
ORIGINAL INVESTIGATION

The effects of nociceptin/orphanin FQ receptor agonist Ro
64-6198 and diazepam on antinociception and remifentanil
self-administration in rhesus monkeys

Christopher A. Podlesnik & Mei-Chuan Ko &

Gail Winger & Jürgen Wichmann & Eric P. Prinssen &

James H. Woods

Received: 20 April 2010 /Accepted: 24 August 2010 /Published online: 18 September 2010
# Springer-Verlag 2010

Abstract
Rationale The synthetic nonpeptide NOP (nociceptin/
orphanin FQ peptide) receptor agonist Ro 64-6198
produces antinociception in rhesus monkeys. In rodents,
it has much more variable effects on pain responses, but
has response rate-increasing effects on punished operant
behavior and decreases drug reward.
Objectives The aim of this study was to compare Ro 64-6198
with the benzodiazepine diazepam in tests of analgesia, drug
self-administration, and response-increasing effects in rhesus
monkeys.
Results Ro 64-6198 (0.001–0.01 mg/kg, i.v.) produced
antinociception against an acute noxious stimulus (50°C
water) in the absence of sedation, whereas diazepam (0.32–
3.2 mg/kg, i.v.) did not have analgesic effects without
sedation. Diazepam (1.0–5.6 mg/kg, i.v.) and the largest dose
of Ro 64-6198 (0.32 mg/kg, i.v.) decreased lever pressing
maintained by intravenous self-administration of the mu-
opioid agonist, remifentanil, but neither effect could be
distinguished from sedative effects. Although neither drug
consistently increased responding during nonreinforcement,
such effects were observed more frequently following
diazepam administration. The effects of Ro 64-6198 on lever
pressing were blocked by the NOP-receptor antagonist, J-
113397, but not by the benzodiazepine antagonist, flumazenil.

Conclusions These findings suggest that the effects of Ro
64-6198 on operant lever pressing are mediated by NOP
receptors and that larger doses are required to impact
operant behavior when compared directly with those that
produce antinociception. Therefore, the present findings
support previous literature suggesting NOP receptors are a
viable target for pain management.
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Introduction

The endogenous nociceptin/orphanin FQ peptide (NOP)
binds to receptors located throughout the central and
peripheral nervous systems (see Lambert 2008). The
NOP receptor is considered a member of the opioid
receptor family (Mollereau et al. 1994; Foord et al.
2005) in that it shares structural features with mu-
(MOP), delta-, and kappa-opioid receptors. In addition,
NOP-receptor agonists produce actions similar to other
opioid receptor agonists at the cellular level (Meunier et
al. 1995; Rizzi et al. 2007). However, the effects of NOP-
receptor agonists are not blocked by administration of
naltrexone, a drug that traditionally antagonizes opioid
agonist effects (Ko et al. 2009; Varty et al. 2005). NOP
receptors are implicated in numerous biological and
behavioral processes, including immunity, pain, stress,
anxiety, and drug abuse/addiction (see Lambert 2008).
Investigation of integrated behavioral responses to NOP-
receptor activation in animal models has been facilitated
by the development of the selective nonpeptidic NOP-
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receptor agonist, Ro 64-6198, and antagonist, J-113397
(see Shoblock 2007).

There has been particular focus on the role of NOP
receptors in mediating pain responses. The effect of NOP-
receptor agonists on painmeasures appears to be influenced by
a number of experimental variables, including species, dose of
NOP-receptor agonist, route of administration, and the
particular test conditions (Heinricher 2005). In rodents,
systemically administered Ro 64-6198 produced antinocicep-
tive effects in some studies (e.g., Reiss et al. 2008) but no
antinociceptive effect in others (e.g., Jenck et al. 2000). In
primates, however, systemic Ro 64-6198 and the MOP
receptor agonist alfentanil produced antinociception using
both warm water and capsaicin as nociceptive stimuli in
rhesus monkeys (Ko et al. 2009). Given that monkeys' opioid
receptor systems are similar to humans (Mansour et al. 1988),
monkeys might be a more appropriate species in which to
study the behavioral effects of NOP-receptor agonists,
including nociception. These effects of Ro 64-6198 were
blocked by J-113397, but not by naltrexone. Furthermore,
unlike the MOP receptor agonist alfentanil, Ro 64-6198 did
not produce scratching, or respiratory depression, and did not
maintain intravenous self-administration. These findings in
monkeys suggest that Ro 64-6198 might produce analgesic
effects at the NOP receptor without some of the undesirable
effects typical of MOP receptor agonists.

