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Abstract: Chronic pain is a persistent and debilitating health problem. Although the use of
analgesics such as opioids is useful in mitigating pain, their prolonged use is associated with
unwanted effects including abuse liability. This study assesses the antinociceptive effect of combining
subtherapeutic doses of two opioids (morphine or tramadol) with the synthetic cannabinoid CP55940
(2-[(1R,2R 5R)-5-hydroxy-2-(3-hydroxypropyl)cyclohexyl]-5-(2-methyloctan -2-yl)phenol). It also
evaluates the associated adverse effects of these drugs and combinations. Adult male rats were injected
with intraplantar complete Freund’s adjuvant (CFA) to produce mechanical allodyia. Antinociceptive
effect of morphine, tramadol, the synthetic cannabinoid CP55940, or their combinations was evaluated
three to nine days post-CFA injections. Intracranial self-stimulation (ICSS) was utilized to evaluate
the abuse liability of these drugs or their combinations. All drugs alone produced a dose-dependent
antinociceptive effect. Morphine produced minimal effect on ICSS, but both tramadol and CP55940
produced dose-dependent depression of ICSS. Morphine at a dose of 0.32 mg/kg enhanced the
antinociceptive effects of CP55940, in that, CP55940 produced antinociception at a lower dose
(0.1 mg/kg) when compared to the vehicle. The aforementioned combinations did not change
CP55940-induced depression of ICSS. On the other hand, tramadol failed to enhance the antinociceptive
effect of CP55940. Our data suggest that combining CP55940 with morphine, but not tramadol,
shows a better antinociceptive profile with no additional risk of abuse liability, which represents a
potential pain management approach.

Keywords: chronic pain; complete Freund’s adjuvant (CFA); von Frey; morphine; CP55940; tramadol;
intracranial self-stimulation (ICSS)

1. Introduction

Opioids such as morphine are potent and widely used analgesics. They are considered to be
the drugs of choice for the treatment of moderate to severe pain [1]. However, the use of opioids
has been limited due to their unfavorable effects such as abuse liability [2]. Thus, the analgesic
potential of other compounds such as cannabinoids is being investigated for the clinical treatment
of miscellaneous forms of pain, particularly where conventional analgesics (e.g., opioids, tramadol,
non-steroid anti-inflammatory drugs) have lower efficacy. This becomes especially crucial in certain
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forms of inflammatory, neuropathic, or chronic pain conditions [3-5]. In this regard, while preclinical
studies have shown that several cannabinoid agonists have antinociceptive effects against both acute
and chronic pain, clinical studies indicate that cannabinoids are more effective in the management of
chronic pain [5].

Cannabinoid signaling is largely involved in the regulation of nociception, representing a
fundamental target for pharmacological intervention [3,6]. Most cannabinoid receptor ligands such as
CP55940 (2-[(1R,2R,5R)-5-hydroxy-2-(3-hydroxypropyl)cyclohexyl]-5-(2-methyloctan-2-yl) -phenol) act
preferentially through the activation of the cannabinoid receptor 1 (CB1) receptor [7]. The activation of
CB1 produced antinociceptive effects in several laboratory species using several methods to analyze
pain sensitivity in both acute and chronic pain models [6,8,9]. This was confirmed by the ability of CB1
receptor antagonists to also produce hyperalgesia [10]. Moreover, CB1 receptor knockout mice revealed
substantial alterations in pain sensitivity when compared to their wild-type counterparts [11]. However,
cannabinoid-induced analgesia is not completely absent in CB1-knockout mice, suggesting a potential
contribution of other pharmacological targets such as CB2 receptors [12]. Key central structures (both
supraspinal and spinal) are implicated in nociception regulation, in addition to the peripheral sensory
nerve terminals (which also express CB2 receptors) [12-14]. All of the aforementioned experimental
evidence supports that the endocannabinoid pathway is heavily involved in nociceptive control, and a
potential alternative for pharmacological modulation.

Pharmacological additive or synergistic approaches have been utilized to enhance the analgesic
effects of several compounds, especially when using lower doses can lower the risk of undesirable side
effects [7]. In this context, the opioid and cannabinoid antinociceptive systems largely overlap. This has
been confirmed in several pharmacological, biochemical, and anatomical studies [15-17]. For example,
the combination of CP55940 and morphine produced greater antinociceptive effect than morphine
alone in assays of pain-elicited behavior [17-20]. Moreover, low doses of cannabinoid receptor agonists
such as CP55940 enhanced the antinociceptive potency of sub-effective doses of morphine in various
nociceptive assays in rodents [21]. Furthermore, it has been previously shown that administering a
combination of cannabinoids and opioids (and other pain-relieving medications) at sub-effective doses
may produce more antinociceptive responses when compared to individual treatments at higher doses
in preclinical studies [15,22]. These examples are potentially associated with less frequent adverse
effects resulting from prolonged use of high-dose opioids [23-25]. In particular, the abuse-related effects
of opioids were not increased by coadministration of cannabinoids in monkeys [16,26]. All of these
studies support the conclusion that such interactions may have important therapeutic applications.

Given the clinical need for effective and safe treatments for pain, the aim of this study was to
determine the antinociceptive effects and abuse liability of two opioids (morphine and tramadol)
in combination with the CB1 receptor agonist, CP55940, using von Frey behavioral and intracranial
self-stimulation (ICSS) behavioral assays, respectively. Tramadol is a synthetic opioid that exhibits
both mild opioid receptor-binding and norepinephrine and serotonin reuptake inhibition [27,28]. It is
generally well tolerated in the treatment of pain and causes few opioid side effects.

