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BACKGROUND AND PURPOSE
Nociceptin/orphanin FQ (N/OFQ) peptide (NOP) receptor agonists display a promising analgesic profile in preclinical studies.
However, supraspinal N/OFQ produced hyperalgesia in rodents and such effects have not been addressed in primates. Thus,
the aim of this study was to investigate the effects of centrally administered ligands on regulating pain and itch in non-human
primates. In particular, nociceptive thresholds affected by intracisternal N/OFQ were compared with those of morphine and
substance P, known to provide analgesia and mediate hyperalgesia, respectively, in humans.

EXPERIMENTAL APPROACH
Intrathecal catheters were installed to allow intracisternal and lumbar intrathecal administration in awake and unanaesthetized
rhesus monkeys. Nociceptive responses were measured using the warm water tail-withdrawal assay. Itch scratching responses
were scored from videotapes recording behavioural activities of monkeys in their home cages. Antagonist studies were
conducted to validate the receptor mechanisms underlying intracisternally elicited behavioural responses.

KEY RESULTS
Intracisternal morphine (100 nmol) elicited more head scratches than those after intrathecal morphine. Distinct dermatomal
scratching locations between the two routes suggest a corresponding activation of supraspinal and spinal μ receptors. Unlike
intracisternal substance P, which induced hyperalgesia, intracisternal N/OFQ (100 nmol) produced antinociceptive effects
mediated by NOP receptors. Neither peptide increased scratching responses.

CONCLUSIONS AND IMPLICATIONS
Taken together, these results demonstrated differential actions of ligands in the primate supraspinal region in regulating pain
and itch. This study not only improves scientific understanding of the N/OFQ-NOP receptor system in pain processing but
also supports the therapeutic potential of NOP-related ligands as analgesics.

Abbreviations
N/OFQ, nociceptin/orphanin FQ; NOP receptor, N/OFQ peptide receptor
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Introduction
Pain symptoms derived from various clinical disorders are
treated with widely used opioid analgesics (Nuckols et al.,
2014). The systemic effects of these analgesics are generally
considered to be the integrative outcome of drug actions at
peripheral, spinal and supraspinal sites (Sawynok and Liu,
2014). In the past, non-human primates have been used to
characterize the systemic effects of opioid analgesics (Negus
et al., 1998; Butelman et al., 2004; Sukhtankar et al., 2014),
but only in a few studies focusing on the spinal or supraspinal
drug effects (Ko et al., 1999; 2006; Hu et al., 2010). Given that
the use of non-human primates provides the most phyloge-
netically appropriate evaluation of the pharmacodynamic
and pharmacokinetic actions of drugs (Lin and Ko, 2013;
Phillips et al., 2014), it is important to define the drug actions
at both spinal and supraspinal levels in non-human primates
to enhance the translatability of the preclinical outcomes to
humans.

Spinal administration of morphine provides pain relief by
activating μ receptors, but it often produces undesirable side
effects such as itch and pruritus (Ganesh and Maxwell, 2007;
Dominguez and Habib, 2013). Importantly, non-human
primate models have been established to simulate the thera-
peutic profile of spinal morphine in humans. In particular,
intrathecal administration of morphine produces long-
lasting antinociception and itch scratching responses on the
trunk that correspond with the activation of spinal
μ-receptors (Ko and Naughton, 2000; Ko et al., 2006). None-
theless, the effects of morphine at the supraspinal level have
not been studied in non-human primates. Given the broad
expression of μ-receptors in the CNS (Mansour et al., 1988;
Peckys and Landwehrmeyer, 1999; Sim-Selley et al., 1999), it
will be valuable to determine whether intracisternal admin-
istration of morphine produces antinociception. More
importantly, intracisternal versus lumbar intrathecal
morphine-elicited dermatomal scratching can be studied to
determine whether they correspond with the activation of
supraspinal versus spinal μ-receptors.

