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ABSTRACT
Clinically significant pain often includes a decrease in both
behavior and mesolimbic dopamine signaling. Indirect and/or
direct dopamine receptor agonists may alleviate pain-related
behavioral depression. To test this hypothesis, the present study
compared effects of indirect and direct dopamine agonists in a
preclinical assay of pain-depressed operant responding. Male
Sprague-Dawley rats with chronic indwelling microelectrodes in
the medial forebrain bundle were trained in an intracranial self-
stimulation (ICSS) procedure to press a lever for pulses of
electrical brain stimulation. Intraperitoneal injection of dilute
lactic acid served as an acute noxious stimulus to depress ICSS.
Intraperitoneal lactic acid–induced depression of ICSS was
dose-dependently blocked by the dopamine transporter inhibitor
methylphenidate and the D1-selective agonist SKF82958, but
not by the D2/3-selective agonists quinpirole, pramipexole, or
sumanirole. The antinociceptive effects of methylphenidate

and SKF82958 were blocked by the D1-selective antagonist
SCH39166. Acid-induced stimulation of a stretching response
was evaluated in separate groups of rats, but all agonists
decreased acid-stimulated stretching, and antagonism experi-
ments were inconclusive due to direct effects of the antagonists
when administered alone. Taken together, these results suggest
that D1-receptor stimulation is both sufficient to block acid-
induced depression of ICSS and necessary for methylphenidate
antinociception in this procedure. Conversely, D2/3-receptor
stimulation is not sufficient to relieve pain-depressed behavior.
These results support the hypothesis that pain-related depres-
sion of dopamine D1 receptor signaling contributes to pain-
related depression of behavior in rats. Additionally, these results
support further consideration of indirect dopamine agonists and
direct D1 receptor agonists as candidate treatments for pain-
related behavioral depression.

Introduction
Pain is a significant public health problem (van Hecke et al.,

2013; Nahin, 2015), and common comorbidities include anx-
iety and depression (Bair et al., 2003). Pain is also associated
with impaired function and decreased behavior assessed
clinically using questionnaires such as the Brief Pain In-
ventory (Dworkin et al., 2005), and impaired function is both a
cardinal sign in pain diagnosis and a target of pain treatment
(Negus, 2013). One factor that may contribute to pain-related
depression of mood and behavior is depression of mesolimbic
dopamine signaling and nucleus accumbens medium spiny
neuron activity (Apkarian et al., 2013; Jensen et al., 2013;
Francis and Lobo, 2017; Taylor et al., 2016). Both preclinical
(Leitl et al., 2014) and clinical studies (Becerra et al., 2001;
Wood et al., 2007; Baliki et al., 2010; Ledermann et al., 2016)
have found decreases in basal dopamine output or decreased
nucleus accumbens activity in pain states. Moreover, multiple
studies suggest that loss of dopamine signaling can enhance
pain (Saade et al., 1997; Chudler and Lu, 2008), or that

increases in dopamine signaling can reduce pain (Chudler and
Dong, 1995; Altier and Stewart, 1999; Rosenberg et al., 2013).
For example, pain is a common presentation of patients with
Parkinson’s disease (Ford, 2009; Sophie and Ford, 2012), and
treatment with the dopamine precursor levodopa can alleviate
pain in these patients (Gerdelat-Mas et al., 2007; Cury et al.,
2016). Levodopa can also alleviate pain with other etiologies
(Dickey and Minton, 1972; Ertas et al., 1998), and dopamine
uptake inhibitors or releasers, such as bupropion, methylpheni-
date, or amphetamine, can also alleviate pain states in humans
under some circumstances (Burrill et al., 1944; Semenchuk et al.,
2001; Treister et al., 2015).
Dopamine acts at two different receptor subtype families,

the D1-like (D1 and D5) and D2-like (D2, D3, D4) receptors.
Although previous preclinical studies have investigated the
analgesic potential of agonists or antagonists at these recep-
tors, these studies have primarily been conducted with
procedures measuring behaviors that increase in rate, fre-
quency, or intensity after delivery of a noxious stimulus (i.e.,
“pain-stimulated” behaviors) (Paalzow and Paalzow, 1983;
Barasi and Duggal, 1985; Michael-Titus et al., 1990; Munro,
2007). These assays are limited by at least two factors (Negus
et al., 2006; Negus, 2013). First, drugs can decrease these
behaviors by either decreasing sensitivity to the noxious
stimulus or decreasing motor competence of the subject to
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ABBREVIATIONS: ANOVA, analysis of variance; ICSS, intracranial self-stimulation; MCR, maximum control rate; SCH39166, (6aS-trans)-11-
Chloro-6,6a,7,8,9,13b-hexahydro-7-methyl-5H-benzo[d]naphth[2,1-b]azepin-12-ol hydrobromide; SKF82958, (6)-6-Chloro-7,8-dihydroxy-3-allyl-
1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine hydrobromide.
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emit the nocifensive response, and apparent antinociceptive
effects of D2-like agonistsmay reflect motor disruption (Dourado
et al., 2016). Second, these procedures do not measure drug
effects on clinically relevant signs of pain that include func-
tional impairment and behavioral depression.
This study tested effects of dopaminergic drugs in a pre-

