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Clinically relevant chronic pain is often associated with functional impairment and
behavioral depression as an “affective/motivational” sign of pain; however preclinical
animal models of inflammatory and neuropathic pain often produce weak evidence of
impaired function. We hypothesized that hindpaw mechanical stimulation produced by
a requirement to rear on a textured “NOX” plate would punish operant responding in
rats treated with intraplantar complete Freund’s adjuvant (CFA, a model of
inflammatory pain) or the chemotherapeutic paclitaxel (PTX, a model of neuropathic
pain) and produce sustained pain-related depression of operant behavior. Male
Sprague–Dawley rats were trained under a progressive-ratio (PR) schedule of food-
maintained operant responding, then treated with CFA (100 µL in left hindpaw), PTX
(2.0 mg/kg IP on alternate days for four total injections; 6.6 mg/kg IV on alternate days
for three total injections), or saline vehicle. PR break points and mechanical thresholds
for paw withdrawal from von Frey filaments were then tracked for 28 days.
Subsequently, rats were tested with the opioid receptor antagonist naltrexone to
assess latent sensitization and with the kappa opioid receptor (KOR) agonist U69593
to assess KOR function. CFA produced significant mechanical hypersensitivity for
3 weeks but decreased PR breakpoints for only 1 day. Both IP and IV PTX produced
mechanical hypersensitivity for at least three weeks; however, only IV PTX decreased
PR breakpoints, and this decrease was not alleviated by morphine. After recovery,
naltrexone reinstated mechanical hypersensitivity in CFA- but not PTX-treated rats, and
it did not reinstate depression of breakpoints in any group. U69593 dose-dependently
decreased PR breakpoints in all groups with no difference between control vs. CFA/
PTX groups. These results suggest that rearing on a textured NOX plate was not
sufficient to punish operant responding in CFA- and PTX-treated rats despite the
presence of sustained mechanical hypersensitivity. The rapid recovery of operant
responding could not be attributed to latent sensitization, KOR downregulation, or
behavioral tolerance. These results extend the range of conditions under which putative
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chronic pain manipulations produce weak evidence for depression of operant
responding as a sign of the “affective/motivational” component of pain in rats.

Keywords: complete freund adjuvant, paclitaxel, Operant, punishment, naltrexone, U69,593, morphine

INTRODUCTION

Clinically relevant chronic pain states in human and veterinary
medicine are often associated with functional impairment, and
restoration of function is a common goal of pain treatment
(Dworkin et al., 2005; Jensen et al., 2007; Brown et al., 2008).
Experimental models of inflammation and neuropathy have been
developed in laboratory animals with the intent of inducing
clinically relevant chronic pain states that include the so-called
“affective/motivational” components of chronic pain; however,
these models often produce surprisingly weak and transient
evidence of impaired function (Negus, 2019; Tappe-Theodor
et al., 2019; Gonzalez-Cano et al., 2020). For example,
paclitaxel treatment to model chemotherapy-induced
neuropathic pain in rats produced mechanical hypersensitivity
of paw-withdrawal responses from von Frey filaments for at least
four weeks, but it produced no significant changes in operant
responding for electrical brain stimulation in an assay of
intracranial self-stimulation (ICSS) and only weak and
morphine-insensitive decreases in food-maintained operant
responding (Legakis et al., 2018; Legakis et al., 2019).
Similarly, spinal nerve ligation models of mononeuropathy
that produced sustained mechanical hypersensitivity in rats for
weeks failed to decrease either ICSS or food-maintained operant
responding (Ewan and Martin, 2014; Okun et al., 2016).

It may be possible to enhance expression of functional
impairment in operant procedures by supplementing the
primary inflammatory or neuropathic insult with acute stimuli
that are delivered as a consequence of behavior and that can
function as punishers of behavior. As one example, Fuchs and
colleagues developed a “place escape-avoidance procedure”
(PEAP) in which inflammatory and neuropathic pain models
were supplemented by acute, response-contingent mechanical
stimulation to the affected paw (LaBuda and Fuchs, 2000a;
LaBuda and Fuchs, 2000b). In this procedure, rats received
intraplantar injection of complete Freund’s adjuvant (Ipl CFA,
an inflammatory pain model) or unilateral L5 nerve ligation (a
surgical mononeuropathy model) one or two days, respectively,
before a sequence of two test days. On the first test day,
mechanical paw withdrawal thresholds were assessed, and
both Ipl CFA and L5 nerve ligation produced mechanical
hypersensitivity in the injured paw. On the second day of
testing, rats were placed into a chamber with equally sized
light and dark compartments and a mesh floor that provided
access to the subject’s feet from below. Locomotion in the
normally preferred dark compartment resulted in delivery of
an acute mechanical stimulus (476 mN von Frey filament) to the
injured paw every 15 s, whereas locomotion in the light
compartment resulted in delivery of the same stimulus to the
uninjured paw every 15 s. Thus, delivery of the acute mechanical
stimulus to the injured paw was contingent on locomotion in the