Ro 64-6198 has shown promise as a potential therapeutic
agent for treatment of addiction using rodents as experimental
subjects. For instance, Ro 64-6198 has been shown to
diminish the rewarding effects of drugs of abuse, including
alcohol self-administration/reinstatement (Kuzmin et al. 2007)
and place conditioning with alcohol (Kuzmin et al. 2003) and
morphine (Shoblock et al. 2005). The effects of Ro 64-6198
on intravenous drug self-administration, however, have yet to
be assessed in rhesus monkeys.

The aim of the present study was to characterize further
the behavioral effects of Ro 64-6198 with rhesus monkeys
as experimental subjects. Specifically, analgesic effects
investigated by Ko et al. (2009) were explored further by
examining the duration of action of intravenous Ro 64-
6198 on acute-thermal antinociception. In addition, the
effect of Ro 64-6198 on self-administration of the short-
acting MOP receptor agonist, remifentanil, was assessed in
the presence of one stimulus context. The receptor
mechanisms mediating the effects of Ro 64-6198 on
remifentanil self-administration were assessed using the
selective NOP-receptor antagonist, J-113397. Finally, the
effects of Ro 64-6198 on responding in a context associated
with nonreinforcement provided an assessment of potential
response rate-increasing effects and effects on stimulus
control (see Hanson et al. 1967; Miczek 1973).

The effects of Ro 64-6198 were compared on each
endpoint to those produced by the benzodiazepine diazepam,

a drug that has mixed analgesic effects (Morichi and Pepeu
1979; Zambotti et al. 1991), produces some suppression of
drug self-administration (Hedlund and Wahlstrom 1998),
diminishes stimulus control (Cole 1990; Hanson et al. 1967),
and has strong response rate-increasing effects on punished
operant behavior (Rowlett et al. 2006).

Materials and methods

Subjects

Six adult (three males and three females) rhesus monkeys
(Macaca mulatta) with body weights ranging from 7.9 to
11.9 kg participated in the nociception experiment. Three
adult (two males and one female) rhesus monkeys with
body weights ranging from 11.7 to 14.1 kg participated in
the remifentanil self-administration experiment. All
monkeys were housed individually with free access to
water in stainless steel cages (83.3-cm high×76.2-cm
wide×91.4-cm deep). Diets consisted of 25 to 30 Purina
Monkey Chow biscuits (Ralston Purina Co., St. Louis, MO)
and fresh fruit daily. Housing was accredited by the
American Association for the Accreditation of Laboratory
Animal Care. Methods were in accordance with the
University Committee on the Use and Care of Animals at
the University of Michigan (Ann Arbor, MI) and the Guide
for the Care and Use of Laboratory Animals as adopted and
promulgated by the U.S. National Institutes of Health
(Bethesda, MD).

In the monkeys participating in the remifentanil self-
administration study, silicone rubber indwelling i.v. catheters
were implanted in a jugular, femoral, external jugular, or
brachial vein and were routed subcutaneously to the mid-
scapular area of each monkey. Flexible tethers protecting the
catheters were held in place by a Teflon mesh jacket (Lomir,
Quebec, Canada) and connected behind the cages to infusion
pumps. Catheters were implanted under ketamine (10 mg/kg,
i.m.) and xylazine (2 mg/kg, i.m.) anesthesia.

Experimental procedures

Acute-thermal nociception

The warm water tail-withdrawal assay was used to measure
nociceptive responses to thermal stimuli and the duration of
action of the antinociceptive effects of test compounds (Ko et
al. 1999). Monkeys were seated in primate-restraining chairs,
which allowed access to their shaved tails (approximately
15 cm). Nociception evaluation was performed by placing the
tail in a thermal flask containing water maintained at 50°C.
The time required for the monkey to remove its tail from the
warm water was recorded. If a monkey did not remove its tail

54 Psychopharmacology (2011) 213:53–60



within 20 s, the flask was removed and a maximum time of
20 s was recorded. Test sessions began with a determination
of baseline response (a control latency) to 50°C water prior to
intravenous administration of the test compound. Test
compounds (i.e., vehicle or different doses) were adminis-
tered intravenously over a 30-s period through a temporary
catheter (Angiocath, 24G/0.75″) that was placed into the
saphenous vein, and removed immediately after the infusion
was given. Tail-withdrawal latencies were determined every
30 min for 3 h after administration of the test compound. In
addition, 5 min before determination of tail-withdrawal
latency at each time point, drug-induced sedation was scored
based on a scale used previously (Ko et al. 1999).