clinical assay in which the noxious stimulus decreases, rather
than increases, the target behavior, and in which effective
analgesics restore behavior. This type of procedure has been
characterized as an assay of “pain-depressed behavior” (i.e., a
procedure measuring behaviors that decrease in rate, fre-
quency, or intensity after delivery of a noxious stimulus)
(Negus et al., 2006; Negus, 2013). Specifically, the studies
reported here examined pain-related depression of positively
reinforced operant behavior in a procedure used previously in
studies with other drug classes, including mu, kappa, and
delta opioid receptor agonists (Pereira Do Carmo et al., 2009;
Negus et al., 2010, 2012b; Altarifi et al., 2015; Brust et al.,
2016); cannabinoids (Kwilasz and Negus, 2012; Kwilasz et al.,
2014); nicotinic acetylcholine receptor agonists (Freitas
et al., 2015); and N-methyl-D-aspartate (NMDA) receptor
antagonists (Hillhouse and Negus, 2016). The current study
was designed to extend this work in three ways. First, effects
of the clinically available dopamine uptake inhibitor methyl-
phenidate were examined. Second, effects of methylphenidate
were compared with effects of the high-efficacy D1-like agonist
SKF82958 [(6)-6-Chloro-7,8-dihydroxy-3-allyl-1-phenyl-2,3,4,5-
tetrahydro-1H-3-benzazepine hydrobromide] and three D2-like
agonists that varied in selectivity for D2 versus D3 receptors
(sumanirole, quinpirole, pramipexole). Last, sensitivity of meth-
ylphenidate effects to antagonism by the D1-like antagonist
SCH39166 [(6aS-trans)-11-Chloro-6,6a,7,8,9,13b-hexahydro-
7-methyl-5H-benzo[d]naphth[2,1-b]azepin-12-ol hydrobromide]
and the D2-like antagonist eticlopride was determined.

Materials and Methods
Subjects

A total of 79 adult male Sprague-Dawley rats (ENVIGO, Frederick,
MD) were used to assess drug effects on pain-depressed and pain-
stimulated behavior as described previously (Pereira Do Carmo et al.,
2009; Negus, 2013; Rosenberg et al., 2013). All rats had ad libitum
access to food and water and were housed individually on a 12-hour
light-dark cycle (6 a.m. to 6 p.m., lights on) in a facility accredited by
the Association for the Assessment and Accreditation of Laboratory
Animal Care. Rats weighed between 300 and 350 g at the time of
surgery for implantation of intracranial electrodes as described later.
All experiments were approved by the Institutional Animal Care and
Use Committee at Virginia Commonwealth University, and studies
were conducted in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals, 8th edition
[National Research Council (U.S.), 2011].

Assay of Intracranial Self-Stimulation

Surgery. For surgery, anesthesia was accomplished using isoflur-
ane (3% in oxygen; Webster Veterinary, Phoenix, AZ) until rats were
unresponsive to toe pinch. Each rat was placed in a stereotaxic
apparatus, and the insulated cathode of a stainless steel electrode
(Plastics One, Roanoke, VA) was implanted using the skull-flat
method and previously published coordinates to target the medial
forebrain bundle at the level of the lateral hypothalamus (2.8 mm
posterior to the bregma, 1.7 mm lateral to the midsagittal suture, and
8.8 mm ventral to the skull) (Paxinos and Watson, 1998; Lazenka

et al., 2016). The uninsulated anode of the microelectrode was
wrapped around one of three skull screws to act as a ground, and
the electrode was secured to the skull using dental acrylic. Rats
received ketoprofen (5 mg/kg, i.p.) as a postoperative analgesic
immediately and 24 hours following surgery and were allowed to
recover for at least 1 week before intracranial self-stimulation (ICSS)
training.

Apparatus. Operant conditioning chambers (29.2 � 30.5 �
24.1 cm) were contained in sound-attenuating boxes (Med Associates,
St. Albans, VT). Each chamber was equipped with a house light, a
response lever, stimulus lights located above the lever, and an ICSS
stimulator. During behavioral sessions, rats were placed into the
chambers, and the electrode was connected to the ICSS stimulator via
bipolar cables routed through a swivel commutator (model SL2C;
Plastics One). A computer and associated software controlled stimulus
presentations, recorded lever presses, and performed preliminary
data analysis (Med Associates).

Training. The behavioral procedure was identical to that de-
scribed previously (Rosenberg et al., 2013; Negus and Miller, 2014;
Miller et al., 2015). Behavioral sessions began with onset of the house
light, and lever-press responding under a fixed-ratio 1 schedule
produced brain stimulation via the intracranial electrode. Each
stimulation consisted of a 0.5-second train of square-wave cathodal
pulses (0.1 ms per pulse). The stimulus lights over the lever were
illuminated, and responding had no scheduled consequences during
brain stimulation. The stimulation frequency and intensitywere set at
158Hz and 150mA, respectively, during the initial 60-minute training
sessions. Stimulation intensity was then adjusted for each rat to a
level that maintained reinforcement rates of at least 30 stimulations
per minute. Changes in frequency were then introduced during
sessions composed of three consecutive 10-minute components, each
of which contained 10 consecutive 60-second trials. The stimulation
frequency ranged from 158 Hz in the first trial of each component to
56 Hz in the last trial, dropping in 0.05-log-unit steps from one trial to
the next. Each trial consisted of a 10-second time-out period followed
by a 50-second response period. During the time-out period, respond-
ing had no scheduled consequences, and five noncontingent stimula-
tions were delivered at the designated frequency for that trial. During
the response period, responding under the fixed-ratio 1 schedule
produced brain stimulation and illumination of the lever lights.
Training was considered to be complete when ICSS frequency-rate
curves were statistically similar for 3 consecutive days of training as
indicated two-way analysis of variance (ANOVA) with frequency of
brain stimulation and day of training as the main effect variables (see
Data Analysis). Rats that did not meet the criteria for ICSS studies
within 6 weeks were assigned to studies of acid-stimulated stretching
(discussed later).