dark compartment. This behaviorally contingent mechanical
stimulation significantly reduced time in the dark
compartment, indicating that mechanical stimulation of the
injured paw functioned as a punisher of locomotion in the
dark compartment, and a parallel study found that morphine
blocked this punishment. This type of acute stimulus delivery is
labor intensive, but Boada and colleagues recently developed a
strategy to simplify mechanical stimulus delivery to the feet of rats
with a nerve injury model of neuropathic pain (Boada et al.,
2016). Specifically, they created a locomotor activity field divided
into quadrants, and the floor of each quadrant consisted of a
metal plate (called a “NOX plate”) covered with a grid of
pyramids with increasing degrees of sharpness at their apex
(apex areas of 1.5, 1.0, 0.6, 0.2 mm2). Mechanical stimulation
(delivered via the rat’s body weight pressing its paw onto the
pyramids) was contingent on locomotion in the different
quadrants, and nerve-injured rats avoided the quadrant with
the sharpest (0.2 mm2) pyramids, indicating that mechanical
stimulation associated with these sharper pyramids punished
locomotion in those quadrants.

The goal of the present study was to evaluate the degree to
which acute mechanical stimulation delivered via NOX plates
might function as a punisher of food-maintained operant
responding and increase expression of behavioral depression
in rats that had received Ipl CFA or repeated paclitaxel
treatment. In addition to the NOX plates, several additional
steps were taken in an effort to increase sensitivity of the
procedure to pain-related behavioral depression relative to
our previous study of chemotherapy effects on food-
maintained operant responding (Legakis et al., 2019). First,
only male rats were used, because only males showed
evidence for paclitaxel-induced decreases in food-maintained
operant responding in our previous study. Second, we used
unsweetened grain pellets rather than sweetened pellets to
reduce reinforcing effectiveness of the food reinforcer
(Warner et al., 2015). Third, responding was maintained
under a progressive-ratio (PR) schedule rather than a fixed-
ratio schedule to permit determination of PR break points as a
sensitive measure of CFA and paclitaxel effects on food
reinforcing strength (Hodos, 1961; Richardson and Roberts,
1996). Fourth, the response lever was elevated to require rats
to rear and place their full body weight on their hindpaws during
operant responding, thus maximizing mechanical stimulation
delivered via contact with the NOX plate. Lastly, we compared
effects of our standard paclitaxel dosing regimen (4 alternate-day
IP injections of 2.0 mg/kg/day paclitaxel; total dose � 8.0 mg/kg)
with a more aggressive treatment regimen (3 alternate-day IV
injections of 6.6 mg/kg/day; total dose � 19.8 mg/kg) shown to
produce clinically relevant leukopenia as well as robust pain
behaviors, including sensitivity to mechanical punishment in a
PEAP apparatus (Hamity et al., 2017).
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METHODS

Subjects
Adult male Sprague-Dawley rats (Envigo, Somerset, NJ) that
weighed 275–300 g upon arrival at the laboratory and were
housed individually in an AAALAC International-accredited
housing facility maintained on a 12-h light/dark cycle with
lights on from 6:00 AM to 6:00 PM. All testing occurred
during the light phase. Daily food rations (Teklad standard
diet—19% protein; Envigo) were provided immediately after
behavioral sessions and were titrated to maintain daily body
weights within 5% of the running mean for each subject. In
addition, rats had access to 45 mg food pellets (BioServ Dustless
Precision Grain Pellets, #F0165, Flemington, NJ) during operant
behavior sessions. Rats receiving IV paclitaxel received
supplemental food as described below during paclitaxel
treatment. Water was available ad libitum in the home cage.
Animal-use protocols were approved by the Virginia
Commonwealth University Institutional Animal Care and Use
Committee and were in accordance with the National Academy
of Science’s Guide for the Care and Use of Laboratory Animals
(National Research Council, 2011).

Drugs and Noxious Stimuli
Naltrexone HCl and U69593 (National Institute on Drug Abuse
Drug Supply Program, Bethesda, MD) were dissolved in saline
and administered subcutaneously (SC) in a volume of 1 ml/kg.
Complete Freund’s adjuvant (CFA; Sigma Aldrich, St. Louis, MO)
was administered to the intraplantar (Ipl) region of the left
hindpaw in a volume of 100 µL. Controls received the same
volume of Ipl saline.

Paclitaxel was obtained as a clinically available 6.0 mg/ml
solution (Cardinal Health, Richmond, VA), and it was
administered in one of two ways. One set of rats received a
series of four intraperitoneal (IP) injections administered every
other day. Each injection delivered 2.0 mg/kg paclitaxel (6.0 mg/
ml stock solution × 0.33 ml/kg/day injection volume), and the
total dose of 8.0 mg/kg was delivered over seven days as we have
described previously (Legakis et al., 2018; Legakis et al., 2019). For
a second set of rats, each rat was implanted with an intravenous
(IV) catheter in the right jugular vein as described previously
(Townsend et al., 2015; Townsend et al., 2019). Briefly, rats were
anesthetized with isoflurane (2–3%), and the right jugular vein
was isolated, punctured, and implanted with a custom-made
polyethylene catheter. The unsecured end of the catheter was
subcutaneously routed to the midscapular region of the back and
connected to a subcutaneous vascular access port (Model
VABR1B/22, Instech Laboratories, Plymouth Meeting, PA,
United States). Subjects received one dose of ketoprofen
(5 mg/kg) immediately following surgery and a second dose
24-h post-operatively. Catheters were flushed each weekday
before and during paclitaxel injections with an antibiotic
(gentamicin, 0.08 mg) followed by 0.1 ml of heparinized saline
(30 U/ml). Beginning one week after surgery, rats received a series
of three IV injections administered every other day. Each
injection delivered 6.6 mg/kg paclitaxel, and the total dose of
19.8 mg/kg was delivered over 5 days as described previously