2. Materials and Methods
2.1. Evaluation of the Effects of Drugs/Combinations on the Inflammatory Pain Model

2.1.1. Animals

Behavioral experiments were done on adult male Sprague-Dawley rats (200-250 g).
The experiments were conducted at the University of Jordan laboratories. Rats were collectively
sheltered at the University of Jordan Animal House Unit in a temperature controlled environment
22 +1°Cata 12 h:12 h light:dark cycle. Methods were approved by the scientific research committee
at the University of Jordan. Procedures were carried out in agreement with the Animal (Scientific
Procedure) Act 1986 and International Association for the Study of Pain guidelines.
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2.1.2. Induction of Inflammatory Pain Model

Initially, baseline nociceptive thresholds were measured for three days. Afterward, intraplantar
injections of either the vehicle or complete Freund’s adjuvant (CFA; 50% in saline, with 5 mg/mL
heat-killed mycobacterium tuberculosis, 0.1 mL) were administered in the left hindpaw of each rat in
order to induce inflammatory pain. Consequently, rats were experimented on every other day for nine
days following the CFA injection [29].

2.1.3. Assessment of Mechanical Allodynia

Von Frey filaments were used to measure responsiveness to pressure stimulus. First, rats were
individually placed in plastic cages. These cages provide full access to the rats” hindpaws as they have a
wire mesh bottom. Behavioral accommodation was permitted for each rat for at least 25 min until cage
inspection and main grooming actions finished. After that, von Frey filaments were used according to
the “up—down” method (2-15 g, with logarithmically incremental stiffness; Bioseb, Vitrolles, France) to
the mid-plantar surface of the left hind paw of each rat. During each time, the von Frey hair was held
perpendicularly to the paw’s planter aspect for about 6-8 s [30]. The withdrawal threshold data were
determined in grams as paw withdrawal thresholds (PWT).

The effects of different drugs or combinations on CFA-induced nociceptive behavior were assessed
at days 3-9 post-CFA injection using a Latin square design. CP55940 (0.032, 0.1, and 0.32 mg/kg),
morphine (0.32, 1, and 3.2 mg/kg) and tramadol (1, 3.2, and 10 mg/kg) were introduced through
intra-peritoneal (L.P.) injections (0.5 mL, n = 6 rats/group). The von Frey filament test was performed
30 min after drug/combination administration.

2.1.4. Data Analysis

A Latin square design was used in conducting these experiments. CFA-induced mechanical
allodynia were first measured as PWT in grams, and then the antinociceptive effects of different drugs
or combinations were presented as means + SEM% antinociception. Percent antinociception was
calculated according to the following equation:

PWT after drug application — PWT before drug application

% Antinociception — 1
o Antinociception baseline PWT — PWT before drug application @

Two-way ANOVA analysis followed by Holm-Sidak post hoc was used with treatment and time
as the main factors. Additionally, Dunnett’s post-hoc test was used when appropriate following
one-way ANOVA test. Statistical analysis used the Graph Pad statistical program (Prism 6, San Diego,

CA, USA).
2.2. Assay of Intracranial Self-Stimulation

2.2.1. Animals

Adult male Sprague-Dawley rats (Harlan, Indianapolis, IN, USA) weighed approximately 300
to 320 g upon arrival at the facility. Each subject was housed individually and maintained on a 12-h
light/dark cycle (lights on from 6:00 to 18:00). Subjects had free access to food and water ad libitum
(except during testing). Animal maintenance and research were in compliance with the National
Institute of Health’s Guide for the Use and Care of Laboratory Animals (Institute of Laboratory Animal
Resources, 1996) and adhered to the guidelines of the Committee for Research (National Research
Council, 2003) and Ethical Issues of the International Association for the Study of Pain. All animal use
protocols were approved by the Virginia Commonwealth University and Jordan University of Science
and Technology Institutional Animal Care and Use Committees.
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2.2.2. Surgery

All rats were anesthetized using isoflurane (2.5-3% in oxygen; Webster Veterinary, Phoenix, AZ,
USA) to implant stainless-steel electrodes (Plastics One, Roanoke, VA, USA). One pole (the cathode) of
each bipolar electrode was 0.25 mm in diameter and covered with polyamide insulation except at the
flattened tip, and the other pole (the anode) was 0.125 mm in diameter and uninsulated. The cathode
part of the electrode was implanted in the left medial forebrain bundle at the following coordinates:
2.8 mm posterior to bregma, 1.7 mm lateral to the midsagittal suture, and 8.8 mm below the surface
of the skull. The anode was wrapped around one of the three skull screws to serve as the ground.
The electrode and the screws were fixed to the skull with orthodontic resin. The animals were allowed
to recover for seven days before proceeding to behavioral training.

2.2.3. Apparatus

Experiments were performed in sound-attenuating boxes that contain modular acrylic test
chambers (29.2 x 30.5 x 24.1 cm). Each box is equipped with a response lever, stimulation lights
above the response lever, a 2-W house light, and an ICSS stimulator (MED Associates, St. Albans,
VT, USA). Electrodes were connected to the stimulator via a swivel connector (model SL2C; Plastics
One, Roanoke, VA, USA). The stimulator was controlled by computer software that also controlled the
programming and data collection (MED Associates, St. Albans, VT, USA).