Testing. Test sessions consisted of three consecutive baseline
components followed first by a treatment period and then by a series
of test components. Three general types of test sessions were
conducted that varied details of the treatment period and test
components. First, the potency and time course of effects produced
by methylphenidate in the absence of a noxious stimulus were
determined as previously described for other drugs that target mono-
amine transporters (Bauer et al., 2013; Rosenberg et al., 2013; Bonano
et al., 2014; Miller et al., 2015). For dose-effect studies, a 10-minute
treatment period was followed by two test components, and
methylphenidate (0.1–10 mg/kg) was administered at the begin-
ning of the treatment period. For time-course studies, administra-
tion of 3.2 mg/kg methylphenidate was followed by pairs of test
components beginning 10, 30, 100, and 300 minutes after drug
administration.

Second, drug effects on acid-induced depression of ICSS were
examined as previously described with other classes of drugs, in-
cluding mu, kappa, and delta opioid receptor agonists (Pereira Do
Carmo et al., 2009; Negus et al., 2010, 2012b; Altarifi et al., 2015);
monoamine transporter inhibitors (Rosenberg et al., 2013; Miller
et al., 2015); cannabinoids (Kwilasz and Negus, 2012; Kwilasz et al.,
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2014); nicotinic acetylcholine receptor agonists (Freitas et al., 2015);
and N-methyl-D-aspartate (NMDA) receptor antagonists (Hillhouse
and Negus, 2016). For these studies, a 10-minute treatment period
was followed by two test components, and test drug and 1.8% lactic
acid were administered at the beginning and end of the treatment
period, respectively. Test drugs and doses were as follows: methyl-
phenidate (0.1–1.0 mg/kg), SKF82958 (0.01–0.1 mg/kg), quinpirole
(0.0032–0.32 mg/kg), pramipexole (0.0032–0.032 mg/kg), and suma-
nirole (0.032–1.0 mg/kg). Effects of dopamine receptor agonists on
ICSS in the absence of the noxious stimulus were reported previously
(Lazenka et al., 2016).

Last, for antagonist studies with methylphenidate, a 30-minute
treatment period was followed by two test components. A dopamine
receptor antagonist (SCH39166, 0.01–0.032 mg/kg; eticlopride,
0.01–0.032mg/kg) was administered at the beginning of the treatment
period, 0.32 mg/kg methylphenidate was administered 20 minutes
later, and 1.8% lactic acid was administered at the end of the
treatment period.

Test sessions were conducted on Tuesdays and Fridays, and three-
component training sessions were conducted on other weekdays. For
each drug, dose order was varied using a pseudo Latin-square design,
and testing occurred in a group of five to six rats. Agonist and doses
and pretreatment times were based on previous studies (Caine and
Koob, 1994; Li et al., 2006; Lazenka et al., 2016) and preliminary
results.

Data Analysis. For the purposes of data analysis, the first
baseline component of each test session was considered a “warm up”
component, and data were discarded. The primary dependent variable
was reinforcement rate in stimulations per minute during each
frequency trial for the second and third baseline components and for
all test components. To normalize these data, raw reinforcement rates
from each trial in each rat were converted to percentmaximum control
rate (% MCR) for that rat. MCR was defined as the mean of the
maximal rates observed during the second and third baseline
components of that test session. Subsequently, % MCR values for
each trial were calculated as [(reinforcement rate during a frequency
trial)/(MCR)] � 100. For each rat, data from baseline and test
components were averaged to yield baseline and test frequency-rate
curves. Baseline and test data were then averaged across rats to yield
mean baseline and test frequency-rate curves for each manipulation.
Results were compared by repeated-measures two-way ANOVA with
ICSS frequency as one factor and either dose or time as the second
factor. A significant ANOVAwas followed by the Holm-Sidak post-hoc
test, and the criterion for significance was P , 0.05.

To provide an additional summary measure of ICSS performance,
the total number of stimulations per component was determined
across all 10 frequency trials of each component. Test data were
expressed as a percentage of the average number of total stimulations
per component earned during the second and third baseline compo-
nents for that day. Therefore, percent baseline stimulation was
calculated as (mean total stimulations during test components/mean
total stimulations during baseline components) � 100. These data
were then averaged across rats for each experimental manipulation.
Data for the potency or time course of any one drug were compared
by one-way ANOVA, with dose or time as the single factor. For
antagonism studies, data were analyzed by two-way ANOVA, with
methylphenidate dose and antagonist dose as the two factors. A
significant one- or two-way ANOVA was followed by Dunnett’s or
Holm-Sidak post-hoc test, respectively, and the criterion for signifi-
cance was P , 0.05. Data for vehicle and SKF82958 effects after
SCH39166 pretreatment were compared by t test. Additionally, to
calculate the ED50 values and 95% confidence limits for dose-effect
data, percent baseline stimulation values were transformed using the
following equation: % acid blockade 5 [(drug-vehicle)/(baseline-
vehicle)] � 100, where “drug” refers to data collected after adminis-
tration of a given drug dose 1 acid, “vehicle” refers to data collected
after vehicle 1 acid, and “baseline” refers to data in the absence
of drug or acid. Transformed data were then analyzed by linear

regression utilizing Excel (Microsoft, Redmond, WA), and the ED50

was defined as the effective dose producing 50% blockade of acid-
induced depression of ICSS. ED50 values were considered to be
significantly different if 95% confidence limits did not overlap. A
value of 100% acid blockade indicated complete blockade of acid-
induced depression of ICSS. Values greater than 100% acid
blockade indicated facilitation of ICSS above baseline levels, and
values below 0% indicated exacerbation of acid-induced depression
of ICSS.