Nociceptin/orphanin FQ (N/OFQ) is the endogenous
peptide agonist of the N/OFQ peptide receptor (NOP)
(Meunier et al., 1995; Reinscheid et al., 1995). The N/OFQ-
NOP receptor system has been implicated in a wide range of
biological actions. In particular, NOP-related ligands show

promise to be developed as novel spinal analgesics without
morphine-associated side effects (Lambert, 2008; Calo and
Guerrini, 2013; Lin and Ko, 2013; Molinari et al., 2013).
Spinal administration of N/OFQ produces antinociception in
both rodents (Xu et al., 1996; Tian et al., 1997) and non-
human primates (Ko et al., 2006; Ko and Naughton, 2009).
However, when delivered supraspinally, N/OFQ elicits hyper-
algesic effects in rodents (Meunier et al., 1995; Reinscheid
et al., 1995; Calo et al., 1998). To date, the effects of supraspi-
nal N/OFQ in non-human primates are still unknown. In line
with the opposing effects of spinal and supraspinal N/OFQ in
rodents, it is interesting to note that systemic administration
of a selective non-peptidic NOP agonist Ro64-6198 did not
produce antinociception in rodents (Jenck et al., 2000). In
contrast, systemic Ro64-6198 produces full antinociceptive
effects in non-human primates (Ko et al., 2009; Cremeans
et al., 2012; Sukhtankar et al., 2014). These findings suggest a
functional species difference in the systemic effects of ligands
of NOP receptors. Nevertheless, considering the possible sys-
temic integration of drug effects at spinal and supraspinal
levels, it is crucial to investigate the supraspinal effects of
N/OFQ in non-human primates (Lin and Ko, 2013; Schröder
et al., 2014). Such studies will not only provide pharmaco-
logical evidence of N/OFQ actions at the supraspinal level – a
long-standing query in the N/OFQ-NOP receptor system – but
also allow scientists to define the role of diverse neuropep-
tides in modulating somatosensory processes in the supraspi-
nal region of non-human primates.

The aim of this study was to investigate behavioural
responses to intracisternal and lumbar intrathecal adminis-
tration of ligands that differentially regulate pain and itch
sensation in non-human primates. Previously, drug delivery
through the intracisternal or lumbar intrathecal route in non-
human primates required anaesthesia to perform the injec-
tion procedure (Lipman et al., 1988; Ko and Naughton, 2000;
Broadbear et al., 2004). Anaesthesia prevents the behavioural
measurement of immediate drug effects and daily repeated
central administration. Therefore, in this study, we first set
out to establish a non-human primate model of intrathecal
catheterization to enable drug delivery through the catheter
tip located in the lumbar region for spinal administration or
located in the cisterna magna for supraspinal administration.
Second, intracisternal morphine-elicited scratching locations
were compared with those of lumbar intrathecal morphine to
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distinguish supraspinal versus spinal drug actions. Third,
nociceptive thresholds affected by intracisternal N/OFQ were
compared with morphine and substance P, which are known
to provide analgesia and mediate hyperalgesia, respectively,
in humans (Wang et al., 1979; Angst et al., 2000; Larson et al.,
2000; Seybold, 2009).

Methods

Animals
All animal care and experimental procedures were conducted
in accordance with the Guide for the Care and Use of Laboratory
Animals as adopted and promulgated by the US National
Institutes of Health (Bethesda, MD, USA) and approved by
the Institutional Animal Care and Use Committee in Wake
Forest University School of Medicine (Winston-Salem, NC,
USA). All care and procedures were as humane as possible.
Studies are reported in accordance with the ARRIVE guide-
lines for reporting experiments involving animals (Kilkenny
et al., 2010; McGrath et al., 2010).

Eight adult male and female rhesus monkeys (Macaca
mulatta), 10–17 years, 5.8–14.6 kg, were kept at an indoor
facility accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International (Fred-
erick, MD, USA). Animals were individually housed in stain-
less steel cages in species-specific rooms with environmental
controls set to maintain 21–25°C, 40–60% relative humidity
and a 12 h light (06:30–18:30)/12 h dark (18:30–06:30) cycle.
Their daily diet consisted of approximately 25–30 biscuits
(Purina Monkey Chow; Ralston Purina Co., St. Louis, MO,
USA), fresh fruit and water ad libitum. Small amounts of
primate treats and various cage-enrichment devices were sup-
plied as forms of environmental enrichment. Animals were
not exposed to any opioid compound for 1 month prior to
the present study. All monkeys used had previously been
trained in the warm water tail-withdrawal assay and accli-
mated to being video-recorded in-cage.

