locomotor&

F(1.515,&7.574)=7.773C&
p=0.0183*
F(1.93,&9.649)=1.849C&
p=0.2093
P
F(1.525,&7.625)=2.187C&
p=0.18
F(1.745,&8.723)=56.58C&
p<0.0001*
F(2.512,&12.56)=4.063C&
p=0.0366*

P

0.245

0.767

7

0.608
P

0.291
P

16
P

F=14.88C&p<0.0001*

0.661

0.29

16

P

3.369

1

3

P

0.901

0.665

8

P

P

Diazepam
Stretch&+&Acid
Rear&+&Acid
Grimace
Nesting&+&Acid&
Nesting&
Locomotor&

F(2.188,&10.94)=3.728C&
p=0.0553
F(1.375,&6.873)=2.654C&
p=0.1458
P
F(1.448,&7.239)=1.048C&
p=0.3722
F(2.343,&11.72)=24.26C&
p<0.0001
F(2.368,&11.84)=5.701C&
p=0.0154*

0.863

0.575

9

0.731
P

0.323
P

15
P

0.157

0.157

31

2.202

1

3

1.068

0.798

7

P
P
F=11.00C&p=0.0026*
P
P
P

Amphetamine
Stretch&+&Acid
Rear&+&Acid
Grimace
Nesting&+&Acid&
Nesting&
Locomotor&

F(1.366,&6.83)=11.05C&
p=0.0101*
F(1.113,&5.564)=7.624C&
p=0.0338*
P
F(2.069,&10.35)=1.972C&
p=0.1876
F(1.58,&7.9)=31.93C&
p=0.0002*
F(1.774,&8.87)=12.36C&
p=0.0032*

1.488

0.867

6

0.124
P

0.643
P

8
P

0.327

0.327

15

2.53

1

4

1.572

0.957

5

P
P
F=11.40C&p=0.0036*
P
P
P
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Supplemental#Table#3.%Summary%of%power%analysis%results%from%twoUway%ANOVA%data%from%Figures%1U4
IP#Acid
Main%Effect%of%
Current%Effect%Size%
Current%
Sample%Size:%
F%Statistic,%p%value
Dose
(Cohen's%f)
Power
Power≥%0.8
F(2.264,%22.64)=28.10L%
p<0.0001*
F(2.361,%23.61)=14.28L%
p=<0.0001*
U
F(1.655,%16.55)=16.90L%
p=0.0002*
U
U

1.674

1

5

1.195

0.999

7

U

U

U

1.299

1

4

U
U

U
U

U
U

F%Statistic,%p%value

Current%Effect%Size%
(Cohen's%f)

Current%
Power

Sample%Size:%
Power≥%0.8

F(1,10)=4.337L%p=0.0639

0.383

0.225

56

Grimace

F(1,10)=7.98^U5L%p=0.993
U

0.0033
U

0.05
U

>100
U

Nesting%+%Acid%

F(1,%10)=2.764L%p=0.4942

0.297

0.154

92

Nesting%
Locomotor%

U
U

U
U

U
U

U
U

Dose%x%Sex%
Interaction

F%Statistic,%p%value

Current%Effect%Size%
(Cohen's%f)

Current%
Power

Sample%Size:%
Power≥%0.8

F(3,30)=3.059L%p=0.043*
F(3,30)=2.4L%p=0.0901
U
F(3,%30)=1.086L%p=0.37
U
U

0.553
0.487
U
0.33
U
U

0.657
0.538
U
0.719
U
U

16
19
U
14
U
U

Stretch%+%Acid
Rear%+%Acid
Grimace
Nesting%+%Acid%
Nesting%
Locomotor%
Main%Effect%of%
Sex
Stretch%+%Acid
Rear%+%Acid

Stretch%+%Acid
Rear%+%Acid
Grimace
Nesting%+%Acid%
Nesting%
Locomotor%

Note: Grimace data is not included in two-way analyses as it is an ordinal dataset and was analyzed
by non-parametric measures (multiple t-tests with corrections for multiple comparisons)
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Supplemental.Table.4.%Summary%of%power%analysis%results%from%two[way%ANOVA%data%from%Figures%1[4
Ketoprofen
Main%Effect%of%
Current%Effect%Size%
Sample%Size:%
F%Statistic,%p%value
Current%Power
Dose
(Cohen's%f)
Power≥%0.8
Stretch%+%Acid
Rear%+%Acid
Nesting%+%Acid%

F(1.555,%15.55)=7.64M%
p=0.0075*
F(2.344,%23.44)=6.151M%
p=0.0052*
F(2.089,%20.89)=28.13M%
p<0.0001*