Assay of Acid-Stimulated Stretching

Behavioral Procedure. To complement studies in the assay of
acid-depressed ICSS, rats that failed to meet ICSS training criteria
were used in studies of lactic acid–stimulated stretching as described
previously (Altarifi et al., 2015; Freitas et al., 2016; Hillhouse and
Negus, 2016). During test sessions, administration of test drug(s) was
followed first by a pretreatment interval identical to those used for
ICSS studies and then by injection of 1.8% lactic acid. Immediately
after the acid injection, rats were placed into an amber acrylic test
chamber (31.0 � 20.1 � 20.0 cm) for a 30-minute observation period,
and the number of stretches was counted. A stretch was operation-
ally defined as a contraction of the abdomen followed by extension
of the hindlimbs. Initial studies evaluated effects of methylpheni-
date (0.1–10 mg/kg), SKF82958 (0.032–0.32 mg/kg), and quinpirole
(0.00032–0.32 mg/kg). In subsequent antagonism experiments, effects
of 0.32mg/kgmethylphenidate were redetermined after pretreatment
with 0.0032–0.01 mg/kg SCH39166 or 0.0032–0.01 mg/kg eticlopride.
Dose order across rats was counterbalanced using a pseudo Latin-
square design, and at least 48 hours separated test sessions for each
rat. Rats were drug naïve for the start of each study, and the
experimenter who scored stretching was blind to the drug treatments.
All rats were initially tested twice with acid alone, and only rats that
exhibited greater than 10 mean stretches during these sessions were
included in this study.

Data Analysis. The primary dependent variable was the number
of stretches counted during each observation period in each rat. Data
for the potency of any one drug were compared by one-way ANOVA,
with dose as the single factor. For antagonism studies, data were
analyzed by two-way ANOVA, with methylphenidate dose and
antagonist dose as the two factors. A significant one- or two-way
ANOVA was followed by Dunnett’s or Holm-Sidak post-hoc test,
respectively, and the criterion for significance was P , 0.05. To
calculate the ED50 values and 95% confidence intervals for dose-effect
data, raw stretches were transformed using the following equation: %
acid blockade 5 [(vehicle-drug)/vehicle] � 100, where “drug” and
“vehicle” were defined as the number of stretches observed after
administration of a given drug dose or vehicle, respectively, before
acid. Transformed data were then analyzed by linear regression
utilizing Microsoft Excel, and the ED50 was defined as the effective
dose producing 50% blockade of acid-stimulated stretching. ED50

values were considered to be significantly different if 95% confidence
intervals did not overlap.

Drugs

SCH39166 HBr [(6aS-trans)-11-chloro-6,6a,7,8,9,13b-hexahydro-
7-methyl-5H-benzo[d]naphth[2,1-b]azepin-12-ol hydrobromide], eti-
clopride HCl, pramipexole 2HCl, and sumanirole maleate were
obtained from Tocris (Minneapolis, MN). (2)-Quinpirole HCl was
purchased from Sigma-Aldrich (St. Louis, MO). (6)SKF82958 HBr
[(6)-6-chloro-7,8-dihydroxy-3-allyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-
benzazepine hydrobromide] was provided by the National Institute of
Mental Health Chemical Synthesis and Drug Supply Program
(Bethesda, MD). (6)-Methylphenidate HCl was provided by the
National Institute on Drug Abuse Drug Supply Program (Bethesda,
MD). All drugs were dissolved in 0.9% bacteriostatic saline (Patterson
Veterinary, Richmond, VA) and administered i.p. in a volume of
1 ml/kg.
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Results
Effects of Methylphenidate Alone on ICSS. Electrical

brain stimulationmaintained a frequency-dependent increase
in ICSS rates during baseline ICSS components. The mean 6
S.E.M.MCR for all rats in the study was 606 1.2 stimulations
per trial, and the mean 6 S.E.M. number of baseline total
stimulations per component was 260 6 10.2. Figure 1 shows
that methylphenidate produced a dose- and time-dependent
increase in ICSS in the absence of the acid noxious stimulus.
Supportive statistical results are shown in the figure legends.
A dose of 0.1mg/kgmethylphenidate had no effect on the ICSS
frequency-rate curve (Fig. 1A) and did not alter the summary
measure of percent baseline stimulations per component (Fig.
1B). A higher dose of 0.32 mg/kg methylphenidate increased

ICSS rates maintained by two frequencies of brain stimula-
tion in analysis of frequency-rate curves (79 and 89 Hz) but
did not significantly alter percent baseline stimulations.
Higher methylphenidate doses increased ICSS across a
broader range of frequencies in analysis of frequency-rate
curves and significantly increased percent baseline total
stimulations. Based on these initial studies, the time course
of 3.2 mg/kg was tested. At this dose, the peak effects of
methylphenidate were seen at 10 minutes, which was the
same pretreatment time as the dose-effect studies, and
responding returned to baseline within 100 minutes (Fig.
1 C and D).
Effects ofMethylphenidate on Acid-InducedDepression

of ICSS. Figure 2 shows thatmethylphenidate dose-dependently
blocked acid-induced depression of ICSS, and the ED50