(Hamity et al., 2017). For each day of IV treatment, the 6.0 mg/ml
stock solution of paclitaxel was diluted in saline to a
concentration of 0.66 mg/ml, and a 1.0 ml/kg injection was
administered once every 10 min for a total of 10 injections
(total daily injection volume of 10 ml/kg). Pilot studies with
this IV paclitaxel dosing regimen indicated a risk of
substantial weight loss; accordingly, during the week of IV
paclitaxel treatment, rats received a supplemental diet of
powdered grain and sucrose pellets mixed with peanut butter
and DietGel®31 M (ClearH2O, Portland, ME) and placed on the
cage floor for easy access. Paclitaxel controls received four IP
injections of saline.

Overview of Experimental Design
The main goal of the study was to compare the time courses of
mechanical hypersensitivity and mechanical punishment of
operant responding in rats after treatment with CFA,
paclitaxel, or their respective controls. Figure 1 shows the
timeline of experimental events. After collection of baseline
data, rats received their respective treatments, and both
mechanical sensitivity and operant responding were assessed
over a period of 28 days. Sessions of food-maintained operant
responding were generally conducted during all weekdays,
whereas mechanical sensitivity was assessed approximately 1 h
after operant behavioral sessions and after delivery of
supplemental food rations on the days indicated in Figure 1.
After the conclusion of this 28-days test period, rats were treated
with 3.2 mg/kg naltrexone 15 min before an operant behavioral
session or before mechanical sensitivity testing on Days 29 and
31. The order of naltrexone testing with operant vs. mechanical
sensitivity assessments was counterbalanced across rats. When
naltrexone was tested before an operant session, mechanical
sensitivity testing was omitted afterward. When naltrexone
was tested before mechanical sensitivity assessments, rats had
their usual operant session followed by naltrexone administration
and then by mechanical sensitivity assessments. Effects of the
opioid receptor antagonist naltrexone were evaluated to assess
potential presence of latent sensitization (Corder et al., 2013).
Next, on Days 35–38, each rat was tested with a range of U69593
doses (vehicle, 0.1, 0.32, and 1.0 mg/kg SC) administered 15 min
before operant behavioral sessions. All rats received all doses on
four consecutive days, and dose order was randomized across rats
using a Latin Square design. Effects of the kappa opioid receptor
(KOR) agonist U69593 were examined to assess potential changes
in KOR agonist effects that might be indicative of pain-related
changes in KOR signaling (Liu et al., 2019). A final study with the
mu opioid receptor (MOR) agonist morphine was conducted in
rats treated with high-dose IV paclitaxel. On Days 42–45 after
initiation of IV paclitaxel, each rat was tested with a range of
morphine doses (vehicle, 0.32, 1.0, 3.2 mg/kg SC) administered
30 min before operant behavioral sessions. As with U69593, all
rats received all morphine doses on four consecutive days, and
dose order was randomized across rats using a Latin Square
design. Morphine was tested to evaluate effectiveness of a
clinically effective analgesic to increase operant responding in
IV paclitaxel-treated rats (the only group to show a sustained
decrease in operant responding) and hence to evaluate the role of
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pain in mediating that decrease. Morphine was tested at doses
shown previously to reverse paclitaxel-induced mechanical
hypersensitivity (Legakis and Negus, 2018).

Mechanical Sensitivity Testing With von
Frey Filaments
On test days, rats were placed on an elevated mesh galvanized
steel platform in individual chambers with a hinged lid and
allowed to acclimate for at least 20 min before exposure to
mechanical stimuli. Von Frey filaments (ranging from 0.4 to
15.0 g and increasing in ∼0.25 log increments; North Coast
Medical, Morgan Hill, CA) were applied to the plantar surface
of each hindpaw, and the threshold stimulus to elicit paw
withdrawal was determined in log grams using the “up-down”
method as previously described (Chaplan et al., 1994; Leitl et al.,

2014b; Legakis et al., 2019). Filament forces greater than 15.0 g
were not used because they physically lifted the paw, and as a
result, paw movement could not be reliably attributed to a
withdrawal response by the subject. For rats receiving Ipl CFA
or saline, only data from the injected paw were subjected to data
analysis; thresholds in the uninjected paw were nearly always at
the cutoff value of 15.0 g (data not shown). For rats receiving
paclitaxel or saline, data from both paws were averaged within a
rat and then across rats for subsequent analysis.