Procedures
Intrathecal catheterization surgery. Prior to the surgery,
animals were given atropine (0.04 mg·kg−1, s.c.), buprenor-
phine (0.01–0.03 mg·kg−1, i.m.), dexamethasone (2 mg·kg−1,
i.v.) and cefotaxime (500 mg, i.v.) for pain management and
to prevent inflammation and infection. Animals were then
anaesthetized with ketamine (10 mg·kg−1, i.m.). A catheter
was placed in a saphenous vein for administration of lactated
Ringer’s solution during the surgery. The animals were intu-
bated and maintained under anaesthesia with inhaled isoflu-
rane (1–2% in 1 L/min O2). The surgical sites were prepared
for strict aseptic surgery by cleansing with povidone-iodine
followed by 70% isopropyl alcohol. Vital signs including
heart rate, respiration rate, indirect blood pressure and body
temperature were monitored during the surgery as well
as in immediate post-operative recovery. Animals received
buprenorphine (0.02 mg·kg−1, i.m.) and meloxicam
(0.15 mg·kg−1, s.c.) as post-operative analgesics and ceftiofur
(2.2 mg·kg−1, i.m.) as the post-operative antibiotic. Post-
operative care and incision site observations were performed
daily for 14 days or until fully healed.

A dorsal midline incision centred over the L4-5 vertebral
segment was made for lumbar intrathecal catheterization. A
4–5 mm hole (hemilaminectomy) was drilled in the left
lateral aspect of the L4 or 5 vertebral body to expose the dura
mater. A small incision was then made in the dura mater/
arachnoid membrane. The intrathecal catheter (3.0 Fr
CBAS®, Instech Solomon catalogue number MIDLOA-CBAS-
C30, Plymouth Meeting, PA, USA) was then inserted into the
intrathecal space and advanced rostrally so as to place the
catheter tip in the lumbar region (approximately L1-2, spinal
level) or in the cisterna magna (approximately C1-2, supraspi-
nal level). Eight monkeys were randomly divided into two
groups (n = 4 per group). The catheter tip was placed in the
lumbar region of one group of animals or in the cisterna
magna of the other group. Confirmation of placement of the
catheter within the intrathecal space was determined by
observing CSF flow by gravity from the tip of the catheter.
The skin incision was lengthened so as to expose the lumbo-
dorsal fascia on the opposite side of where the hemilaminec-
tomy was created for placement of a s.c. access port (Instech
Solomon MIDLO LOVOL™). The catheter from the lumbar
intrathecal space was routed s.c. from the hemilaminectomy
site to the vascular access port site, and was attached to the
port. All wounds were closed in multiple layers using appro-
priately sized, long-absorbing suture material.

Intrathecal catheter placement and patency were con-
firmed by radiography before and after the experiments. The
animals were sedated with ketamine (10 mg·kg−1, i.m.); the
area around the implanted intrathecal catheter was shaved
and prepared aseptically with povidone-iodine and 70% iso-
propyl alcohol scrubs. A sterile Huber Point needle was used
to inject 1 mL of Omnipaque 300 contrast (GE Healthcare
Inc., Princeton, NJ, USA); radiographic images were taken in
ventral-dorsal projection both before and 30 min after the
injection. Upon completion of the radiographic imaging, the
catheters were flushed with 0.5 mL saline and the animals
were returned to their home cages and monitored during
recovery from anaesthesia.

Nociceptive responses. The warm water tail-withdrawal assay
was used to evaluate thermal antinociceptive or pronocicep-
tive drug effects (Ko and Naughton, 2009). Monkeys were
seated in primate restraint chairs in the designated procedure
room, and the lower parts of their shaved tails (approxi-
mately 15 cm) were immersed in a thermal flask containing
water maintained at either 42, 46 or 50°C. Water at 42 and
46°C was used as non-noxious stimuli, and 50°C water was
used as an acute noxious stimulus. Tail-withdrawal latencies
were measured at each temperature using a computerized
timer by experimenters who were unaware of the experimen-
tal conditions. If the monkeys did not remove their tails
within 20 s (cut-off), the flask was removed and a maximum
time of 20 s was recorded. Test sessions began with baseline
measurements at each temperature. Subsequent tail-
withdrawal latencies were measured at 15, 30, 45 and 60 min
after intracisternal or lumbar intrathecal administration.

Itch scratching responses. Monkeys were recorded in their
home cages for scratching behaviour, which has been associ-
ated previously with itch sensation (Ko et al., 2004). Each
60 min recording session was conducted at 5 min immedi-
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ately after intracisternal or lumbar intrathecal drug adminis-
tration in the designated procedure room. As noted, a
maximum of 5 min were needed to transport monkeys from
the procedure room to their home cages. A scratch was
defined as one brief (<1 s) episode of scraping contact of the
forepaw or hind paw on the skin surface of the area above the
shoulder (defined as head scratches, i.e. skin dermatomes
corresponding with cervical nerves C1-C4 and trigeminal
nerves) or the area below the shoulder (defined as body
scratches, i.e. skin dermatomes corresponding with cervical
nerves C5-C8, all thoracic, lumbar and sacral nerves). Head,
body and total scratches were counted and summed for each
15 min time block, as well as the entire 60 min recording
session by experimenters who were unaware of the experi-
mental conditions.