Fig. 1. Effects of methylphenidate on intracranial self-stimulation in the absence of the acid noxious stimulus. (A and C) Full ICSS frequency-rate
curves. Abscissae: frequency of electrical brain stimulation in Hertz (log scale). Ordinates: % MCR. Filled symbols show significant differences from
vehicle (Veh) (A) and baseline (C) as determined by repeated-measures two-way ANOVA followed by the Holm-Sidak post-hoc test (P, 0.05). (B and D)
Summary measure of the total number of stimulations per component. Abscissae: dose in mg/kg (B) or time post injection in minutes (log scale) (D).
Ordinates: percent baseline stimulations per component. Asterisks show significant difference compared with vehicle or 10 minutes as determined by
repeated-measures one-way ANOVA followed by Dunnett’s post-hoc test (*P , 0.05; **P , 0.01). Data presented are the mean 6 S.E.M. of six rats.
Statistical results are as follows. (A) Significant main effects of frequency [F(9,45) = 164.4, P , 0.0001] and dose [F(4, 20) = 32.5, P , 0.0001] and a
significant interaction [F(36, 180) = 9.5, P, 0.0001]. (B) Significant effect of dose [F(1.65, 8.25) = 18.4, P, 0.01)]. (C) Significant main effect of frequency
[F(9,45) = 60.2, P, 0.0001] and time [F(4, 20) = 31.6, P, 0.0001] and a significant interaction [F(36, 180) = 8.3, P. 0.0001]. (D) Significant effect of time
[F(3, 20) = 22.61, P , 0.0001].
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value is shown in Table 1. Administration of i.p. lactic acid
alone produced a rightward shift in the ICSS frequency
curve (Fig. 2A, compare “Veh1 Veh” and “Veh1 LA”) and a
decrease in the summary measure of percent baseline
stimulations (Fig. 2B). Relative to the effects of acid alone,
0.1 mg/kg methylphenidate pretreatment increased ICSS
rates at one frequency (112 Hz) but did not significantly
increase percent baseline stimulations. Higher doses of 0.32
and 1.0 mg/kg methylphenidate increased ICSS rates across
a broader range of frequencies in analysis of frequency-rate

curves and significantly increased percent baseline stimu-
lations. Notably, 0.32 mg/kg methylphenidate produced
nearly full blockade of acid-induced depression of ICSS,
such that responding after 0.32 mg/kg methylphenidate 1
acid was similar to responding after control treatment with
vehicle 1 vehicle.
Figure 2 also shows the effects of the D1 antagonist

SCH39166 (Fig. 2C) and the D2/D3 antagonist eticlopride
(Fig. 2D) on acid-induced depression of ICSS in both the
absence and presence of 0.32 mg/kg methylphenidate. A dose

Fig. 2. Effects of methylphenidate on acid-induced depression of ICSS in the absence or presence of dopamine receptor antagonists. (A) Full frequency-
rate curves. Abscissae: frequency of electrical brain stimulation in Hertz (log scale). Ordinates: % MCR. Filled symbols show significant differences from
vehicle plus 1.8% lactic acid (Veh + LA) as determined by repeated-measures two-way ANOVA followed by the Holm-Sidak post-hoc test (P , 0.05). (B)
Summary measure of baseline stimulations per component. Abscissae: dose in mg/kg (log scale). Ordinates: percent baseline stimulation per component.
Asterisks show significant difference compared with vehicle plus 1.8% lactic acid following a repeated-measures one-way ANOVA followed by Dunnett’s
post-hoc test (*P , 0.05; **P , 0.01). (C and D) Effects of the D1 antagonist SCH39166 (SCH) or the D2/3 antagonist eticlopride (Etic) on
methylphenidate antinociception. Abscissae: dose of methylphenidate in mg/kg. Ordinates: percent baseline stimulations per component. (C)
$Significant difference between effects of Veh + Veh and Veh + 0.32 mg/kg methylphenidate; *Significant difference between Veh + 0.32 mg/kg
methylphenidate and 0.01 mg/kg SCH39166 + 0.32 mg/kg methylphenidate, as determined by repeated-measures two-way ANOVA followed by the
Holm-Sidak post-hoc test (P , 0.05). (D) #Significant main effect of methylphenidate dose as determined by two-way ANOVA. Data presented are the
mean6 S.E.M. of five rats, and identical data are used for antagonist vehicle in (C) and (D) because both drugs used the same vehicle. Statistical results
are as follows. (A) Significant main effects of frequency [F(9,36) = 176.4, P, 0.0001] and dose [F(4, 16) = 13.2, P, 0.0001] and a significant interaction [F
(36, 144) = 4.0, P , 0.0001]. (B) Significant effect of dose [F(1.8, 7.2) = 12.7, P , 0.01)]. (C) Significant main effects of methylphenidate dose [F(1,4) =
11.31, P , 0.05] and SCH39166 dose [F(1,4) = 41.88, P , 0.01] and a significant interaction [F(1,4) = 9.750, P , 0.05]. (D) Significant main effects of
methylphenidate dose [F(1,4) = 14.55, P , 0.05] and eticlopride dose [F(1,4) = 10.96, P , 0.05], but the interaction was not significant [F(1,4) = 1.162,
P = 0.27].
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of 0.01 mg/kg SCH39166 had no effect on acid-induced
depression of ICSS in the absence of methylphenidate. As
noted earlier, 0.32 mg/kg methylphenidate blocked acid-
induced depression of ICSS, and 0.01 mg/kg SCH39166
significantly antagonized this antinociceptive effect of meth-
ylphenidate. Effects of eticlopride were qualitatively similar,
and overall, there were main effects of both methylphenidate
increasing ICSS (indicated by the # symbol in the figure) and
of eticlopride decreasing ICSS; however, the interaction effect
of the two-way ANOVA did not reach criteria for statistical
significance, so post-hoc tests were not conducted. Higher
doses of 0.032 mg/kg SCH39166 and eticlopride were also
evaluated. Effects of this higher SCH39166 dose were similar
to effects shown in Fig. 2C; however, the higher eticlopride
dose exacerbated acid-induced depression of ICSS in the ab-
sence of methylphenidate, precluding evaluation of its effects
as an antagonist of methylphenidate (data not shown).
Effects of Dopamine D1 and D2/D3 Agonists on