2.2.4. Behavioral Procedure

Animal behavioral testing and data analysis were similar to those described previously [2,31].
Initially, animals were trained for free lever pressing for at least three days. Each lever press produced
a delivery of a 0.5 s train with a 0.1-ms pulse duration, which was accompanied by the illumination of
the stimulus lights. Any pressed lever during the 0.5-s stimulation period did not produce additional
stimulation. At the beginning, the frequency of stimulation was held constant at 158 Hz, and the
stimulation intensity for each rat was modified gradually to the lowest value that would maintain
a the rate of reinforcement above 30 stimulations per minute. This intensity (120-250 pA across
rats) was then held constant for the remainder of the study before the frequency manipulations were
introduced. Each frequency session consisted of multiple 10-min components. During each component,
a descending series of 10 frequencies (158-56 Hz in 0.05-log increments) was presented, with each
frequency available during sequential 1-min frequency trials. Each frequency trial began with a 10-s
timeout, during which responding had no scheduled outcomes. During the last 5 s of this timeout, five
non-contingent stimulations were delivered at the frequency available during that trial, and the lever
lights were illuminated. Afterward, there was a 50-s “response” phase, during which each lever press
produced electrical stimulation under the continuous reinforcement schedule. Training continued with
the presentation of two to three sequential components per day until the rats reliably responded for
the first four to six frequency trials of all components for at least three consecutive days.

Once training was completed, testing was initiated. The first component of each test session was
considered the acclimation period and the data were not included in the statistical analysis. Only the
data from the second and third “baseline” components were used to calculate the baseline parameters of
the total stimulations for that session (see Data Analysis). Drugs were injected immediately after the end
of the third baseline component, and each subject remained in its assigned test chamber. The effects of
CP55940, morphine, or tramadol were studied in a group of five rats. Subjects were kept in the operant
chambers after the administration of CP55940 (0.032-0.32 mg/kg; s.c.), morphine (0.32-3.2 mg/kg; i.p.),
tramadol (1.0-10 mg/kg; i.p.), or their vehicles. After 30 min, two more consecutive “test” components
were conducted, totaling 20 min. In the next phase of the study, the same protocol and pretreatment
time were used to test the effect of selected doses of morphine or tramadol (i.p.) co-administered with
CP55940 (0.032-0.32 mg/kg; s.c.).
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2.2.5. Data Analysis

The primary dependent variable in this ICSS procedure was the reinforcement rate in stimulations
per minute during each frequency trial. The total number of stimulations per component was calculated
as the sum of stimulations delivered across all 10 frequency trials of each component. Test data were then
normalized to individual baseline data by using the equation percentage of baseline total stimulations
per component = (mean total stimulations per test component + mean total stimulations per baseline
component) X 100%. Data were then averaged across rats in each experimental condition and compared
by repeated-measures one-way ANOVA. A significant one-way ANOVA was followed by Dunnett’s
post hoc test, a significant two-way ANOVA was followed by the Holm-Sidak post hoc test, and the
criterion for significance was set at p < 0.05.

3. Results

3.1. Effects of Test Drugs on Inflammatory Pain Model

A few hours following the injection of CFA into the plantar aspect of the hindpaw, notable local
inflammatory signs such as erythema and edema were observed. These findings are in agreement with
previous studies that have demonstrated the ability of CFA to induce inflammatory pain [32]. The PWT
was significantly reduced when compared to baseline measures as early as day 1 post-injection and
lasted until day 19 (data not shown).

On day 3 following CFA injection, multiple doses of different drugs were administered: vehicle
(3% Tween 20 in saline), CP55940 (0.032, 0.1, and 0.32 mg/kg), morphine (0.32, 1, and 3.2 mg/kg),
and tramadol (1, 3.2, and 10 mg/kg). After 30 min, the antinociceptive effects of these drugs were
evaluated. CP55940 produced a significant antinociceptive effect only at the highest dose (0.32 mg/kg)
compared to the vehicle (Figure 1A). Additionally, morphine and tramadol produced a significant
antinociceptive effect when compared to the vehicle at 1-3.2 mg/kg and 10 mg/kg, respectively
(Figure 1B,C).

The subtherapeutic dose of morphine (0.32 mg/kg) was co-administered with the different doses
of CP55940 (0.032, 0.1, and 0.32 mg/kg). The 0.32 mg/kg morphine dose was able to enhance the
antinociceptive effect of CP55940. In other words, CP55940 produced antinociception at a lower dose
(0.1 mg/kg) when compared to the vehicle (Figure 2A). Additionally, the antinociceptive effect of
0.32 mg/kg CP55940 was enhanced by the co-administration of 0.32 mg/kg morphine. In contrast,
the subtherapeutic dose of tramadol (3.2 mg/kg), when co-administered with the different doses of
CP55940, did not produce any change to the antinociceptive effects of CP55940 (Figure 2B).
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Figure 1. Antinociceptive effects of (A) CP55940 (0.032, 0.1, and 0.32 mg/kg); (B) morphine (0.32, 1, and
3.2 mg/kg); and (C) tramadol (1, 3.2, and 10 mg/kg) on complete Freund’s adjuvant (CFA)-induced
mechanical allodynia. Data are presented as the mean + SEM of %antinociception. %antinociception =
(paw withdrawal thresholds (PWT) Post-drug — PWT Pre-drug)/(baseline PWT — PWT pre-drug). Data
were analyzed using the one way ANOVA test followed by Dunnett’s post hoc test (* p < 0.05,n =6

rats per group).
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Figure 2. (A) Antinociceptive effects of CP55940 (0.032, 0.1 and 0.32 mg/kg) either with vehicle
or with sub-therapeutic dose of morphine (0.32 mg/kg) on CFA-induced mechanical allodynia.
(B) Antinociceptive effects of CP55940 (0.032, 0.1, and 0.32 mg/kg) either with vehicle or with
sub-therapeutic dose of tramadol (3.2 mg/kg) on CFA-induced mechanical allodynia. Data are presented
as the mean + SEM of %antinociception. %antinociception = (PWT Post-drug - PWT Pre-drug)/(baseline
PWT — PWT pre-drug). Data were analyzed using two-way ANOVA followed by the Holm-Sidak post
hoc test,  indicates a significant difference between rat groups. * indicates a significant difference in

comparison with day 0 within each rat group.