Experimental designs
The first part of the study was to measure the behavioural
effects of intracisternal morphine sulphate (100 nmol) and to
compare these effects with those of lumbar intrathecal mor-
phine at the same dose. This dose was selected based on
previous studies (Ko et al., 2006; Hu et al., 2010) showing
maximal scratching responses and antinociception. Both
nociceptive responses and scratching responses were deter-
mined during a 1 h time course after administration. The
percentage of head and body scratches was compared, follow-
ing intracisternal or lumbar intrathecal morphine, to distin-
guish the magnitudes and temporal changes of dermatomal
scratching responses.

The second part of the study was to investigate the behav-
ioural effects elicited by intracisternal N/OFQ (0, 10 and
100 nmol). Intracisternal substance P and morphine, within
the same dose range (10–100 nmol), were given to show
pronociceptive and antinociceptive actions, respectively, as
compared with those of N/OFQ in the same animals. Intrac-
isternal saline was given as an experimental control. The
tail-withdrawal latencies in 46 and 50°C water were measured
to detect potential pronociceptive or antinociceptive effects.
Total scratches in each 15 min time block as well as the entire
60 min recording session were also determined. Antagonist
studies using the NOP receptor antagonist (J-113397,
0.1 mg·kg−1, s.c.) (Ko et al., 2009) and μ-receptor antagonist
(naltrexone, 0.1 mg·kg−1, s.c.) (Ko et al., 2004) with a 15 min
pretreatment were conducted to validate the receptor mecha-
nisms underlying behavioural responses of intracisternal
N/OFQ (100 nmol) or morphine (100 nmol). The antagonist
dose and pretreatment time were chosen based on previous
studies showing that J-113397 and naltrexone produced NOP
and μ-receptor antagonist effects, respectively, in this species
(Ko et al., 2004; 2009). The effects of intracisternal N/OFQ
(10–100 nmol) combined with morphine (100 nmol) were
also measured in order to determine if N/OFQ produced any
anti-morphine action. All dosing conditions were rand-
omized in the same group of animals for this study.

Data analysis
Mean values (mean ± SEM) were calculated from individual
values for all behavioural end points. Comparisons were
made for the same monkeys across all test sessions in the
same experiment. The time course of tail-withdrawal laten-

cies and scratching responses in each 15 min time block were
analysed by two-way ANOVA with repeated measures, followed
by Bonferroni’s multiple comparisons test. Scratching
responses in the entire 60 min recording session were ana-
lysed by one-way ANOVA with repeated measures, followed by
Bonferroni’s multiple comparisons test. The criterion for sig-
nificance for all tests was set at P < 0.05.

Materials
N/OFQ, morphine sulphate, naltrexone HCl (National Institute
on Drug Abuse, Bethesda, MD, USA) and substance P (Sigma-
Aldrich, St. Louis, MO, USA) were dissolved in sterile water.
J-113397 (Tocris Bioscience, Minneapolis, MN, USA) was dis-
solved in a solution of dimethyl sulfoxide/Tween 80/sterile
water in a ratio of 1:1:8. For central administration, a total
volume of 1 mL was administered intracisternally or lumbar
intrathecally through the s.c. access port followed by 0.35 mL of
sterile saline to flush out the dead volume of the port and
catheter. For s.c. administration, naltrexone and J-113397 were
administered in a volume of 0.1 mL·kg−1. There was a minimum
of 1 week interval between drug administrations.

Results

The feasibility and success of surgical lumbar intrathecal
catheterization in monkeys is demonstrated in Figure 1. The
correct placement of the catheter tip in the cisterna magna
was confirmed by comparing radiograph images taken at

Figure 1
Representative radiographic images of a catheterized monkey with
the catheter tip located in the cisterna magna (C1-2). (A) Image in
ventral-dorsal projection taken 30 min after administration of Omni-
paque 300 contrast. (B) Zoomed-in image of the boxed area in panel
A showing the catheter tip with an arrow. (C) Image taken immedi-
ately before administration of the contrast as a baseline control.
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0 min before (Figure 1C) and 30 min (Figure 1A and B) after
administration of Omnipaque 300 contrast.