Acid-Induced Depression of ICSS. Figure 3 shows
changes in acid-induced depression of ICSS produced by
dopamine receptor agonists that differ in their selectivity
for either dopamine D1 or D2/3 receptors. The D1 agonist
SKF82958 (Fig. 3, A and B) dose-dependently blocked
acid-induced depression of ICSS in a manner similar to methyl-
phenidate, and its ED50 value is shown in Table 1. More-
over, this antinociceptive effect of SKF82958 was blocked
by 0.01 mg/kg SCH39166. Thus, in rats pretreated with
0.01 mg/kg SCH39166, 0.1 mg/kg SKF82958 failed to block
acid-induced depression of ICSS (percent baseline stimula-
tions 6 S.E.M. 5 48.02 6 9.06 and 72.84 6 13.24 after vehi-
cle 1 acid or SKF82958 1 acid, respectively; t(14) 5 1.55;
P 5 0.14). In contrast, the D2/D3 agonist quinpirole (Fig. 3,
C and D), the D3-preferring agonist pramipexole (Fig. 3, E and
F), and the D2-preferring agonist sumanirole (Fig. 3, G and H)
failed to block acid-induced depression of ICSS. Rather, as
indicated by analysis of full frequency-rate curves in Fig. 3, C, E,
and G, all three D2-like agonists dose-dependently exacerbated
acid-induced depression of ICSS at high brain-stimulation
frequencies.
Effects of Methylphenidate and Dopamine D1 and

D2/D3 Agonists on Acid-Stimulated Stretching. In ad-
dition to producing depression of ICSS, the i.p. acid noxious
stimulus also stimulates a stretching response in rats.
Figure 4A shows that methylphenidate, SKF82958, and
quinpirole all produced dose-dependent decreases in acid-
stimulated stretching, and ED50 values are shown in Table 1.
Antagonism studies were initially conducted using 0.01 mg/kg

for both SCH39166 and eticlopride, identical to the dose of
each antagonist used in Fig. 2; however, this dose of each
antagonist significantly decreased stretching when adminis-
tered alone, and stretching after each antagonist1 0.32mg/kg
methylphenidate was not different from the decreased level
of stretching observed after each antagonist administered
alone (data not shown). Figure 4 shows the effects of a lower
dose of 0.0032 mg/kg SCH39166 or eticlopride on acid-
stimulated stretching in both the absence and presence of
0.32 mg/kg methylphenidate. At this lower dose, neither
antagonist significantly altered stretching in the absence of
methylphenidate, but this dose also failed to block effects of
methylphenidate.

Discussion
This study compared the roles of D1-like and D2-like

dopamine receptors in mediating relief of pain-depressed
behavior in rats. There were three main findings. First, in
agreement with previous studies that evaluated other indirect
dopamine agonists (Gatch et al., 1998, 1999; Rosenberg et al.,
2013), methylphenidate produced a dose-dependent relief of
acid-induced decreases in ICSS. Second, studies with selec-
tive antagonists indicated that D1 receptors were necessary
for methylphenidate antinociception in the assay of acid-
depressed ICSS. Last, studies with selective dopamine re-
ceptor agonists suggested that activation of D1-like receptors,
but not D2-like receptors, was also sufficient to mimic
antinociceptive effects of methylphenidate. Overall, these re-
sults suggest that indirect dopamine agonists and D1 ago-
nists may warrant consideration as candidate treatments for
functional impairment and decreased behavior associated
with pain.
Methylphenidate effectiveness in relieving acid-induced

increases in stretching and decreases in ICSS agrees with
the previous finding that methylphenidate reduced pain-
stimulated behaviors elicited by intraplantar formalin
administration in rats (Dalal and Melzack, 1998). The meth-
ylphenidate potencies to reduce acid-stimulated stretching
and formalin-stimulated behaviors were similar; however,
methylphenidate was significantly more potent in the assay of
acid-depressed ICSS than in either assay of pain-stimulated
behavior. Other dopamine transporter blockers (e.g. bupro-
pion and cocaine) are also generally more potent in block-
ing acid-induced decreases in ICSS than acid-stimulated
stretching (Negus et al., 2012a; Rosenberg et al., 2013). One
implication of this finding is that dopamine transporter
inhibitors, such as methylphenidate, might be more effective
in relieving signs of pain-related behavioral impairment than
other signs of pain. Thismay be related to the principal clinical
use of methylphenidate to reduce cognitive impairments and
fatigue produced by opioid analgesics in treatment of cancer-
related pain (Bruera et al., 1989; Mucke et al., 2015), but not
for treatment of pain directly. However, a recent clinical study
found that methylphenidate enhanced morphine effects on
subjective reports and measures of “pain interference in daily
life” (Yamamotova et al., 2016), which agrees with preclini-
cal studies suggesting synergistic antinociceptive interac-
tions between methylphenidate and mu agonists (Dalal and
Melzack, 1998; Halladay et al., 2009). Additionally, patients
with attention-deficit hyperactivity disorder displayed higher
sensitivity to experimental cold pain than did controls, and

TABLE 1
ED50 values in mg/kg (95% confidence intervals) for methylphenidate,
SKF82958, and quinpirole in the assays of acid-depressed ICSS and acid-
stimulated stretching
“Inactive” indicates a failure to produce at least 50% blockade in acid-depressed
ICSS. The D2-preferring agonist sumanirole and the D3-preferring agonist pramipexole
were inactive in acid-depressed ICSS and were not tested in acid-stimulated
stretching.