0.874

0.844

12

0.785

0.881

11

1.677

1

4

Nesting%

F(2.518,%25.18)=0.3046M%
p=0.7877

0.551

0.986

7

Locomotor%

F(2.972,%29.72)=0.8099M%
p=0.4975

0.285

0.527

21

F%Statistic,%p%value

Current%Effect%Size%
(Cohen's%f)

Current%Power

Sample%Size:%
Power≥%0.8

0.053

0.053

>100

0.184

0.089

>100

0.664

0.547

20

0.138

0.072

>100

0.097

0.061

>100

Current%Effect%Size%
(Cohen's%f)

Current%Power

Sample%Size:%
Power≥%0.8

0.202

0.121

94

0.139

0.082

>100

0.247

0.451

24

0.283

0.572

19

0.212

0.42

25

Main%Effect%of%
Sex
Stretch%+%Acid
Rear%+%Acid
Nesting%+%Acid%
Nesting%
Locomotor%
Dose%x%Sex%
Interaction

Stretch%+%Acid
Rear%+%Acid
Nesting%+%Acid%
Nesting%
Locomotor%

F(1,10)=0.051M%
p=0.8266
F(1,10)=0.5569M%
p=0.4727
F(1,%10)=9.565M%
p=0.0114*
F(1,%10)=0.7676M%
p=0.4015
F(1,%10)=0.1317M%
p=0.7242

F%Statistic,%p%value
F(3,30)=0.4075M%
p=0.749
F(3,30)=0.1885M%
p=0.9034
F(3,%30)=0.6074M%
p=0.6154
F(3,%30)=0.8008M%
p=0.5032
F(5,%50)=0.4545M%
p=0.808

Note: Grimace data is not included in two-way analyses as it is an ordinal dataset and was analyzed
by non-parametric measures (multiple t-tests with corrections for multiple comparisons)
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Supplemental*Table*5.%Summary%of%power%analysis%results%from%two[way%ANOVA%data%from%Figures%1[4
Oxycodone
Main%Effect%of%
Current%Effect%Size%
Current%
Sample%Size:%
F%Statistic,%p%value
Dose
(Cohen's%f)
Power
Power≥%0.8
F(1.703,%17.03)=11.10K%
p=0.0012*
F(2.215,%22.15)=2.194K%
p=0.1310
F(1.556,%15.56)=3.909K%
p=0.0509
F(2.009,%20.09)=50.61K%
p<0.0001*
F(2.623,%26.23)=15.03K%
p<0.0001*

1.053

1

5

0.469

0.909

10

0.6252

0.97

8

2.25

1

<3

1.226

1

4

F%Statistic,%p%value

Current%Effect%Size%
(Cohen's%f)

Current%
Power

Sample%Size:%
Power≥%0.8

F(1,10)=0.4191K%p=0.5320

0.132

0.07

>100

F(1,10)=2.704K%p=0.1311

0.3168

0.169

81

Nesting%+%Acid%

F(1,%10)=4.764K%p=0.0541

0.295

0.153

93

Nesting%

F(1,%10)=3.525K%p=0.0899

0.377

0.22

58

Locomotor%

F(1,%10)=2.829K%p=0.1235

0.395

0.236

53

Dose%x%Sex%
Interaction

F%Statistic,%p%value

Current%Effect%Size%
(Cohen's%f)

Current%
Power

Sample%Size:%
Power≥%0.8

F(3,30)=0.1605K%p=0.9220

0.127

0.142

87

F(3,30)=0.4788K%p=0.6994

0.219

0.362

30

F(3,%30)=0.3449K%p=0.7931

0.186

0.267

41

F(4,%40)=2.69K%p=0.0447*

0.519

0.996

6

F(4,%40)=0.8627K%p=0.4946

0.293

0.672

16

Stretch%+%Acid
Rear%+%Acid
Nesting%+%Acid%
Nesting%
Locomotor%
Main%Effect%of%
Sex
Stretch%+%Acid
Rear%+%Acid

Stretch%+%Acid
Rear%+%Acid
Nesting%+%Acid%
Nesting%
Locomotor%

Note: Grimace data is not included in two-way analyses as it is an ordinal dataset and was analyzed
by non-parametric measures (multiple t-tests with corrections for multiple comparisons)
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Supplemental*Table*6.%Summary%of%power%analysis%results%from%twoYway%ANOVA%data%from%Figures%1Y4
Diazepam
Main%Effect%of%
Current%Effect%Size%
Current%
Sample%Size:%
F%Statistic,%p%value
Dose
(Cohen's%f)
Power
Power≥%0.8
F(2.305,23.05)=5.979M%
p=0.0062*
F(1.726,17.26)=3.896M%
p=0.0454*
F(2.284,%22.84)=2.859M%
p=0.0719
F(2.025,%20.25)=58.87M%
p<0.0001*
F(2.532,%25.32)=10.13M%
p=0.0003*