The behavioural effects of 100 nmol morphine adminis-
tered intracisternally were compared with those of the same
dose administered lumbar intrathecally, in monkeys.
Both intracisternal and lumbar intrathecal morphine
produced significant antinociceptive effects as manifested by

increased tail-withdrawal latencies in 50°C water in a
time-dependent manner [F(4,24) = 150.6; P < 0.05]
(Figure 2A). Morphine administered by either route also
evoked profound scratching responses in a time-dependent
manner [F(3,18) = 13.64; P < 0.05] that peaked 20–35 min
after administration and were sustained at a similar level
throughout the remaining observation period (Figure 2B).

Figure 2
Comparison of behavioural responses elicited by intracisternal and lumbar intrathecal morphine (100 nmol). (A) Time course of thermal
nociceptive responses evaluated by measuring tail-withdrawal latency in 50°C water at baseline (BL) before and 15, 30, 45 and 60 min after
administration. *P < 0.05, significantly different from the baseline for all time points for both intracisternal and lumbar intrathecal morphine. (B–F)
Time course of scratching responses in each 15 min time block during a 60 min observation period. Behavioural responses were recorded 5 min
after morphine administration. The number of total scratches (B), head and body scratches (C and D), were counted and the percentage of head
and body scratches (E and F) were calculated. Each data point represents mean ± SEM (n = 4). *P < 0.05, significant difference between
intracisternal and lumbar intrathecal morphine at the corresponding time point.
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There was no statistical difference in the magnitudes of anti-
nociceptive effects and the total scratching numbers between
intracisternal and intrathecal morphine (Figure 2A and B).

To define a potential difference in itch scratching patterns
elicited by intracisternal versus lumbar intrathecal morphine,
scratches above the shoulder (head scratches) and scratches
below the shoulder (body scratches) were counted separately.
Figure 2C and D shows that intracisternal and lumbar
intrathecal morphine time-dependently evoked scratches on
both head [F(3,18) = 6.14; P < 0.05] and body [F(3,18) = 14.31;
P < 0.05]. Intracisternal morphine elicited more head
scratches and less body scratches than lumbar intrathecal
morphine starting at 5–20 min after drug administration.
Moreover, the percentage of head and body scratches were
compared to illustrate distinct scratching patterns between
intracisternal and lumbar intrathecal morphine [F(1,6) =
48.79; P < 0.05] (Figure 2E and F). Lumbar intrathecal mor-
phine elicited about 80% body scratches and 20% head
scratches. This pattern stayed the same throughout the entire
60 min observation session. In contrast, during 5–20 min

after administration, intracisternal morphine elicited about
90% head scratches and only 10% body scratches. This
scratching pattern changed significantly in a time-dependent
manner [F(3,18) = 27.19; P < 0.05]. As time progressed, the
percentage of head scratches decreased whereas the percent-
age of body scratches increased. Specifically, at each of the
first three 15 min observation sessions (i.e. 5–20, 20–35 and
35–50 min after administration), intracisternal morphine
elicited a significantly higher percentage of head scratches
than did lumbar intrathecal morphine (Figure 2E) whereas
lumbar intrathecal morphine elicited a significantly higher
percentage of body scratches than did intracisternal mor-
phine (Figure 2F). At the last 15 min observation session (i.e.
50–65 min after administration), there was no significant dif-
ference between intracisternal and lumbar intrathecal mor-
phine in terms of their scratching locations (Figure 2E and F).

The distinct changes in the thermal nociceptive thresh-
olds of monkeys to intracisternal N/OFQ, substance P and
morphine, used in doses of 10 and 100 nmol are summarised
in Figure 3. In 46°C water, a non-noxious stimulus, intracis-

Figure 3
Comparison of thermal nociceptive responses of intracisternal N/OFQ, substance P and morphine at the dose of 0, 10 and 100 nmol. (A–C) Time
course of tail-withdrawal latency in 46°C water. (D–F) Time course of tail-withdrawal latency in 50°C water. Behavioural responses were measured
15, 30, 45 and 60 min after intracisternal administration. Each data point represents mean ± SEM (n = 4). *P < 0.05, significantly different from
vehicle, for all time points.
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ternal substance P dose-dependently produced hyperalgesic
effects [F(2,6) = 204.3; P < 0.05], whereas both N/OFQ and
morphine had no effects (Figure 3A, B and C). In 50°C water,
a noxious stimulus, intracisternal substance P at either 10
or 100 nmol did not produce antinociceptive responses
(Figure 3D). In contrast, both N/OFQ [F(2,6) = 50.3; P < 0.05]
and morphine [F(2,6) = 278.4; P < 0.05] produced antinocic-
eptive responses in 50°C water in a dose-dependent manner
(Figure 3E and F). Intracisternal N/OFQ-induced antinocicep-
tion was reversed by the NOP receptor antagonist J-113397
(Supporting Information Fig. S1). In addition, intracisternal
N/OFQ (10 or 100 nmol), when given together with mor-
phine (100 nmol) did not affect intracisternal morphine-
induced antinociception against 50°C water [F(2,6) = 0.6; P >
0.05] (Supporting Information Fig. S2).