Acid-Depressed ICSS Acid-Stimulated Stretching

Drug ED50 (95% CI) ED50 (95% CI)
Methylphenidate 0.20 (0.13—0.30) 1.02 (0.62—1.66)
SKF82958 0.020 (0.0067—0.060) 0.035 (0.020—0.060)
Quinpirole Inactive 0.0043 (0.0018—0.010)

95% CI, 95% confidence interval.
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methylphenidate reversed this cold hypersensitivity (Treister
et al., 2015). Thus, methylphenidate may have true analgesic
effects and enhance the analgesic effects of mu agonists in
addition to alleviating undesirable mu agonist side effects,
such as sedation.
Methylphenidate blocks norepinephrine transporters in

addition to dopamine transporters (McLaughlin et al., 2017),

and norepinephrine uptake inhibition may also play a role in
the antinociceptive/analgesic effects of monoamine trans-
porter inhibitors (Beydoun and Backonja, 2003). However,
two findings suggest that methylphenidate antinociception in
the assay of acid-depressed ICSS likely reflected dopaminer-
gic effects rather than noradrenergic effects. First, previous
studies found that acid-induced decreases in ICSS were

Fig. 3. Effects of dopamine receptor agonists on
acid-induced depression of ICSS. (A, C, E, G) Full
frequency-rate curves. Abscissae: frequency of
electrical brain stimulation in Hertz (log scale).
Ordinates: % MCR. Filled symbols show signifi-
cant differences from vehicle plus 1.8% lactic acid
(Veh + LA) as determined by repeated-measures
two-way ANOVA followed by the Holm-Sidak
post-hoc test (P , 0.05). (B, D, F, H) Summary
measure of baseline stimulations per component.
Abscissae: dose of drug in mg/kg (log scale).
Ordinates: percent baseline stimulation per com-
ponent. Asterisks show significant difference
compared with vehicle plus 1.8% lactic acid
(Veh) as determined by a repeated-measures
one-way ANOVA followed by Dunnett’s post-hoc
test (*P , 0.05). Data presented are the mean 6
S.E.M. of six to seven rats. Statistical results are
as follows. (A) Significant main effects of fre-
quency [F(9,45) = 130.4, P , 0.0001] and dose
[F(4, 20) = 4.8, P , 0.01] and a significant
interaction [F(36, 180) = 3.0, P , 0.0001]. (B)
Significant effect of dose [F(2.4, 11.9) = 5.1, P ,
0.01)]. (C) Significant main effects of frequency [F
(9,54) = 36.1, P, 0.0001] and dose [F(4, 24) = 14.3,
P , 0.0001] and a significant interaction [F(36,
216) = 5.3, P , 0.0001]. (D) One-way ANOVA was
not significant. (E) Significant main effects of
frequency [F(9,45) = 65.8, P , 0.0001] and dose
[F(4, 20) = 12.2, P , 0.0001] and a significant
interaction [F(36, 180) = 4.5, P, 0.0001]. (F) One-
way ANOVA was not significant. (G) Significant
main effect of frequency [F(9,45) = 54.8, P ,
0.0001] and dose [F(5, 25) = 13.3, P , 0.0001] and
a significant interaction [F(45, 225) = 2.7, P ,
0.0001]. (H) One-way ANOVA was not significant.

20 Lazenka et al.

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


alleviated by dopamine but not norepinephrine uptake
inhibitors (Rosenberg et al., 2013). Second, methylphenidate
antinociception in the assay of acid-depressed ICSS was
completely blocked by the D1-like dopamine receptor antag-
onist SCH39166. The D2-like antagonist eticlopride also
appeared to attenuate methylphenidate antinociception, but
statistical analysis indicated a main effect of eticlopride to
decrease ICSS regardless of the presence or absence of
methylphenidate. In the assay of acid-stimulated stretching,
experiments to examine antagonism of methylphenidate by
SCH39166 and eticlopride could not be confidently inter-
preted and were inconclusive. The SCH39166 and eticlopride
doses tested in the ICSS procedure (0.01 mg/kg for both
antagonists) failed to block methylphenidate antinociception
in the stretching procedure; however, these antagonist doses
decreased stretching on their own, and these direct effects of
the antagonists may have obscured any antagonism of
methylphenidate. Lower doses of each antagonist were also
tested that did not have significant direct effects, but these
lower doses were not sufficient to block methylphenidate
antinociception. Overall, the strongest conclusion that can
be drawn from antagonism studies is that D1 receptor
activation is necessary for methylphenidate antinociception
in the assay of acid-depressed ICSS.
In support of this conclusion, studies with selective

dopamine receptor agonists suggested that D1-like receptor
activation is also sufficient for antinociception in the assay
of acid-depressed ICSS. Similar to methylphenidate, the
D1-selective agonist SKF82958 produced a dose-dependent,
complete, and SCH39166-reversible blockade of acid-induced
decreases in ICSS. Additionally, the mean ED50 value for
SKF82958 was lower in the assay of acid-depressed ICSS than
of acid-stimulated stretching, although this potency difference
was smaller for SKF82958 than for methylphenidate and did
notmeet the criterion for statistical significance. In contrast to
methylphenidate and SKF82958, the D2-like agonists only
exacerbated acid-induced decreases in ICSS. Moreover, quin-
pirole doses that exacerbated acid-induced decreases in
ICSS also reduced acid-stimulated stretching, suggesting that

apparent quinpirole antinociception in the latter assay may
reflect general motor impairment rather than reduced sensi-
tivity to the noxious stimulus. Taken together, these results
suggest that D1-like receptor activation is both sufficient to
relieve acid-induced decreases in ICSS in rats and necessary
for methylphenidate relief of acid-depressed ICSS. Con-
versely, D2-like receptor activation appears to produce non-
selective behavioral disruption.
The present results build on previous studies that examined