Food-Maintained Operant Responding in
Food-Restricted Rats
Apparatus
Studies were conducted in sound-attenuating boxes containing
modular acrylic and metal test chambers (Med Associates, St

FIGURE 1 | Experimental design and apparatus. Timelines at the top show the sequence of treatments and tests in each group. Operant responding was assessed
each weekday, and mechanical sensitivity to von Frey filaments was assessed on days indicated by the filled circles. Schematics of the operant chamber and position of
the NOX plate are shown at the bottom. Rats had to rear on the NOX plate to reach the lever and complete the response requirement.
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Albans, VT), and major features of the operant chambers are
illustrated in Figure 1. Each chamber contained one active
response lever, three stimulus lights (red, yellow, and green)
centered above the lever, a 2-W house light, a floor made of
parallel bars, and a pellet dispenser that delivered 45 mg grain
pellets to an aperture beside the lever. Control of stimulus
delivery in the operant chamber and collection of data on
lever presses emitted and reinforcements earned were
accomplished with a computer, interface, and custom software
(Med PC-IV, Med Associates).

Training
Training progressed in three phases in two different sets of operant
chambers that were identical except for the height of the response
lever (6 vs. 15 cm above the floor in the low-lever and high-lever
chambers, respectively). Phase 1 of training was conducted in the
low-lever chambers. Operant responding was established for a series
of increasing fixed-ratio (FR) values from FR 1 to FR 10, and the
schedule of reinforcement was then changed to a progressive-ratio
(PR) schedule such that the response increment for each reinforcer
increased exponentially (1, 2, 4, 8, 16, etc.) with each set of eight
reinforcers. Thus, the response requirement increased by an
increment of 1 for each of the first eight reinforcers (1, 2, 3, 4, 5,
6, 7, 8), an increment of two for the second set of eight reinforcers
(10, 12, 14, 16, 18, 20, 22, 24), an increment of four for the third set of
eight reinforcers (28, 32, 36, 40, 44, 48, 52, 56), and so on. The break
point was defined as the number of reinforcers earned during a
session, and training on the PR schedule in the low-lever boxes was
considered complete when the breakpoints over three consecutive
days varied by ≤ 10% of the mean with no upward or downward
trends. In Phase 2 of training, rats were moved to the high-lever
boxes, which required rats to rear to reach the lever (see Figure 1),
and training progressed again through the same sequence of
schedules until responding again stabilized under the PR
schedule. For the third and final phase of training, a textured
aluminum “NOX” plate (Control Technologies, Hickory, NC)
was inserted onto the floor of the high-lever chambers (see
Figure 1). The 23.5 × 18.5 cm NOX plate spanned the width of
the floor beneath the response lever and extended across
approximately 2/3 of the cage floor toward the opposite wall. The
remaining 10.5 cm adjacent to the opposite wall was not covered and
provided a location where the rat could avoid the NOX plate. The
NOX plate surface consisted of a grid of pyramids (5 mm2 at base
and 5mm tall), each with an apex of 0.2 mm designed to activate
sensitized nociceptors in a partial spinal-nerve-ligation model of
neuropathy (Boada et al., 2016). To reach the lever, each rat had to
rear on the NOX plate and experience the mechanical stimulation
associated with the force of its body weight pressing its hindpaws
against the apices on the NOX plate. Training continued until
responding again stabilized under the terminal PR schedule. With
one exception (see below), all remaining sessions of food-maintained
operant responding took place in the high-lever chambers with the
NOX plate in place beneath the lever.

Testing
Once stable baseline break points had been established under the
high-lever/NOX plate conditions, groups of N � 6 rats each were

treated with 1) Ipl CFA (single injection), 2) Ipl saline (single
injection), 3) IP paclitaxel (four doses of 2.0 mg/kg/day
administered on alternate days), 4) IV paclitaxel (three doses of
6.6 mg/kg/day administered on alternate days), and 5) IP saline (four
injections on alternate days). Operant behavioral testing then
proceeded as shown in Figure 1. As described below, results
suggested that depression of operant responding was more
transient than mechanical hypersensitivity after both CFA and
paclitaxel. To assess possible behavioral factors in this resilience of
operant responding, two additional groups (N � 5 per group) were
tested with CFA using a modification of the design shown in
Figure 1. For the first group, operant behavioral sessions were
suspended for seven days after CFA injection before resuming
from Day 7–14. This manipulation was implemented to delay
any learning of postural adjustments that might relieve pressure
on the inflamed paw and thereby permit recovery of depressed
operant responding. If learned postural adjustments contributed to
rapid recovery of operant responding, then responding was expected
to be lower on Day 7 in the group that did not have that opportunity
for learning between Days 1 and 7. For the second group, rats were
trained as described above, but then returned to the low-lever
chambers and rebaselined with the low lever and bar floor (i.e. no
NOX plate). CFA was then administered, and operant responding
was assessed for 14 days. This manipulation was implemented to
evaluate the degree to which mechanical stimulation produced by
rearing on the NOX plate functioned as a punisher of operant
responding. If rearing on the NOX plate functioned as a punisher,
then operant respondingwould be lower in the high-lever/NOXplate
condition where this stimulus was present than in the low-lever/bar-
floor context where this stimulus was absent.

Data Analysis
Baseline mechanical thresholds and operant break points were
compared by one-way ANOVA. For analysis of CFA, paclitaxel,
and control treatment effects on operant responding, break points
were expressed as a percent of each rat’s baseline break point
determined before CFA, paclitaxel, or control treatment.
Mechanical thresholds and % baseline operant break points were
evaluated by two-way ANOVA, with time as a within-subject
variable and treatment as a between-subject variable. Similarly,
naltrexone and U69593 effects were compared across groups with
dose as a within-subject variable and treatment as a between-subject
variable. Morphine was tested in only one group, and effects were
analyzed by one-way ANOVA. A significant one-way ANOVA or a
significant treatment × day interaction in a two-way ANOVA was
followed by a Holm–Sidak post hoc test, and the criterion of
significance for all tests was p < 0.05.