The distinct scratching responses of monkeys receiving
intracisternal N/OFQ, substance P or morphine are shown in
Figure 4. Although 100 nmol intracisternal N/OFQ and sub-
stance P produced antinociceptive and hyperalgesic effects,
respectively, as shown in Figure 3, they did not elicit scratch-
ing responses (Figure 4A, B, D and E). In contrast, intracister-
nal morphine evoked significant scratching responses in a
dose- [F(2,6) = 33.43; P < 0.05] and time-dependent [F(3,9) =
4.36; P < 0.05] manner (Figure 4C and F). Intracisternal
morphine-elicited scratching was blocked by the μ-receptor
antagonist naltrexone (Supporting Information Fig. S3). It is
worth noting that intracisternal administration of N/OFQ,
substance P and morphine at any of the doses tested here did
not cause any observable side effects, including sedation and
motor impairment.

Figure 4
Comparison of scratching responses of intracisternal N/OFQ, substance P and morphine at the dose of 0, 10 and 100 nmol. (A–C) Time course
of total scratches in each 15 min time block. (D–F) Total scratches in the entire 60 min observation period. Behavioural responses were recorded
for a total of 60 min starting at 5 min after intracisternal administration. Each data point represents mean ± SEM (n = 4). *P < 0.05, significantly
different from vehicle, at the corresponding time point (C) or as total responses (F).
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Discussion
To our knowledge, this is the first study to establish the
lumbar intrathecal catheterization surgery in non-human pri-
mates to study drug actions at both supraspinal and spinal
levels. There are two major novel findings reported here. First,
intracisternal morphine elicited much more head scratching
than did lumbar intrathecal morphine. Dermatomal scratch-
ing locations elicited by intracisternal and lumbar intrathecal
morphine revealed a corresponding activation of supraspinal
and spinal μ-receptors. Second, intracisternal N/OFQ pro-
duced antinociceptive effects in non-human primates, which
advances our knowledge of the N/OFQ-NOP receptor system
in the supraspinal region.

Conventionally, anaesthesia is required in non-human
primates to deliver drugs directly to the CNS (Ko et al., 1999;
Ko and Naughton, 2000; Broadbear et al., 2004) or collect CSF
(Yu et al., 1997; Clingerman et al., 2010). Anaesthesia makes
it easier to perform acute puncture in the lumbar or cisterna
magna, but it prevents the measurement of early drug
actions. With proficient surgical techniques, we can install
and maintain lumbar intrathecal catheterization in non-
human primates. All animals in this study recovered well
from the surgery without complications. As indicated by
radiographic imaging (Figure 1), the catheter tip was success-
fully placed and maintained in the cisterna magna for
supraspinal drug delivery. The catheterization and tip place-
ment is surgically challenging and extreme caution needs to
be taken to avoid nerve damage. Nonetheless, with successful
surgical outcomes, animals with implanted catheters allow
easy drug delivery lumbar intrathecally or intracisternally.
This study represents an improvement for studying drug
actions in the CNS of awake, unanaesthetized non-human
primates.

Similar to lumbar intrathecal morphine (Ko and
Naughton, 2000; Ko et al., 2004), intracisternal morphine
produced full antinociceptive effects and elicited robust
itch scratching responses (Figure 2A and B). Approximately
during the first 30 min after administration, intracisternal
morphine elicited most head and facial scratches. In contrast,
lumbar intrathecal morphine elicited the most body (trunk
and limbs) scratches. Distinct scratching locations between
the two routes are consistent with skin dermatomes that
correspond with trigeminal and spinal nerves (Lee et al.,
2008). Interestingly, the percentage of intracisternal
morphine-induced head scratches decreased gradually
whereas the percentage of body scratches increased over a
60 min observation session (Figure 2E and F). This phenom-
enon may be due to a caudal distribution of intracisternal
morphine along with CSF and reflects the temporal and
spatial changes in the sites of action for intracisternal
morphine-induced scratching. More importantly, these
scratching responses were naltrexone-reversible (Supporting
Information Fig. S3), indicating a critical role of supraspinal
μ-receptors in eliciting itch sensation. The medullary dorsal
horn has been demonstrated to be one central site for
μ-receptors to produce facial scratching in non-human pri-
mates (Thomas et al., 1993). In addition, two populations of
trigeminothalamic tract neurons were identified in rats to
explain opioid-induced itch and analgesia (Moser and
Giesler, 2013). These findings together indicate that itch can