effects of dopamine receptor agonists in conventional pre-
clinical assays of pain-stimulated behaviors. For example,
intraplantar formalin-stimulated behaviors in rats were
blocked by both SKF82958 and quinpirole (Morgan and
Franklin, 1991; Munro, 2007). The present results provide
additional evidence for the effectiveness of SKF82958 to block
pain-stimulated behavior in rats (i.e., by blocking acid-
stimulated stretching) and further suggest that SKF82958
can also alleviate pain-related behavioral depression (i.e., by
blocking acid-induced depression of ICSS). This effectiveness
in alleviating both pain-stimulated and pain-depressed be-
haviors is similar to the pattern of effects produced by
clinically effective analgesics including mu opioid receptor
agonists and nonsteroidal anti-inflammatory drugs (Negus
et al., 2012a; Negus, 2013; Altarifi et al., 2015). The effective-
ness of quinpirole to block formalin-stimulated behaviors
also agrees with the present finding that quinpirole blocked
acid-stimulated stretching and with other studies showing
apparent antinociception by D2-like agonists in other assays
of pain-stimulated behavior (Paalzow and Paalzow, 1983;
Barasi and Duggal, 1985; Michael-Titus et al., 1990; Morgan
and Franklin, 1991; Munro, 2007); however, as noted earlier,
the present results suggest that these effects of D2-like
agonists on pain-stimulated behaviors reflect general behav-
ioral suppression rather than decreased pain sensitivity.
In addition to blocking acid-induced decreases in ICSS,

methylphenidate also increased control ICSS when methyl-
phenidate was administered alone without acid. Drug-
induced increases in ICSS are predictive of abuse liability
(Negus and Miller, 2014), and methylphenidate is one of

Fig. 4. Effects of test compounds on acid-stimulated stretching. (A) Effects of methylphenidate, SKF82958, and quinpirole on acid-stimulated
stretching. Abscissae: dose in mg/kg (log scale). Ordinates: number of stretches per 30 minutes. Filled symbols show significant difference from the
respective vehicle (Veh) as determined by a repeated-measures one-way ANOVA followed by Dunnett’s post-hoc test (P , 0.05). (B and C) #Significant
main effect of methylphenidate dose as determined by two-way ANOVA. All points show mean 6 S.E.M. of six to eight rats, and identical data are used
for antagonist vehicle in (B) and (C) because both drugs used the same vehicle. Statistical results are as follows. (A) Significant effect of dose for
methylphenidate [F(5,25) = 22.04, P, 0.01], SKF82958 [F(3,21) = 10.32, P, 0.01], and quinpirole [F(4,28) = 21.01, P, 0.01]. (B) Significant main effects
of methylphenidate dose [F(1,7) = 13.82, P , 0.01] but not of SCH39166 (SCH) dose, and the interaction was also not significant. (C) Significant main
effects of methylphenidate dose [F(1,7) = 11.27, P , 0.05] but not of eticlopride (Etic) dose, and the interaction was also not significant.
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several dopamine transporter inhibitors that is scheduled by
the Food and Drug Administration and has well established
abuse liability in humans (Weyandt et al., 2016). Centrally
acting D1-like agonists are not available clinically, and their
abuse potential in humans is uncertain, but SKF82958
increases ICSS and produces other preclinical signs of abuse
liability (Weed and Woolverton, 1995; Lazenka et al., 2016).
These results raise the possibility that methylphenidate and
SKF82958 effects on pain-depressed behavior may reflect
nonselective behavioral stimulation associated with abuse
liability rather than attenuation of sensitivity to the acid
noxious stimulus. However, two findings argue against this
possibility. First, both methylphenidate (present study) and
SKF82958 (Lazenka et al., 2016) were approximately 3-fold
more potent in blocking acid-induced decreases in ICSS than
in increasing control ICSS. Thus, acid-induced decreases in
ICSS could be blocked by relatively low drug doses that did not
enhance control ICSS. Second, both methylphenidate and
SKF82958 decreased acid-stimulated stretching rather than
exacerbating it. Thus, any behavioral stimulant effects of
methylphenidate and SKF82958 did not extend to stimulation
of acid-induced stretching behavior.
In this study, ICSS was maintained by stimulation of the

lateral hypothalamus because stimulation at this site activates
local neuronal cell bodies and/or descending myelinated axons
that provide excitatory input to mesolimbic dopaminergic
neurons in the ventral tegmental area, and lateral hypotha-
lamic ICSS is sensitive to manipulations that decrease meso-
limbic dopamine signaling (Carlezon andChartoff, 2007;Negus
and Miller, 2014). We found previously that intraperitoneal
lactic acid injection produced an analgesic-reversible depres-
sion in both ICSS andmesolimbic dopamine release (Leitl et al.,
2014), and results of the present study suggest that stimulation
of D1-like receptors can produce analgesic-like effects. How-
ever, ICSS can also bemaintained by stimulation of other brain
sites (Carlezon and Chartoff, 2007; Negus and Miller, 2014),
and it remains to be determined if D1-like receptor activation
would be sufficient to block pain-related decreases in either
ICSS at other brain sites or other behaviors that do not involve
direct stimulation of mesolimbic dopamine neurons.
In conclusion, this study provides evidence that dopamine

transporter inhibitors and D1-like dopamine receptor agonists
may relieve pain-related behavioral depression. Dopamine trans-
porter inhibitors and/or D1-like agonists are unlikely to have
utility as stand-alone treatment of pain, but their use may
warrant consideration under circumstances in which relief of
pain-depressed behavior is therapeutically advantageous. For
example, exercise is often a part of multimodal pain treatment
(Canadian Agency for Drugs and Technologies in Health, 2016;
Laubenstein and Beissner, 2016), but behavioral impairment
produced by either pain or sedative medications may interfere
with patient participation. The benefits of exercise in pain
treatment appear to involve mesolimbic dopaminergic mecha-
nisms (Wakaizumi et al., 2016), and drugs such as methylpheni-
date or SKF82958 may be useful as adjuncts to physical therapy.
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