RESULTS

When data were collapsed across groups for each of the three
different phases of operant training, there were no significant
differences in break points under Phase 1 low-lever/bar-floor,
Phase 2 high-lever/bar-floor, or Phase 3 high-lever/NOX plate
contexts (mean ± SEM break points � 25.8 ± 0.8, 24.3 ± 0.5,
and 24.9 ± 0.7 pellets per session, respectively). Additionally,
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there were no significant differences in break points across
groups at the conclusion of operant training, and similarly,
there were no differences across groups in baseline
mechanical thresholds (overall mean ± SEM � 1.13 ± 0.02
log g). Rats in the IV paclitaxel group were surgically
implanted with IV catheters and allowed to recover for one
week prior to initiation of paclitaxel treatment, and mean ±
SEM break points in this group did not differ at the
conclusion of operant training (22.9 ± 1.5), on the day
after surgery (22.0 ± 2.9), or after the one-week recovery
period (24.9 ± 2.6).

Figure 2 shows the time course of changes in mechanical paw-
withdrawal thresholds and operant break points after treatment
with CFA or its vehicle (top panels) or paclitaxel or its vehicle
(bottom panels). For Ipl CFA, decreases in operant break points
were significant but more transient than decreases in mechanical
thresholds. CFA significantly reduced mechanical thresholds
from Days 1–21 [treatment × day interaction, F(5,50) � 4.59,
p � 0.002], whereas operant breakpoints were reduced only on
Day 1 [treatment × day interaction, F(5,50) � 10.110, p < 0.001].

For paclitaxel, one rat in the IV treatment group lost sufficient
body weight to meet IACUC-established moribundity criteria.

FIGURE 2 | Time course of changes in mechanical sensitivity and operant responding after treatment with CFA (top panels) or paclitaxel (bottom panels).
Abscissae: days after CFA treatment or initiation of paclitaxel treatment. Ordinates: Threshold von Frey stimulus to elicit paw withdrawal (expressed as log g, left panels)
or PR break point (expressed as a% of the pre-CFA/PTX baseline, right panels). All points showmean ± SEM fromN � 6 rats except IV PTX (N � 5). Filled points indicate
a significant difference from saline controls, and the hashtag (#) indicates a significant difference from IP PTX, p < 0.05.
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As a result, this rat was euthanized on Day 11 after initiation of
paclitaxel treatment, its data are omitted from all data analysis,
and the IV paclitaxel results show data only from the remaining
five rats. Both the lower dose IP regimen and the higher dose IV
regimen of paclitaxel treatment significantly reduced mechanical
thresholds [treatment × day interaction, F(6,42) � , p < 0.001].
Relative to IP saline treatment, mechanical thresholds were
reduced across all test days by IP paclitaxel and across Days
7–21 by IV paclitaxel. Additionally, IV paclitaxel produced
greater mechanical hypersensitivity than IP paclitaxel on Days
7 and 21, but significantly less on Day 28. Paclitaxel also
significantly reduced operant responding, and because there
was a main effect of treatment [F(2,14) � 7.821, p � 0.005]
but not a significant treatment × day interaction, analysis

defaulted to a one-way ANOVA by treatment. Relative to IP
saline treatment, operant responding was significantly reduced by
IV paclitaxel. Differences between IP saline and IP paclitaxel (p �
0.089), and between IP and IV paclitaxel (also p � 0.089),
approached but did not meet the criterion for significance.
Thus, IP paclitaxel produced mechanical hypersensitivity
without significantly altering operant responding, whereas IV
paclitaxel produced lethality in one rat and both mechanical
hypersensitivity and reduced operant responding in the
remaining rats.

Figure 3 shows the effects 3.2 mg/kg naltrexone on
mechanical thresholds and operant break points on Days 29
and 31 after Ipl CFA or initiation of paclitaxel treatment. In CFA-
treated rats, naltrexone reinstated mechanical hypersensitivity

FIGURE 3 | Effects of naltrexone on mechanical sensitivity and operant responding after treatment with CFA (top panels) or paclitaxel (bottom panels).
Abscissae: Data from Day 28 (D28) or the naltrexone-treatment day (NTX, either Day 29 or 31). Ordinates: Threshold von Frey stimulus to elicit paw withdrawal
(expressed as log g, left panels) or PR break point (expressed as a % of the pre-CFA/PTX baseline, right panels). All bars showmean ± SEM from N � 6 rats except IV
PTX (N � 5). The asterisk indicates a significant difference from D28, p < 0.05.
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[treatment × naltrexone interaction, F(1,10) � 15.52, p � 0.003],
but it had no effect on operant break points, and it did not affect
either endpoint in the saline-treated control rats. Naltrexone did
not significantly alter either mechanical thresholds or operant
break points in paclitaxel-treated rats or their saline-treated
controls. In IP paclitaxel-treated rats, mechanical sensitivity
recovered to baseline levels by 12 weeks after paclitaxel
treatment, but naltrexone still failed to reinstate mechanical
hypersensitivity or produce depression of operant responding
at this time (data not shown).