be elicited centrally, i.e. robust head and body scratches are
derived from activation of supraspinal and spinal μ-receptors
respectively. Further studies using non-human primates can
define the role of endogenous neuropeptides from both
supraspinal and spinal regions in regulating itch sensation.

Another intriguing finding is that in non-human pri-
mates, intracisternal N/OFQ and morphine similarly pro-
duced antinociceptive effects (Figure 3E and F). In contrast,
intracisternal substance P produced hyperalgesic effects
(Figure 3A). Thus, by testing N/OFQ, morphine and sub-
stance P in the same subjects, the present study reveals dis-
tinct functions of ligands centrally modulating nociceptive
thresholds in non-human primates. Intracerebroventricular
administration of N/OFQ in rodents caused either hyperalge-
sia (Meunier et al., 1995; Reinscheid et al., 1995; Calo et al.,
1998) or no effects (Tian et al., 1997). Clearly, there are species
differences in the behavioural effects of the supraspinal
N/OFQ-NOP receptor system. Because antinociceptive effects
of intracisternal N/OFQ could be blocked by the NOP recep-
tor antagonist J-113397 (Supporting Information Fig. S1), it is
reasonable to suppose that these functional differences are
derived from the nociceptive neurons expressing NOP recep-
tors. The nucleotide sequence and amino acid sequence of
the NOP receptors from rhesus monkeys are 96–98% identical
to human NOP receptors (Koga et al., 2009). Anatomical
studies have indicated that the distribution of NOP receptors
in the CNS of non-human primates is largely similar to those
observed in humans (Peluso et al., 1998; Berthele et al., 2003;
Bridge et al., 2003). Notable areas of species differences
include lower expression levels in raphe nuclei in non-
human primates, compared with rodents (Neal et al.,
1999a,b; Berthele et al., 2003; Bridge et al., 2003), and higher
expression levels in caudate nucleus and putamen in non-
human primates and humans, but not in rodents (Peluso
et al., 1998; Berthele et al., 2003; Bridge et al., 2003).
However, there has been no neurobiological study of the
functions of NOP receptors on nociceptive processes,
particularly in the supraspinal neural circuits (Schröder et al.,
2014).

Unlike rodent studies showing opposing nociceptive
responses between supraspinal and spinal N/OFQ, antinocic-
eptive effects of intracisternal N/OFQ in non-human primates
may offer a hypothetical explanation to a profound species
difference in the antinociceptive efficacy and tolerability of
systemically administered NOP-related ligands, as pointed
out in a recent review (Schröder et al., 2014). It is possible that
the general ineffectiveness of systemic administration of
NOP-related ligands in rodents is an integrated outcome of
the opposite nociceptive effects at spinal and supraspinal
levels (Jenck et al., 2000; Schröder et al., 2014). In non-
human primates, the potent antinociception produced by
systemic NOP-related ligands may result from the synergistic
effects of spinal and supraspinal antinociceptive actions (Ko
et al., 2009; Cremeans et al., 2012). As intracisternal N/OFQ
did not produce anti-morphine actions (Supporting Informa-
tion Fig. S2), it would be very interesting to further investi-
gate whether intracisternal N/OFQ was additive or synergistic
with morphine by testing a range of dosing combinations,
with the isobologram analysis (Cremeans et al., 2012). Col-
lectively, effects of intracisternal NOP-related ligands on noci-
ception can be further studied in non-human primates under
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different pain modalities (Butelman et al., 2004; Hu et al.,
2010; Sukhtankar et al., 2014) in order to establish a transla-
tional profile of their therapeutic potential as strong analge-
sics against diverse pain symptoms.