Remifentanil self-administration

The three monkeys had prior exposure to remifentanil self-
administration under similar reinforcement schedules as
those used in the present experiment and therefore did not
require preliminary training. A panel was mounted on one
side of the cages containing three depressible levers (Model
121-07, BRS-LVE) requiring 0.10 to 0.15 N to operate.
Levers were separated by 0.3-cm dividers that extended
8 cm from the panel. Stimulus lights with a diameter of
2.5 cm were located directly above each lever. Only the left
lever and left and center stimulus lights were used in the
present experiment. Computers located in an adjacent room
operating MED-PC IV interfacing and software (Med-
Associates, Georgia, VT, USA) controlled all experimental
events.

Sessions were approximately 2-h long and conducted twice
daily (6:00 A.M. and 12:15 P.M.), 7 days per week. Each of
three components of a multiple schedule of reinforcement
was signaled by a different-colored stimulus light over the
left lever. Each component was 5-min long and was
presented eight times per session. Sessions were divided into
three-component blocks in which the order of component
presentations was randomized. Pressing the lever in two of
the components, signaled by red and green stimulus lights
over the left lever, resulted in an injection of remifentanil on
random-ratio (RR) 30 schedules of reinforcement. Thus, each
response had a 3% chance in resulting in reinforcement.
Reinforcement consisted of a 5-s infusion of 1 ml of a
solution containing 0.0001 mg/kg/inj remifentanil. During
drug delivery, the stimulus light over the left lever was turned
off and the green stimulus light over the center lever was
illuminated. This was followed by a return to the component
stimulus on the left lever. Given that the reinforcement
contingencies were identical and performance was similar
across these two components, response rates were averaged
across these components and hereafter is referred to as the
RR component. These two components were arranged to
answer a different experimental question unrelated to this

study. The third component was signaled by a white keylight
and no remifentanil was presented for lever pressing in that
component. In addition, responses made within the last 10 s
of that component delayed the onset of the following
component by an additional 10 s using a differential-
reinforcement-of-other-behavior schedule (i.e., DRO 10-s
schedule). This component hereafter is referred to as the
DRO component.

Presession treatments with drugs occurred following three
sessions of stable responding in all components, determined
by visual inspection that indicated no increasing or decreasing
trends and with at least 3 days between pretreatments. When
the agonists diazepam or Ro 64-6198 were administered, they
were injected i.v. through the catheter 10 min prior to the
experimental session. The dose-effect curve was completed
for diazepam followed by Ro 64-6198. When the antagonists
flumazenil or J-113397 were administered, they were injected
i.m. 20 min prior to the session alone or followed by the
agonists. Finally, the 0.1-mg/kg dose of Ro 64-6198 and the
3.2-mg/kg dose of diazepam were retested following evalu-
ation of the antagonists.

Drugs

Ro 64-6198 was provided by F. Hoffmann-LaRoche AG
(Basel, Switzerland). (+) J-113397 was obtained from the
National Institute on Drug Abuse (Bethesda, MD, USA).
Diazepam and flumazenil were purchased from Henry Schein
Medical Supplies (henryschein.com). Ro 64-6198, flumaze-
nil, and (+) J-113397 were dissolved in a solution of DMSO/
Tween 80/sterile water in a ratio of 1:1:8. Diazepam was
provided in solution containing 40% propylene glycol, 10%
alcohol, 5% sodium benzoate and benzoic acid and 1.5%
benzyl alcohol. In the nociception study, all drugs were
administered in a volume of 0.1 ml/kg.