Figure 4 shows the effects of U69593 on operant responding.
The high dose of 1.0 mg/kg U69593 significantly decreased break
points in both the CFA-treated rats and their saline-treated
controls [main effect of U69593 dose, F(3,27) � 62.30, p <
0.001], but there was no difference between groups. Similarly,
1.0 mg/kg U69593 significantly decreased break points in both
paclitaxel treatment groups and in the saline-treated controls
[main effect of U69593 dose, F(3,39) � 59.13, p < 0.001]. In this
study, the main effect of treatment approached but did not reach
the criterion for significance [F(2,13) � 6.242, p � 0.072], and
there was no treatment × U69593 interaction. Thus, while IV
paclitaxel-treated rats tended to have lower breakpoints across all
U59593 doses, there was no significant difference in U69593
effects across groups. Table 1 shows the effects of morphine
determined 42–45 days after treatment with high-dose IV
paclitaxel. Break points after morphine vehicle (i.e. saline)
were still significantly lower than baseline (t � 2.403,

p � 0.037); however, morphine did not alleviate this operant
depression, and instead tended to reduce PR break points further.

Figure 5 shows CFA effects on operant responding under two
additional conditions. First, suspension of access to operant
responding did not delay recovery of operant responding.
Break points on Days 7 and 14 after CFA were similar
regardless of whether rats engaged in operant responding on
Days 1–6 or not. Second, the time course of CFA-induced
decreases in operant break points was similar regardless of
whether rats were tested in the high-lever/NOX-plate context
or the low-lever/bar-floor context. There was a significant
interaction between test context and time [F(5,45) � 2.746,
p � 0.030]; however, post hoc analysis did not reveal a
difference between groups on any day.

DISCUSSION

This study examined the degree to which mechanical stimulation
to the hindpaws might elicit the “affective/motivational”
component of chronic pain as indicated by pain-related
punishment of operant responding maintained under a PR
schedule of food delivery in rats treated with either Ipl CFA
(to produce paw inflammation) or repeated paclitaxel (to produce
polyneuropathy). Mechanical stimulation to the hindpaws was
achieved by requiring rats to rear on a textured metal “NOX”
plate to reach the operant response lever. There were three main
findings. First, the requirement to rear on the NOX plate did not
function as a punisher in the absence of putative pain
manipulations. PR break points during the three phases of
initial training were identical regardless of whether rats had to
rear on the NOX plate or not. Second, both CFA and paclitaxel
produced significant depression of operant responding when rats
were required to rear on the NOX plate; however, as discussed
further below, these decreases in operant responding did not
appear to reflect pain-related punishment. Lastly, studies with
naltrexone, U69593, and delayed operant access suggested that

FIGURE 4 | Effects of U69593 on operant responding after treatment with CFA (left panel) or paclitaxel (right panel). Abscissae: Dose U69593 (mg/kg, log scale).
Ordinates: PR break point expressed as a % of the pre-CFA/PTX baseline. All points show mean ± SEM from N � 6 rats except IV PTX (N � 5). The asterisk indicates a
significant difference from saline (Sal) for all groups, p < 0.05.

TABLE 1 | Morphine did not increase operant responding in rats treated
with high-dose IV paclitaxel, and instead tended to decrease break
points further.

Morphine dose (mg/kg) % Baseline breakpoint (Mean ± SEM)

Saline 92.33 ± 2.53
0.32 91.74 ± 3.5
1.0 81.95 ± 4.78
3.2 64.36 ± 11.50
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rapid recovery of operant responding did not reflect processes of
latent sensitization, altered KOR signaling, or learned
compensatory behaviors. Overall, these results extend the
range of conditions under which operant responding in rats is
resistant to behavioral depression by putative chronic pain
treatments.

Clinically relevant chronic pain states are often accompanied
by functional impairment and decreases in activities of daily
living, and a major goal of pain treatment is to restore normal
function. Insofar as one goal of preclinical research is to model
clinically relevant pain behaviors and predict effectiveness of
candidate treatments, one theme of preclinical research has
been to evaluate the degree to which acute, inflammatory, and
neuropathic pain models produce analgesic-reversible decreases
in unconditioned or operant conditioned behaviors in laboratory
animals as a measure of the “affective/motivational” component
of pain (Negus, 2019; Tappe-Theodor et al., 2019; Gonzalez-Cano
et al., 2020). As one example, intraperitoneal injection of dilute
acid (IP acid) can serve as an acute chemical noxious stimulus in
rats and mice to decrease a range of unconditioned behaviors (e.g.
nesting, locomotion, wheel running, consumption of palatable
food) and operant behaviors (e.g. lever pressing for food or
electrical brain stimulation) (Stevenson et al., 2006; Stevenson
et al., 2009; Miller et al., 2011; Negus, 2013; Negus et al., 2015;
Cone et al., 2018). Moreover, in many cases, these IP acid-
induced decreases in behavior can be blocked by clinically
effective analgesics (e.g. nonsteroidal anti-inflammatory drugs,
MOR agonists) but not by many types of nonanalgesics (e.g. KOR
agonists, cannabinoid 1 receptor agonists, neurokinin receptor
antagonists) that often produce false-positive effects in
conventional assays of reflexive pain behaviors (Negus, 2019).
These types of results have been interpreted to suggest that
preclinical assays of pain-related behavioral depression could
have both face validity as models of clinically relevant
functional impairment and predictive validity for evaluation of
candidate analgesics.