3.2. Effects of Test Drugs on Intracranial Self-Stimulation

The average intensity + SEM for all rats was 148 + 25.15 pA. Figure 3A shows that CP55940
produced dose-dependent depression of ICSS. This depression was significant after 0.1 and 0.32 mg/kg.
On the other hand, morphine did not produce a significant increase in ICSS at the tested doses
(Figure 3B). Additionally, like CP55940, tramadol produced a decrease in ICSS, which was significant
after 10 mg/kg when compared to the vehicle (Figure 3C).
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Figure 3. Effect of CP55940 (A), morphine (B), or tramadol (C) and their combination on intracranial
self-stimulation in rats. Abscissae: dose of drug. Ordinates: percent baseline stimulations per test
component. Data were analyzed using the one way ANOVA test followed by Dunnett’s post hoc test

(* p < 0.05, n = 6 rats per group).

Finally, Figure 4 shows the effect of co-administering the same doses of CP55940 with 0.32 mg/kg
morphine (Figure 4A) or 3.2 mg/kg tramadol (Figure 4B). In both cases, CP55940 produced a
dose-dependent decrease in total brain stimulations; however, this decrease was only significant
when 0.32 mg/kg CP55940 was co-administered with 0.32 mg/kg morphine.
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Figure 4. The effect of different doses of CP55940 on ICSS in combination with 0.32 mg/kg morphine
(A) or 3.2 mg/kg tramadol (B). Abscissae: dose of CP55940. Ordinates: percent baseline stimulations
per test component. Data were analyzed using the one way ANOVA test followed by Dunnett’s post
hoc test (* p < 0.05, n = 6 rats per group).

4. Discussion

This study examined the antinociceptive effect and abuse potential of the CB1 agonist CP55940 in
combination with two commonly used opioids: morphine or tramadol. There were four major findings
in this work. First, each of the tested drugs produced a partial dose-dependent antinociceptive effect
on CFA-induced mechanical allodynia. Second, the co-administration of a subtherapeutic dose of
morphine, but not tramadol, enhanced the antinociceptive effect of CP55940 in the inflammatory pain
model. Third, CP55940 and tramadol, but not morphine, produced a dose-dependent decrease in ICSS.
Finally, the administration of subtherapeutic doses of either morphine or tramadol attenuated the
CP55940-induced depression of ICSS. Collectively, these data suggest that combining cannabinoid
agonists with subtherapeutic doses of opioids may enhance their antinociceptive effects without
increasing the risk of abuse liability.

The primary finding of this study showed that the nociceptive process was decreased in a
dose-dependent manner by individual injections of CP55940, morphine, or tramadol. The antinociceptive
effect of both morphine and tramadol on CFA-induced mechanical allodynia is consistent with previous
findings [33-36]. However, both drugs did not produce a complete reversal of the mechanical threshold
at the tested doses. Other studies showed a complete blockade of CFA-induced mechanical allodynia
at higher morphine and tramadol doses, but was associated with other behavioral changes such
as sedation [37]. Since the aim of the current study was to examine subtherapeutic doses of both
drugs in combination with the CB1 agonist, higher doses were not tested. While a previous study
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showed that CP55940 was able to reduce the spinal nociceptive transmission induced by CFA through
a CB1l-dependent mechanism, to our knowledge, this is the first study to examine the effect of CP55940
on CFA-induced mechanical allodynia [38]. It is noteworthy that other CB1 agonists produced robust
antinociception in the CFA inflammatory model in agreement with our findings [39,40].

Results from the current study suggested that CP55940 possibly produces sedation and an
impairment of motor coordination in addition to its antinociceptive effects. In previous studies,
this effect produced by CP55940 was found to be abolished in CB1 (but not CB2) receptor knockout
mice [41]. Therefore, the results in the present study suggest that the antinociceptive effects of CP55940
are more likely to be mediated by CB1 receptors rather than CB2 receptors. However, it is also possible
that the antinociceptive effects of CP55940 might be partially due to its anti-inflammatory effect
mediated through the CB2 receptor signaling pathway [42]. Further research is required to investigate
the underlying mechanisms of the antinociceptive effects of CP55940.

Morphine at a dose of 0.32 mg/kg was used in combination with CP55940 to measure their
combined antinociceptive effect. This dose of morphine was selected because it did not produce a
significant antinociceptive effect or significant increase in ICSS. The combination increased the potency
and efficacy of CP55940’s antinociceptive effect. The synergistic/additive effect of administering both
morphine and cannabinoids is well-documented in the literature in both rats and monkeys [16,17,43].
However, all of these studies tested this combination in acute pain models, and to our knowledge, this
is the first study to test this combination in a chronic inflammatory pain model. Opioid agonists and
exogenous cannabinoids couple to and activate G-protein coupled receptors and mediate common
signaling pathways related to clinical issues of tolerance, dependence, abuse liability, and addiction [18].

Unexpectedly, the subtherapeutic dose of 3.2 mg/kg tramadol did not shift the dose-response curve
of CP55940 in a similar manner to morphine’s action. One possible explanation of this observation is
that the dose we selected as a subtherapeutic dose (3.2 mg/kg) was very small in a way that did not
have a noticeable effect when combined with CP55940. However, this is less likely because 3.2 mg/kg
tramadol alone produced 12% antinociception, which is equal to the antinociceptive effect produced
by the used subtherapeutic dose of morphine (0.32 mg/kg morphine). Another possible explanation is
that tramadol is not effective in enhancing CP55940-induced antinociception in chronic pain models.
This explanation cannot be made entirely based on our data, and further studies are needed to confirm
this conclusion. Similarly, based on our data, a double aversive effect of both substances (CP55940 and
tramadol) is a valid possibility and needs further investigations.