Data analysis

In the antinociceptive assay, mean values (mean ± S.E.M.)
were calculated from individual values for tail-withdrawal
latencies. Individual tail-withdrawal latencies were
converted to percentage of maximum possible effect,
which was defined as test latency� control latencyð Þ=ð
cutoff latency; 20s� control latencyð ÞÞ � 100. This is a
standard approach to normalize data to determine
monkeys' thermal nociceptive responses (Butelman et
al. 1999; Ko et al. 1999). Measurement differences were
compared across all test sessions in the same experiment. Data
were analyzed by using two-way repeated measures (dose ×
time) analysis of variance followed by theNewman–Keuls test
for multiple comparisons. The criterion for significance for all
tests was set at p<0.05. In the self-administration assays, data
were collected as responses made in the presence of each of
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the stimulus lights divided by the seconds that the light was
illuminated. Data from the remifentanil self-administration
study were examined on an individual-subject basis assessing
responding on a session-by-session basis for visual stability
and effects resulting from dosing conditions.

Results

Acute-thermal nociception

Figure 1 shows the antinociceptive effects of Ro 64-6198
(top panel) and diazepam (bottom panel) as a function of
time after intravenous administration. As shown in the top
panel, Ro 64-6198 produced dose- [F(3,15)=54.4; p<0.05]
and time- [F(5,25)=83.8; p<0.05] dependent increases in
tail withdrawal latency. Post hoc comparisons indicated
differences from vehicle at 30 and 60 min for all doses and
up to 120 min for the largest dose (0.01 mg/kg). For all
doses, peak effects occurred during the first observation
period of 30 min, as well at 60 min for the 0.01 mg/kg

dose. At the 30- and 60-min time points, the 0.01-mg/kg
dose induced the maximal effect of a 20-s latency.
Although Ro 64-6198 produced antinociception at doses
between 0.001 and 0.01 mg/kg, at these doses this
compound did not cause sedation, according to the sedation
rating scale described by Ko et al. (1999). As shown in the
bottom panel of Fig. 1, diazepam also produced dose- [F
(3,15)=3.3; p<0.05] and time- [F(5,25)=14.8; p<0.05]
dependent increases in latency to withdraw the tail from
50°C water. Post hoc comparisons indicated that the largest
dose of 3 mg/kg of intravenous diazepam produced slight
but significant antinociception during the first hour.
However, this mild antinociceptive effect was associated
with sedation as monkeys showed heavy eyelids but
responded to noises in the procedure room (i.e., scores of
2–3 in the sedation rating scale of Ko et al. 1999). These
scores are midway between no sedation observed and
completely alert (score of 0) to completely sedated and
unresponsive to touch (score of 6).

Remifentanil self-administration

Figure 2 shows response rates for individual monkeys
averaged across the two RR components and in the DRO
component during baseline and following intravenous
injections of Ro 64-6198 (0.03–0.3 mg/kg) in the left
column and diazepam (0.3–5.6 mg/kg) in the right column.
In all monkeys, mean baseline (BL) response rates in the
RR component were between 0.7 and 1.0 response per
second and below 0.1 response per second in the DRO
component. The left column reveals a response rate-
decreasing effect on RR component responding with
increasing dose of Ro 64-6198 and little to no change in
response rates in the DRO component at any dose. Small
response rate increases in the DRO component occurred for
monkeys Ki and Pe with the 0.1-mg/kg dose, but those
effects were not consistent. Informal observations indicated
that Ro 64-6198 produced sedative effects at the 0.3-mg/kg
dose.

The right column of Fig. 2 shows that response rates in
the RR component decreased with increasing doses of
diazepam in all monkeys. Diazepam dose dependently
increased monkey Me's responding in the DRO component
across a range of doses (1.0–3.0 mg/kg). Monkey Ki's
response rates increased at the 1.8-mg/kg dose and to a
lesser extent at the 3.0-mg/kg dose, although these
increases were not consistent across determinations, as
indicated by no increase at the 1.8-mg/kg dose replication.
Finally, there were no clear or consistent increases in
responding in the DRO component for monkey Pe.