0.773

1

5

0.624

0.979

8

0.534

0.97

8

2.43

1

<3

1.226

1

4

F%Statistic,%p%value

Current%Effect%Size%
(Cohen's%f)

Current%
Power

Sample%Size:%
Power≥%0.8

F(1,10)=0.0307M%p=0.8645

0.041

0.052

>100

F(1,10)=0.3356M%p=0.5752

0.134

0.07

>100

F(1,10)=0.2021M%p=0.6626

0.074

0.056

>100

F(1,%10)=2.945eY015M%
p>0.9999

Cannot%compute

Cannot%
compute

Cannot%compute

Locomotor%

F(1,%10)=5.608M%p=0.0394

0.393

0.235

53

Dose%x%Sex%
Interaction

F%Statistic,%p%value

Current%Effect%Size%
(Cohen's%f)

Current%
Power

Sample%Size:%
Power≥%0.8

F(3,30)=0.1533M%p=0.9268

0.123

0.137

91

F(3,30)=0.6254M%p0.6042

0.25

0.143

24

Nesting%+%Acid%

F(3,%30)=0.5411M%p=0.6579

0.233

0.405

27

Nesting%

F(3,%30)=0.7015M%p=0.5586

0.265

0.512

21

Locomotor%

F(4,%40)=0.6448M%p=0.6338

0.078

0.085

>100

Stretch%+%Acid
Rear%+%Acid
Nesting%+%Acid%
Nesting%
Locomotor%
Main%Effect%of%
Sex
Stretch%+%Acid
Rear%+%Acid
Nesting%+%Acid%
Nesting%

Stretch%+%Acid
Rear%+%Acid

Note: Grimace data is not included in two-way analyses as it is an ordinal dataset and was analyzed
by non-parametric measures (multiple t-tests with corrections for multiple comparisons)
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Supplemental*Table*7.%Summary%of%power%analysis%results%from%two[way%ANOVA%data%from%Figures%1[4
Amphetamine
Main%Effect%of%
Current%Effect%Size%
Current%
Sample%Size:%
F%Statistic,%p%value
Dose
(Cohen's%f)
Power
Power≥%0.8
F(2.041,%22.45)=8.319N%
p=0.0019*
F(2.396,%26.36)=3.646N%
p=0.0331*
F(2.046,%20.46)=5.158N%
p=0.0149*
F(2.698,%28.98)=37.33N%
p<0.0001*
F(1.659,%16.59)=20.42N%
p<0.0001*

0.870

1

5

0.576

0.994

7

0.682

0.997

6

1.932

1

<3

1.428

1

4

F%Statistic,%p%value

Current%Effect%Size%
(Cohen's%f)

Current%
Power

Sample%Size:%
Power≥%0.8

F(1,11)=4.626N%p=0.0546

0.422

0.285

46

F(1,11)=0.0625N%p=0.8072

0.048

0.053

>100

F(1,%10)=0.8445N%p=0.3797

0.0904

0.059

>100

Nesting%

F(1,%10)=0.1146N%p=0.742

0.062

0.054

>100

Locomotor%

F(1,%10)=4.242N%p=0.0664

0.303

0.458

88

Dose%x%Sex%
Interaction

F%Statistic,%p%value

Current%Effect%Size%
(Cohen's%f)

Current%
Power

Sample%Size:%
Power≥%0.8

F(3,%33)=2.120N%p=0.1164

0.439

0.957

9

F(3,%33)=1.846N%p=0.1580

0.41

0.726

10

F(3,%30)=0.1433N%p=0.9332

0.119

0.13

98

F(4,%40)=1.262N%p=0.3010

0.355

0.851

11

F(4,%40)=0.1765N%p=0.9492

0.132

0.161

71

Stretch%+%Acid
Rear%+%Acid
Nesting%+%Acid%
Nesting%
Locomotor%
Main%Effect%of%
Sex
Stretch%+%Acid
Rear%+%Acid
Nesting%+%Acid%

Stretch%+%Acid
Rear%+%Acid
Nesting%+%Acid%
Nesting%
Locomotor%

Note: Grimace data is not included in two-way analyses as it is an ordinal dataset and was analyzed
by non-parametric measures (multiple t-tests with corrections for multiple comparisons)
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