Despite its hyperalgesic effect, intracisternal substance P,
at either 10 or 100 nmol, did not elicit scratching responses,
similar to intracisternal N/OFQ, but in contrast to the
robust scratching responses elicited by intracisternal mor-
phine (Figure 4). Lumbar intrathecal administration of sub-
stance P did not elicit a significant scratching response (Ko
and Naughton, 2009). Given that scratching responses are
indicative of itch sensation in non-human primates (Ko and
Naughton, 2000; Ko et al., 2004; Hu et al., 2010; Sukhtankar
et al., 2014), these findings suggest that substance P at both
spinal and supraspinal levels of the CNS does not play a
significant role in eliciting itch sensation in non-human pri-
mates. Scratching behaviour in rodents can be interpreted
as a sign of itch or pain (De Castro-Costa et al., 1987;
Kuraishi et al., 1995; Lee et al., 2003). Some rodent studies
suggest centrally administered substance P elicited pain-like
behaviour (Hylden and Wilcox, 1981; Mishra and Hoon,
2013), but other rodent studies indicate that central sub-
stance P plays a role in mediating itch and scratching
behaviour (Bossut et al., 1988; Akiyama et al., 2013). Our
findings from non-human primates seem to be in agree-
ment with human studies, indicating that central substance
P is involved in nociceptive processes (Larson et al., 2000;
Seybold, 2009). Previously, intracisternal drug delivery was
used to study the function of receptors located in the hypo-
thalamus (Ko et al., 2003; Broadbear et al., 2004). With an
intrathecal catheter located in the cisterna magna, these
non-human primates will provide a valuable foundation
for a variety of future research studies. They will not only
allow the collection of CSF of animals under different con-
ditions but also enable scientists to investigate the effects of
endogenous ligands on both behavioural and physiological
functions in conscious, unanaesthetized non-human
primates.

In summary, this study provides the first functional evi-
dence of the different supraspinal actions of N/OFQ, mor-
phine and substance P in regulating pain and itch in
non-human primates. With this advance in surgical tech-
niques, pharmacological studies can be correspondingly
advanced to define the functional role of neuropeptides and
their receptors located in the supraspinal and spinal regions
for regulating somatosensory function. It certainly offers a
potentially very useful translational model to study pain and
analgesics, and itch and antipruritics, in terms of their effi-
cacy and sites of action. More importantly, these pharmaco-
logical findings address a long-standing fundamental
question in the N/OFQ-NOP receptor system, namely to
determine the antinociceptive effects of supraspinal N/OFQ
in non-human primates. Medicinal chemists have developed
several novel analgesics with varied efficacies on both NOP
and μ-receptors (Husbands, 2013; Molinari et al., 2013;
Zaveri et al., 2013; Linz et al., 2014). This study not only
improves our understanding of N/OFQ-NOP receptor phar-
macology in pain processing but also facilitates future
studies of identifying novel ligands with optimal efficacies
on NOP and μ-receptors as analgesics and their potential
exploration in clinical studies.
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Figure S1 Effects of the NOP receptor antagonist J-113397
on intracisternal N/OFQ-induced antinociception in rhesus
monkeys. J-113397 (0.1 mg·kg−1) or vehicle (0.1 mL·kg−1) was
administered s.c. 15 min before administration of intracister-
nal N/OFQ 100 nmol. Tail-withdrawal latencies in 50°C water
were measured 15, 30, 45 and 60 min after intracisternal
administration. Each data point represents mean ± SEM (n =
4). Symbols represent different dosing conditions for the
same monkeys. *P < 0.05, significantly different from vehicle,
for all time points.
Figure S2 Comparison of thermal nociceptive responses of
intracisternal morphine (100 nmol) given alone or in combi-
nation of N/OFQ, at doses of 10 or 100 nmol. Tail-withdrawal
latencies in 50°C water were measured 15, 30, 45 and 60 min
after intracisternal administration. Each data point represents
mean ± SEM (n = 4).
Figure S3 Effects of the μ-receptor antagonist naltrexone on
intracisternal morphine-elicited itch scratching responses
in rhesus monkeys. Naltrexone (0.1 mg·kg−1) or vehicle
(0.1 mL·kg−1) was administered s.c. 15 min before administra-
tion of intracisternal morphine 100 nmol. (A) Time course of
total scratches in each 15 min time block. (B) Total scratches
in the entire 60 min observation period. Behavioural
responses were recorded for a total of 60 min starting at
5 min after intracisternal administration. Each data point
represents mean ± SEM (n = 4). *P < 0.05, significantly differ-
ent from vehicle, for all time points (A) or as total responses
(B).
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