Pain-related and analgesic-reversible behavioral depression
has also been produced in laboratory animals by other
noxious stimuli, but in many cases, behavioral depression is
weak or transient in comparison to the time course of more
commonly used pain behaviors in preclinical pain research. In
particular, many procedures have been developed to model
chronic inflammatory and neuropathic pain states in
laboratory animals, and the chronicity of the pain state is
typically claimed on the basis of sustained hypersensitivity of
withdrawal reflexes to mechanical or thermal stimuli (e.g.
sustained decreases in mechanical thresholds for paw
withdrawal from von Frey filaments) (Le Bars et al., 2010).
For example, Ipl CFA to model inflammatory pain routinely
produces mechanical hypersensitivity for days to weeks, whereas
chemotherapy treatments to model chemotherapy-induced
neuropathic pain produce mechanical hypersensitivity for
weeks to months (Stein et al., 1988; Polomano et al., 2001;
Leitl et al., 2014b; Legakis et al., 2018). However, in contrast
to the sustained functional impairment that drives many chronic
pain patients to seek medical care, Ipl CFA and chemotherapy
treatments typically reduce operant conditioned behaviors for
only a few days if at all (Leitl et al., 2014b; Legakis et al., 2018;
Legakis et al., 2019). This transience of behavioral depression
reduces both face validity of the preclinical procedures and utility
of these procedures for evaluating chronic-pain treatments. The
present study tested the hypothesis that contingent exposure to
hindpaw mechanical stimulation might punish operant
responding in CFA- and paclitaxel-treated rats, augment the
magnitude and duration of pain-related behavioral depression
produced by these chronic pain models, and provide a baseline of
chronic pain-related behavioral depression that could be used to
evaluate candidate analgesics.

Hindpaw mechanical stimulation was achieved by requiring
rats to rear on a textured NOX plate developed to excite
nociceptors rendered hypersensitive by a nerve-ligation model
of neuropathic pain, and the stimulus associated with locomotion

FIGURE 5 | Effects of delayed operant testing (left panel) or operant testing with a low lever and bar floor (right panel) in CFA-treated rats. Abscissae: days after
CFA treatment. Ordinates: PR break point expressed as a % of the pre-CFA baseline. All points show mean ± SEM from N � 5 rats. There were no differences between
operant break points in rats tested under these altered parameters (squares) in comparison to data collected under the original parameters (gray dashed line, from
Figure 2).
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on this plate was found to punish locomotor activity in nerve-
injured rats but not in sham controls (Boada et al., 2016).
Consistent with these previous findings, rearing on the NOX
plate did not punish operant responding in rats prior to treatment
with CFA, paclitaxel, or their respective controls, nor did rearing
on the NOX plate punish responding after control treatments.
These findings suggest that mechanical stimulation associated
with rearing on the NOX plate was not sufficient by itself to
produce pain-related punishment of operant responding.

Responding was significantly reduced after CFA and high-
dose IV paclitaxel treatment; however, three findings suggest that
this reduction in operant responding was not a consequence of
pain-related punishment. First, depression of operant responding
was usually weaker or more transient than concurrently assessed
hypersensitivity of paw-withdrawal responses to mechanical
stimulation with von Frey probes. After Ipl CFA or low-dose
IP paclitaxel, mechanical hypersensitivity was observed for at
least three weeks as described previously, but depression of
operant responding had resolved by three days after CFA and
was never significant after IP paclitaxel. Second, high-dose IV
paclitaxel did produce a more sustained depression of operant
responding; however, this effect was small, and morphine doses
shown previously to alleviate mechanical hypersensitivity in
paclitaxel-treated rats (Legakis and Negus, 2018) did not
increase operant responding, suggesting that the depression of
operant responding was not related to pain. Lastly, the time
course of operant depression after Ipl CFA was identical whether
rats were required to rear on the NOX plate or not, further
suggesting that the mechanical stimulation associated with
rearing on the NOX plate did not augment depression
produced by the CFA treatment alone. Similarly, the weak
effects of low-dose IP paclitaxel on operant responding in the
present study were similar to the weak and morphine-resistant
effects observed previously in rats responding for food or
electrical brain stimulation on a low lever with no NOX plate
(Legakis et al., 2018; Legakis et al., 2019).