The current study showed that CP55940 produced dose-dependent depression of ICSS in
rats. Similar results have been previously reported in mice and rats [44,45]. In addition, other
CB1 agonists produced similar effects in ICSS such as A9-tetrahydrocannabinol and WINS55,212-2
((R)-(+)-[2,3-Dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-1-
naphthalenylmethanone mesylate) [31,46]. This depression in ICSS can possibly be attributed to their
sedative effect at high doses [7]. On the other hand, morphine’s effect on ICSS has been adequately
studied and showed a variable action of increasing and decreasing ICSS at low doses and high
doses, respectively [2,47,48]. However, this is the first study to report the effect of tramadol-induced
depression of ICSS. Tramadol in the tested drugs produced a decrease in ICSS at the highest dose
only. Other preclinical assays used to measure rewarding effects of drugs showed that tramadol
produces drug self-administration and conditioned-place preference at low doses (1.0 mg/kg), which is
indicative of its abuse potential [49,50]. Herein, tramadol depressed ICSS at only high doses, which is
opposite to its abuse-related effects. This may be explained by the sedative effects produced by
tramadol at higher doses as reported previously [51]. More studies are needed to elucidate the exact
effect of tramadol on ICSS after acute and chronic administration.

More interestingly, the combination of CP55940 with either morphine or tramadol did not show
any evidence of increasing ICSS. This may indicate that this combination is least likely to produce
abuse potential in future clinical studies if subtherapeutic opioid doses are used. This is an important
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finding in this study, as one major challenge of using opioids in patients is the risk of abuse potential,
which may consequently lead to opioid addiction.

In conclusion, treatment with the combination of CP55940 and morphine had an additive effect
to decrease mechanical allodynia without enhancing their abuse potential effects. This suggests that
the morphine—cannabinoid combination may have a greater relative impact on mechanical allodynia
compared to their reinforcing side effects and potentially represents an improved treatment option for
pain. Weak opioids such as tramadol may not be as effective as potent opioids when subtherapeutic
doses are used in combination with cannabinoid agonists; however, further studies are needed to
explain such differences. In addition, ICSS was performed on intact animals in this study. Future
studies are required to evaluate the effects on animals with chronic pain conditions.

Author Contributions: Conceptualization, M.A. and A.A.; Methodology, M.H. and A.A.; Validation, A.A. and
M.H.; Formal analysis, S.A.A., HK., M.H,, and T'S.; Investigation, K.E.-S., M.H., and N.A.; Resources, H.K; Data
curation, N.A. and M.H.; Writing—original draft preparation, M.A. and M.H.; Writing—review and editing, M.A.,
M.H., and T.S.; Visualization, K.E.-S.,, M.H., and S.A.A_; Supervision, K.E.-S. and M. A_; Project administration,
M.A.; Funding acquisition, M.A. and A.A.

Funding: This research was funded by the Scientific Research Support Fund/Ministry of Higher Education and
Scientific Research in Jordan.

Acknowledgments: Authors would like to thank S. Stevens Negus for providing intracranial self-stimulation
machines and conducting part of the experiments in his laboratory at Virginia Commonwealth University.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Hestehave, S.; Abelson, K.S.P.; Bronnum Pedersen, T.; Munro, G. The analgesic efficacy of morphine varies
with rat strain and experimental pain model: Implications for target validation efforts in pain drug discovery.
Eur. |. Pain 2019, 23, 539-554. [CrossRef] [PubMed]

2. Altarifi, A.A.; Miller, L.L.; Negus, S.S. Role of micro-opioid receptor reserve and micro-agonist efficacy as
determinants of the effects of micro-agonists on intracranial self-stimulation in rats. Behav. Pharmacol. 2012,
23, 678-692. [CrossRef] [PubMed]

3.  Burns, T.L.; Ineck, J.R. Cannabinoid analgesia as a potential new therapeutic option in the treatment of
chronic pain. Ann. Pharmacother. 2006, 40, 251-260. [CrossRef] [PubMed]

4. Ashton, J.C.; Glass, M. The cannabinoid CB2 receptor as a target for inflammation-dependent
neurodegeneration. Curr. Neuropharmacol. 2007, 5, 73-80. [CrossRef] [PubMed]

5. Kraft, B. Is there any clinically relevant cannabinoid-induced analgesia? Pharmacology 2012, 89, 237-246.
[CrossRef]

6. Rahn, EJ.; Hohmann, A.G. Cannabinoids as pharmacotherapies for neuropathic pain: From the bench to the
bedside. Neurotherapeutics 2009, 6, 713-737. [CrossRef]

7. Minervini, V.; France, C.P. Effects of morphine/CP55940 mixtures on an impulsive choice task in rhesus
monkeys. Behav. Pharmacol. 2018, 29, 60-70. [CrossRef]

8.  Pertwee, R.G. Cannabinoid receptors and pain. Prog. Neurobiol. 2001, 63, 569-611. [CrossRef]

9.  Karst, M.; Wippermann, S.; Ahrens, J. Role of cannabinoids in the treatment of pain and (painful) spasticity.
Drugs 2010, 70, 2409-2438. [CrossRef]

10. Strangman, N.M.; Patrick, S.L.; Hohmann, A.G.; Tsou, K.; Walker, ].M. Evidence for a role of endogenous
cannabinoids in the modulation of acute and tonic pain sensitivity. Brain Res. 1998, 813, 323-328. [CrossRef]