Figure 3 shows the effects of the NOP-receptor antago-
nist, J-113397 (0.1 mg/kg, i.v.), and the benzodiazepine
antagonist, flumazenil (1.0 mg/kg, i.v.) on remifentanil self-
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Fig. 1 Antinociceptive effects of intravenously administered Ro 64-
6198 (top panel) and diazepam (bottom panel) against an acute
noxious stimulus, 50°C water. Each point represents mean and error
bars represent S.E.M. (n=6). Symbols represent different dosing
conditions in the same monkeys. Asterisks represents a significant
difference from the vehicle condition at the corresponding time point
(*, p<0.05)
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administration. When administered in the absence of Ro 64-
6198 and diazepam, neither J-113397 nor flumazenil
produced systematic changes in response rates in the RR or
DRO components (labeled as BL in figure). In the left
column, J-113397 diminished the response rate-decreasing
effect of the 0.3-mg/kg dose of Ro 64-6198 in the RR
component in all monkeys. Conversely, the effects of
flumazenil followed by Ro 64-6198 were not different from
the effects of Ro 64-6198 given alone. Neither flumazenil
nor J-113397 consistently altered the effects of any dose of
Ro 64-6198 in the DRO component. The right column
shows that flumazenil blocked the response rate-decreasing
effects of the largest diazepam doses examined in the three
monkeys. Conversely, J-113397 did not block the rate-
decreasing effects of diazepam in the RR component for any
monkey. For monkey Me, flumazenil blocked increases in
response rates produced by 3.2 mg/kg diazepam in the DRO
component, but J-113397 did not. For monkeys Ki and Pe,
response rates in the DRO component were not altered
consistently by flumazenil or J-113397 under any dosing
condition. Given the lack of systematic effects of diazepam
on DRO component responding for monkeys Ki and Pe, it is
difficult to make any general statements about how
flumazenil or J-113397 impacted the effects of diazepam
on responding in the DRO component.

Discussion

Intravenous Ro 64-6198 induced antinociceptive effects in
rhesus monkeys; diazepam had no antinociceptive effects at
doses less than those producing sedation. Ro 64-6198 and
diazepam both decreased lever pressing maintained by
remifentanil self-administration; the dose of Ro 64-6198
required to produce these decreases were substantially
larger than those producing antinociception. Importantly,
NOP-receptors and benzodiazepine-receptor sites mediated
decreases in remifentanil self-administration with Ro 64-
6198 and diazepam, respectively: the NOP antagonist, J-
113397, but not the benzodiazepine antagonist, flumazenil,
attenuated the effects Ro 64-6198; flumazenil but not J-
113397 attenuated the effects of diazepam. Finally,
increases in nonreinforced responding were inconsistent
for both drugs but more apparent with diazepam than Ro
64-6198. These findings demonstrate that Ro 64-6198 and
diazepam are behaviorally and pharmacologically distinct
in rhesus monkeys.

The antinociceptive effects of intravenous Ro 64-6198 in the
present study were consistent with the effects of NOP-receptor
agonists in other studies in rhesus monkeys. NOP-receptor
agonists appear to have clear and consistent antinociceptive
effects in the monkey following systemic (Ko et al. 2009) and

Fig. 2 Response rates in the RR
and DRO component during
baseline (BL) and as a function
of dose of intravenous Ro 64-
6198 (left column) and diazepam
(right column). Symbols not
connected by line are replica-
tions following determinations
with antagonists
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intrathecal (Hu et al. 2010; Ko and Naughton 2009; Ko et al.
2006) administration. In rodents, however, both anti- and pro-
nociceptive effects of NOP-receptor agonists have been
reported across a range of experimental conditions (Heinricher
2005). Differences between monkeys and rodents in pain
responses to NOP-receptor agonists might be a result of
differences in NOP-receptor localization (Berthele et al. 2003;
Bridge et al. 2003). The extent to which species differences
are responsible for these effects is unclear at this time because
the effect of NOP-receptor systems in responses to pain have
not been examined nearly as extensively in monkeys as in
rodents. Given that the analgesic effects of Ro 64-6198 in the
present study were large and occurred in the absence of
sedation, the present findings add to the existing literature
suggesting NOP receptors as a potential target as therapeutics
for pain management in humans.