As one manipulation intended to increase the potential for
detecting sustained pain-related behavioral depression, the
present study used a high-dose IV paclitaxel treatment
regimen that more closely mimics the IV doses used clinically
in humans and that produces leukopenia similar to that produced
by clinically effective paclitaxel dosing regimens (Hamity et al.,
2017). This high-dose IV paclitaxel regimen did produce stronger
effects than the low-dose IP regimen on several endpoints
including 1) weight loss (sufficient to require euthanasia in
one rat despite the supplemental feeding), 2) mechanical
hypersensitivity after 1 and 3 weeks, and 3) significant
depression of operant responding throughout the study. In
contrast to results with the low-dose IP regimen in the present
study or with the high-dose IV regimen in the original study
(Hamity et al., 2017), the mechanical hypersensitivity was no
longer significant after four weeks. Reasons for this discrepancy
are not clear and may be related to methodological differences
that included use of male rather than female rats, use of IV
catheters rather than tail-vein injections for IV paclitaxel delivery,
or repeated exposure to the operant behavioral procedure and
NOX plate. Operant responding was decreased throughout the

study in these rats, and this may be consistent with the previously
reported effectiveness of mechanical stimulation in IV PTX-
treated rats to punish locomotor behavior in the PEAP
procedure (Hamity et al., 2017); however, as noted above,
morphine was not effective to alleviate this effect, suggesting
that the behavioral depression was not related to pain.

In addition to producing changes in behavior, inflammatory
and neuropathic pain manipulations have also been reported to
produce changes in endogenous opioid signaling, and two of
those were examined here. First, “latent sensitization” has been
described as a phenomenon in which inflammation- or
neuropathy-induced mechanical hypersensitivity resolves due
in part to the emergence of sustained constitutive MOR
activity in the spinal dorsal horn (Corder et al., 2013;
Marvizon et al., 2015). This “latent sensitization” can be
revealed by the administration of naltrexone or other MOR
antagonists to block antinociception associated with
constitutive MOR activity and reinstate expression of
mechanical hypersensitivity. In the present study, naltrexone-
induced reinstatement of mechanical hypersensitivity in CFA-
treated rats is consistent with latent sensitization; however,
naltrexone did not reinstate depression of operant responding,
suggesting that rapid recovery of operant responding did not
reflect constitutive MOR activity in neural circuits mediating
CFA-induced depression of operant responding. Additionally,
naltrexone did not alter either mechanical sensitivity or operant
responding in paclitaxel treated rats, suggesting that constitutive
MOR activity did not contribute to resolution of either paclitaxel
effect. Second, inflammation and neuropathy in rodents have also
been reported to promote dynorphin signaling and KOR
activation in the mesolimbic dopamine system, and this
enhanced KOR signaling has been implicated in some signs of
pain-related behavioral depression (Liu et al., 2019; Meade et al.,
2020). We have not found evidence for this type of pain-related
activation of KOR signaling in previous studies using both acute
and chronic pain manipulations (Leitl et al., 2014a; Leitl et al.,
2014b; Negus et al., 2015; Bagdas et al., 2016; Legakis et al., 2020),
and the present study is consistent with our own previous
findings. Thus, CFA and paclitaxel treatment produced only
transient and/or weak evidence for depression of operant
responding, so there was little evidence to suggest a KOR-
mediated depressant effect in this study. It was possible that
CFA- or paclitaxel-induced increases in dynorphin release may
have occurred, but they were either insufficient to depress
behavior or their impact was attenuated by compensatory
KOR downregulation. To evaluate this possibility, we
determined effects of the exogenous KOR agonist U69593, but
dose-effect curves for U69593-induced depression of operant
responding were not affected by either CFA or paclitaxel
treatment. Thus, these results also do not provide evidence for
either latent increases in dynorphin (which might have been
additive with U69593 and shifted U69593 dose-effect curves to
the left) or KOR downregulation (which might have shifted
U69593 dose-effect curves to the right). Overall, our results
provide no evidence for pain-related alterations in KOR signaling.

A final experiment in this study evaluated the possibility that
rapid recovery of operant responding in CFA-treated rats may
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have reflected behavioral tolerance (Schuster et al., 1966;
Sannerud and Young, 1986; Foltin, 2015), which can be
defined as tolerance to drug effects due to learning. For
example, rats might have learned new postures that minimized
contact between the CFA-injected paw and the NOX plate to
reduce exposure to mechanical stimulation associated with that
contact. To test for this possibility, a group of CFA-treated rats
was given access to operant responding only one week after CFA
injection, and behavioral tolerance would have been indicated by
delayed recovery due to delayed opportunity for learning.
However, recovery in this group was identical to recovery in
the rats with daily access to operant responding, suggesting that
learned compensatory behaviors analogous to behavioral
tolerance did not contribute to rapid recovery.

In summary, the present results provide little evidence for
sustained depression of food-maintained operant responding as a
sign of the “affective/motivational” dimension of pain in rats
treated with CFA or paclitaxel. The rapid recovery of operant
responding in CFA- and IP PTX-treated rats cannot be attributed
to latent sensitization associated with constitutive MOR activity,
to altered KOR signaling, or to behavioral tolerance. Only the IV
PTX-treated rats showed sustained operant depression, but even
here, the effect was small and resistant to treatment with the
opioid analgesic morphine, suggesting that it was not related to
pain. The use of mild food restriction in the present study may
have increased foodmotivation and rendered operant responding
resistant to depression by pain manipulations; however, we
recently found that mild food deprivation like that used here
has no significant effect of food motivation measured with a
between-day progressive-ratio procedure (unpublished data).
Overall, these data add further evidence to suggest that

putative chronic-pain manipulations in rats may be a poor
model for research on the expression, mechanisms, and
treatment of the functional impairment and behavioral
depression commonly observed in human chronic-pain patients.
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