11. Ledent, C.; Valverde, O.; Cossu, G.; Petitet, F.; Aubert, ].E; Beslot, F. Unresponsiveness to cannabinoids and
reduced addictive effects of opiates in CB1 receptor knockout mice. Science 1999, 283, 401-404. [CrossRef]
[PubMed]

12.  Anand, P; Whiteside, G.; Fowler, C.J.; Hohmann, A.G. Targeting CB2 receptors and the endocannabinoid
system for the treatment of pain. Brain Res. Rev. 2009, 60, 255-266. [CrossRef] [PubMed]

13.  Walker, ].M.; Hohmann, A.G. Cannabinoid mechanisms of pain suppression. Handb. Exp. Pharmacol. 2005,
168, 509-554.


http://dx.doi.org/10.1002/ejp.1327
http://www.ncbi.nlm.nih.gov/pubmed/30318662
http://dx.doi.org/10.1097/FBP.0b013e328358593c
http://www.ncbi.nlm.nih.gov/pubmed/22914074
http://dx.doi.org/10.1345/aph.1G217
http://www.ncbi.nlm.nih.gov/pubmed/16449552
http://dx.doi.org/10.2174/157015907780866884
http://www.ncbi.nlm.nih.gov/pubmed/18615177
http://dx.doi.org/10.1159/000337376
http://dx.doi.org/10.1016/j.nurt.2009.08.002
http://dx.doi.org/10.1097/FBP.0000000000000339
http://dx.doi.org/10.1016/S0301-0082(00)00031-9
http://dx.doi.org/10.2165/11585260-000000000-00000
http://dx.doi.org/10.1016/S0006-8993(98)01031-2
http://dx.doi.org/10.1126/science.283.5400.401
http://www.ncbi.nlm.nih.gov/pubmed/9888857
http://dx.doi.org/10.1016/j.brainresrev.2008.12.003
http://www.ncbi.nlm.nih.gov/pubmed/19150370

Brain Sci. 2019, 9, 328 12 0f13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Guindon, J.; Hohmann, A.G. The endocannabinoid system and pain. CNS Neurol. Disord. Drug Targets 2009,
8,403-421. [CrossRef] [PubMed]

Smith, P.A.; Selley, D.E.; Sim-Selley, L.J.; Welch, S.P. Low dose combination of morphine and
delta9-tetrahydrocannabinol circumvents antinociceptive tolerance and apparent desensitization of receptors.
Eur. |. Pharmacol. 2007, 571, 129-137. [CrossRef]

Maguire, D.R.; Yang, W.; France, C.P. Interactions between mu-opioid receptor agonists and cannabinoid
receptor agonists in rthesus monkeys: Antinociception, drug discrimination, and drug self-administration.
J. Pharmacol. Exp. Ther. 2013, 345, 354-362. [CrossRef]

Miller, L.L.; Picker, M.J.; Umberger, M.D.; Schmidt, K.T.; Dykstra, L.A. Effects of alterations in cannabinoid
signaling, alone and in combination with morphine, on pain-elicited and pain-suppressed behavior in mice.
J. Pharmacol. Exp. Ther. 2012, 342, 177-187. [CrossRef]

Manzanares, J.; Corchero, J.; Romero, J.; Fernandez-Ruiz, ].J.; Ramos, J.A.; Fuentes, J.A. Pharmacological
and biochemical interactions between opioids and cannabinoids. Trends Pharmacol. Sci. 1999, 20, 287-294.
[CrossRef]

Parolaro, D.; Massi, P. Cannabinoids as potential new therapy for the treatment of gliomas. Expert Rev. Neurother.
2008, 8, 37-49. [CrossRef]

Nadal, X.; La Porta, C.; Andreea Bura, S.; Maldonado, R. Involvement of the opioid and cannabinoid systems
in pain control: New insights from knockout studies. Eur. J. Pharmacol. 2013, 716, 142-157. [CrossRef]
Tham, S.M.; Angus, J.A.; Tudor, EIM.; Wright, C.E. Synergistic and additive interactions of the cannabinoid
agonist CP55,940 with mu opioid receptor and alpha2-adrenoceptor agonists in acute pain models in mice.
Br. ]. Pharmacol. 2005, 144, 875-884. [CrossRef] [PubMed]

Cichewicz, D.L.; McCarthy, E.A. Antinociceptive synergy between delta(9)-tetrahydrocannabinol and opioids
after oral administration. J. Pharmacol. Exp. Ther. 2003, 304, 1010-1015. [CrossRef] [PubMed]

Roberts, J.D.; Gennings, C.; Shih, M. Synergistic affective analgesic interaction between
delta-9-tetrahydrocannabinol and morphine. Eur. |. Pharmacol. 2006, 530, 54-58. [CrossRef] [PubMed]
Bushlin, I; Rozenfeld, R.; Devi, L.A. Cannabinoid-opioid interactions during neuropathic pain and analgesia.
Curr. Opin. Pharmacol. 2010, 10, 80-86. [CrossRef] [PubMed]

Abrams, D.I; Couey, P; Shade, S.B.; Kelly, M.E.; Benowitz, N.L. Cannabinoid-opioid interaction in chronic
pain. Clin. Pharmacol. Ther. 2011, 90, 844-851. [CrossRef] [PubMed]

Li, ].X.; McMahon, LR.; Gerak, L.R; Becker, G.L.; France, C.P. Interactions between Delta(9)- tetrahydrocannabinol
and mu opioid receptor agonists in rhesus monkeys: Discrimination and antinociception. Psychopharmacology 2008,
199, 199-208. [CrossRef]

Driessen, B.; Reimann, W. Interaction of the central analgesic, tramadol, with the uptake and release of
5-hydroxytryptamine in the rat brain in vitro. Br. |. Pharmacol. 1992, 105, 147-151. [CrossRef]