In addition to pain management, NOP-receptor agonists
have been implicated as a target for treating drug abuse and
addiction (Lambert 2008; Shoblock 2007). In the present
study, Ro 64-6198 decreased remifentanil self-administration,
consistent with studies suggesting NOP-receptor agonists
attenuate the rewarding effects of some drugs of abuse. For
instance, studies in rodents have found Ro 64-6198 disrupts

acquisition and reinstatement of morphine conditioned place
preference (Shoblock et al. 2005). Moreover, NOP-receptor
agonists decreased morphine-induced dopamine release in the
nucleus accumbens, part of the brain reward pathway (Di
Giannuario and Pieretti 2000). It is unclear, however, whether
purported attenuation of drug reward by Ro 64-6198 can be
demonstrated in the absence of its sedative effects (Shoblock
2007). In the present study, while Ro 64-6198 consistently
decreased remifentanil self-administration in all monkeys, it
did so only at the largest dose tested (0.32 mg/kg, i.v.), and
only under conditions of general sedation. Decreases in motor
activity are a primary effect of Ro 64-6198 in rodents
(Higgins et al. 2001; Jenck et al. 2000; Varty et al. 2005)
and provide an index of doses with limited therapeutic
potential. Because Ro 64-6198-induced decreases in rates of
remifentanil self-administration were not distinguished from a
general disruption in operant behavior in the present study, it
is difficult to suggest that this drug might have a selective
effect in the treatment of drug abuse. Moreover, potential
interactions between remifentanil, a MOP receptor agonist and
Ro 64-6198, a NOP-receptor agonist, reflect the need for
additional studies assessing the effects of Ro 64-6198 on
responding maintained by other reinforcer types (e.g., food,

Fig. 3 Effects of J-113397 and
flumazenil on response rates in
the RR and DRO component
during baseline (BL) and as a
function of dose of intravenous
Ro 64-6198 (left column) and
diazepam (right column). Note
that mean effects of Ro 64-6198
and diazepam alone from Fig. 2
on RR and DRO component
responding are presented as
solid and dashed lines,
respectively
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water, other drugs) in rhesus monkeys to substantiate this
claim.

Anxiolytic-like effects have been one of the most promising
endpoints of Ro 64-6198 when studied in rodents (Shoblock
2007). Ro 64-6198 produces anxiolytic-like effects in rodents
both in ethological tests (e.g., vocalizations) and response-rate
increases in conflict procedures (e.g., Varty et al. 2005).
Unlike in those studies, the present study assessed response
rate-increasing effects during a context of nonreinforcement
(i.e., the DRO component), procedures that are likely more
well-suited for assessing disruptions in stimulus control than
anxiolytic-like effects (Cole 1990; Hanson et al. 1967).
Neither Ro 64-6198 nor diazepam produced consistent
increases in responding during the DRO component, although
diazepam tended to increase responding during the DRO
component more frequently. These findings suggest that Ro
64-6198 produces little response-rate increases or disruption
in control by discriminative stimuli. Nonetheless, it would be
useful to compare anxiolytic-like effects of diazepam and Ro
64-6198 in traditional conflict procedures with rhesus
monkeys (e.g., Rowlett et al. 2006).

The present findings also provide additional pharmaco-
logical evidence that the behavioral effects of Ro 64-6198
in rhesus monkeys are mediated by NOP receptors.
Specifically, the suppression of remifentanil self-
administration by Ro 64-6198 was attenuated by pretreat-
ment with the NOP-receptor antagonist, J-113397, but not
by the benzodiazepine-receptor-site antagonist, flumazenil.
Likewise, the effects of diazepam were reduced by
flumazenil, but not by J-113397. These findings join those
demonstrating thermal antinociceptive effects of Ro 64-
6198 that were blocked dose dependently by J-113397 but
not by naltrexone (e.g., Ko et al. 2009). Therefore, the
present findings do suggest that behavioral effects of Ro
64-6198 are mediated by NOP receptors in rhesus
monkeys, even at large doses that sedate and disrupt
operant performance.

Doses of Ro 64-6198 producing therapeutic-like effects
and those producing negative side effects are different
across rodent species (Shoblock 2007). For instance, the
therapeutic window between anxiolytic-like effects and
those producing motor disturbances appears larger for rats
than for mice (Varty et al. 2005). The present findings in
primates suggest a fairly large therapeutic window between
doses producing antinociceptive effects (0.001–0.01 mg/kg)
and those producing sedation (0.32 mg/kg). In addition,
because both effects were antagonized by J-113397, the
present findings suggest that these behavioral effects of Ro
64-6198 are mediated by NOP receptors and that Ro 64-
6198 could be a useful analgesic at doses producing few
motor disturbances. Overall, these findings add to the
literature suggesting that NOP receptors are promising
targets for pain management.
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