Driessen, B.; Reimann, W.; Giertz, H. Effects of the central analgesic tramadol on the uptake and release of
noradrenaline and dopamine in vitro. Br. J. Pharmacol. 1993, 108, 806-811. [CrossRef]

Aldossary, S.A.; Alsalem, M.; Kalbouneh, H.; Haddad, M.; Azab, B.; Al-shboul, O. The role of transient
receptor potential vanilloid receptor 1 and peroxisome proliferator-activated receptors-o in mediating the
antinociceptive effects of palmitoylethanolamine in rats. NeuroReport 2019, 30, 32-37. [CrossRef]

Alsalem, M.; Altarifi, A.; Kalbouneh, H.; Al-Zer, H.; Azab, B.; El-Salem, K. Role of PPARx and PPARY in
Mediating the Analgesic Properties of Ibuprofen in vivo and the Effects of Dual PPARo/y Activation in
Inflammatory Pain Model in the Rat. Int. J. Pharmacol. 2016, 12, 812-820. [CrossRef]

Kwilasz, A.J.; Negus, S.S. Dissociable effects of the cannabinoid receptor agonists Delta9-tetrahydrocannabinol
and CP55940 on pain-stimulated versus pain-depressed behavior in rats. J. Pharmacol. Exp. Ther. 2012, 343,
389-400. [CrossRef] [PubMed]

Kaur, S.; Bijjem, K.R.; Sharma, P.L. Anti-inflammatory and antihyperalgesic effects of the combination of
ibuprofen and hemin in adjuvant-induced arthritis in the Wistar rat. Inflammopharmacology 2011, 19, 265-272.
[CrossRef] [PubMed]

Leitl, M.D.; Potter, D.N.; Cheng, K.; Rice, K.C.; Carlezon, W.A,, Jr.; Negus, S.S. Sustained pain-related
depression of behavior: Effects of intraplantar formalin and complete freund’s adjuvant on intracranial
self-stimulation (ICSS) and endogenous kappa opioid biomarkers in rats. Mol. Pain 2014, 10, 62. [CrossRef]
[PubMed]


http://dx.doi.org/10.2174/187152709789824660
http://www.ncbi.nlm.nih.gov/pubmed/19839937
http://dx.doi.org/10.1016/j.ejphar.2007.06.001
http://dx.doi.org/10.1124/jpet.113.204099
http://dx.doi.org/10.1124/jpet.112.191478
http://dx.doi.org/10.1016/S0165-6147(99)01339-5
http://dx.doi.org/10.1586/14737175.8.1.37
http://dx.doi.org/10.1016/j.ejphar.2013.01.077
http://dx.doi.org/10.1038/sj.bjp.0706045
http://www.ncbi.nlm.nih.gov/pubmed/15778704
http://dx.doi.org/10.1124/jpet.102.045575
http://www.ncbi.nlm.nih.gov/pubmed/12604676
http://dx.doi.org/10.1016/j.ejphar.2005.11.036
http://www.ncbi.nlm.nih.gov/pubmed/16375890
http://dx.doi.org/10.1016/j.coph.2009.09.009
http://www.ncbi.nlm.nih.gov/pubmed/19857996
http://dx.doi.org/10.1038/clpt.2011.188
http://www.ncbi.nlm.nih.gov/pubmed/22048225
http://dx.doi.org/10.1007/s00213-008-1157-0
http://dx.doi.org/10.1111/j.1476-5381.1992.tb14226.x
http://dx.doi.org/10.1111/j.1476-5381.1993.tb12882.x
http://dx.doi.org/10.1097/WNR.0000000000001161
http://dx.doi.org/10.3923/ijp.2016.812.820
http://dx.doi.org/10.1124/jpet.112.197780
http://www.ncbi.nlm.nih.gov/pubmed/22892341
http://dx.doi.org/10.1007/s10787-011-0090-8
http://www.ncbi.nlm.nih.gov/pubmed/21858725
http://dx.doi.org/10.1186/1744-8069-10-62
http://www.ncbi.nlm.nih.gov/pubmed/25245060

Brain Sci. 2019, 9, 328 13 0f 13

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Lee, B.S,; Jun, L.G.; Kim, S.H.; Park, J.Y. Interaction of morphine and selective serotonin receptor inhibitors in
rats experiencing inflammatory pain. J. Korean Med. Sci. 2012, 27, 430-436. [CrossRef] [PubMed]
Nagakura, Y.; Okada, M.; Kohara, A.; Kiso, T.; Toya, T.; Iwai, A. Allodynia and hyperalgesia in
adjuvant-induced arthritic rats: Time course of progression and efficacy of analgesics. . Pharmacol.
Exp. Ther. 2003, 306, 490-497. [CrossRef]

Bianchi, M.; Martucci, C.; Ferrario, P; Franchi, S.; Sacerdote, P. Increased tumor necrosis factor-alpha and
prostaglandin E2 concentrations in the cerebrospinal fluid of rats with inflammatory hyperalgesia: The effects
of analgesic drugs. Anesth. Analg. 2007, 104, 949-954. [CrossRef]

Gould, S.A.; Doods, H.; Lamla, T.; Pekcec, A. Pharmacological characterization of intraplantar Complete
Freund’s Adjuvant-induced burrowing deficits. Behav. Brain Res. 2016, 301, 142-151. [CrossRef]

Choong, K.C.; Su, X.; Urban, M.O. Effect of CP55,940 on mechanosensory spinal neurons following chronic
inflammation. Neurosci. Lett. 2007, 414, 105-109. [CrossRef]

Martin, W.J.; Loo, C.M.; Basbaum, A.I. Spinal cannabinoids are anti-allodynic in rats with persistent
inflammation. Pain 1999, 82, 199-205. [CrossRef]

Craft, RM.; Kandasamy, R.; Davis, S.M. Sex differences in anti-allodynic, anti-hyperalgesic and anti-edema
effects of Delta(9)-tetrahydrocannabinol in the rat. Pain 2013, 154, 1709-1717. [CrossRef]

Sain, N.M.; Liang, A.; Kane, S.A.; Urban, M.O. Antinociceptive effects of the non-selective cannabinoid
receptor agonist CP 55,940 are absent in CB1(-/-) and not CB2(-/-) mice in models of acute and persistent pain.
Neuropharmacology 2009, 57, 235-241. [CrossRef] [PubMed]

Sacerdote, P.; Massi, P.; Panerai, A.E.; Parolaro, D. In vivo and in vitro treatment with the synthetic
cannabinoid CP55, 940 decreases the in vitro migration of macrophages in the rat: Involvement of both CB1
and CB2 receptors. ]. Neuroimmunol. 2000, 109, 155-163. [CrossRef]

Maguire, D.R.; France, C.P. Antinociceptive effects of mixtures of mu opioid receptor agonists and cannabinoid
receptor agonists in rats: Impact of drug and fixed-dose ratio. Eur. J. Pharmacol. 2018, 819, 217-224. [CrossRef]
[PubMed]

Grim, T.W.; Wiebelhaus, ].M.; Morales, A.J.; Negus, S.S.; Lichtman, A.H. Effects of acute and repeated dosing
of the synthetic cannabinoid CP55,940 on intracranial self-stimulation in mice. Drug Alcohol Depend. 2015,
150, 31-37. [CrossRef] [PubMed]

Moerke, M.].; Negus, S.S. Role of agonist efficacy in exposure-induced enhancement of mu opioid reward in
rats. Neuropharmacology 2019, 151, 180-188. [CrossRef]

Vlachou, S.; Nomikos, G.G.; Panagis, G. CB1 cannabinoid receptor agonists increase intracranial
self-stimulation thresholds in the rat. Psychopharmacology 2005, 179, 498-508. [CrossRef]

Altarifi, A.A.; Negus, S.S. Some determinants of morphine effects on intracranial self-stimulation in rats:
Dose, pretreatment time, repeated treatment, and rate dependence. Behav. Pharmacol. 2011, 22, 663—673.
[CrossRef]

Negus, S.S.; Moerke, M.]. Determinants of opioid abuse potential: Insights using intracranial self-stimulation.
Peptides 2019, 112, 23-31. [CrossRef]

Rutten, K.; De Vry, ].; Robens, A.; Tzschentke, T.M.; van der Kam, E.L. Dissociation of rewarding, anti-aversive
and anti-nociceptive effects of different classes of anti-nociceptives in the rat. Eur. J. Pain 2011, 15, 299-305.
[CrossRef]

Cha, HJ.; Song, M.].; Lee, KW.; Kim, E.J.; Kim, Y.H.; Lee, Y. Dependence potential of tramadol: Behavioral
pharmacology in rodents. Biomol. Ther. 2014, 22, 558-562. [CrossRef]

Cannon, C.Z,; Kissling, G.E.; Hoenerhoff, M.].; King-Herbert, A.P.; Blankenship-Paris, T. Evaluation of
dosages and routes of administration of tramadol analgesia in rats using hot-plate and tail-flick tests.
Lab Anim. 2010, 39, 342-351. [CrossRef] [PubMed]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3346/jkms.2012.27.4.430
http://www.ncbi.nlm.nih.gov/pubmed/22468108
http://dx.doi.org/10.1124/jpet.103.050781
http://dx.doi.org/10.1213/01.ane.0000258060.89380.27
http://dx.doi.org/10.1016/j.bbr.2015.12.019
http://dx.doi.org/10.1016/j.neulet.2006.12.004
http://dx.doi.org/10.1016/S0304-3959(99)00045-7
http://dx.doi.org/10.1016/j.pain.2013.05.017
http://dx.doi.org/10.1016/j.neuropharm.2009.06.004
http://www.ncbi.nlm.nih.gov/pubmed/19538975
http://dx.doi.org/10.1016/S0165-5728(00)00307-6
http://dx.doi.org/10.1016/j.ejphar.2017.11.038
http://www.ncbi.nlm.nih.gov/pubmed/29183835
http://dx.doi.org/10.1016/j.drugalcdep.2015.01.022
http://www.ncbi.nlm.nih.gov/pubmed/25772438
http://dx.doi.org/10.1016/j.neuropharm.2019.03.020
http://dx.doi.org/10.1007/s00213-004-2050-0
http://dx.doi.org/10.1097/FBP.0b013e32834aff54
http://dx.doi.org/10.1016/j.peptides.2018.10.007
http://dx.doi.org/10.1016/j.ejpain.2010.07.011
http://dx.doi.org/10.4062/biomolther.2014.064
http://dx.doi.org/10.1038/laban1110-342
http://www.ncbi.nlm.nih.gov/pubmed/20962760
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Evaluation of the Effects of Drugs/Combinations on the Inflammatory Pain Model 
	Animals 
	Induction of Inflammatory Pain Model 
	Assessment of Mechanical Allodynia 
	Data Analysis 

	Assay of Intracranial Self-Stimulation 
	Animals 
	Surgery 
	Apparatus 
	Behavioral Procedure 
	Data Analysis 


	Results 
	Effects of Test Drugs on Inflammatory Pain Model 
	Effects of Test Drugs on Intracranial Self-Stimulation 

	Discussion 
	References

