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Abstract

Activation of opioid and cannabinoid receptors expressed in nociceptors induces effective 

antihyperalgesia. In this study, we examined whether combinations of opioid and cannabinoid 

receptor agonists directed at the injured site would enhance therapeutic effectiveness. Behavioral 

pharmacology experiments were performed to compare the effects of DAMGO, a selective agonist 

for μ-opioid receptor (MOR), ACPA, a specific agonist for CB1, and combinations of DAMGO 

and ACPA in attenuating complete Freund’s adjuvant (CFA)-induced mechanical hyperalgesia in 

the rat hindpaw. DAMGO (1 μg–1 mg) or ACPA (1 μg–2 mg) was administered into the inflamed 

paw when mechanical hyperalgesia was fully developed. When administered individually, 

DAMGO and ACPA dose-dependently reversed the mechanical hyperalgesia. DAMGO displayed 

a lower ED50 value (57.4 ± 2.49 μg) than ACPA (111.6 ± 2.18 μg), but ACPA produced longer 

lasting antihyperalgesic effects. Combinations of DAMGO and ACPA also dose-dependently 

attenuated mechanical hyperalgesia, but the antihyperalgesic effects were partial and transient 

even at high doses. Using isobolographic analysis, we determined that combined treatment with 

DAMGO and ACPA produced antagonistic effects with the observed ED50 of 128.4 ± 2.28 μg. Our 

findings showed that MOR and CB1 agonists directed at the inflamed site effectively attenuate 

mechanical hyperalgesia when administered individually, but exert opposing effects when 

administered together. The antagonistic interactions between the two classes of drugs at the 

inflamed site suggest distinct mechanisms unique to peripheral nociceptors or inflamed tissue, and 

therefore require further studies to investigate whether the therapeutic utility of the combined drug 

treatments in chronic pain conditions can be optimized.
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1. Introduction

Classical opioid receptors such as μ, δ and к receptors and cannabinoid receptor type 1 

(CB1) and type 2 (CB2) are a family of metabotropic receptors coupled to Gi/o protein. It is 

well known that activation of both receptor systems invokes intracellular signaling cascades 

that inhibit adenylyl cyclase (Howlett and Fleming, 1984), decrease Ca2+ channel 

conductance (Caulfield and Brown, 1992; Seward et al., 1991), and activate inward 

rectifying and A-type potassium channels (Takeda et al., 2004; Wacnik et al., 2008). 

Activation of opioid or cannabinoid receptors produces similar pharmacological outcomes, 

including antinociceptive effects (Bushlin et al., 2010). Potent analgesic effects of both 

opioids and cannabinoids are, however, offset by serious side effects mediated by their 

receptors within the CNS.

Preclinical and clinical studies continue to provide strong justification that opioid and 

cannabinoid receptors localized in primary afferent neurons are viable targets for effective 

pain management. Recent development of peripherally restricted opioids and cannabinoids 

(Arendt-Nielsen et al., 2009; Bileviciute-Ljungar et al., 2006; Yu et al., 2010), and novel 

gene-based therapies to increase peripheral opioid receptor (Raja, 2012) and opioid peptides 

(Machelska et al., 2009) attest to ongoing efforts to garner maximum therapeutic advantages 

of peripheral receptors without producing centrally mediated side effects. Interestingly, 

MOR and CB1 in primary afferent neurons also share remarkable similarities in the 

transcriptional regulation of their expression. Peripheral inflammation increases μ-opioid 

receptor (MOR) expression in dorsal root ganglia (DRG) and trigeminal ganglia (TG) 

(Mousa, 2003; Pol and Puig, 2004; Puehler et al., 2004). Available data show inflammatory 

cytokines such as interleukin (IL)-1β, IL-4, IL-6, and TNFα induce MOR expression in 

neuronal as well as in non-neuronal cell lines (Borner et al., 2004; Kraus et al., 2001). We 

have recently demonstrated that the same inflammatory cytokines induce MOR upregulation 

in TG (Zhang et al., 2014). Similarly, peripheral inflammation increases CB1 expression in 

TG, and inflammatory cytokines such as IL-1β and IL-6 induce CB1 expression in TG (Niu 

et al., 2012). These findings imply that inflammatory cytokines concurrently regulate both 

CB1 and MOR transcription.

Since the increase in MOR and CB1 densities has been proposed as one of the major 

mechanisms underlying pronounced antihyperalgesic effects of peripheral opioids and 

cannabinoids under inflammatory conditions (Niu et al., 2012; Zollner et al., 2003), it is 

reasonable to assume that targeting both receptor systems in the periphery would lead to 

greater antihyperalgesic effects in treating inflammatory pain and hyperalgesia. Synergistic 

or additive interactions between MOR agonist and CB1 agonist have been described for 

systemic effects mediated primarily by the receptors in the CNS (Cox et al., 2007; Maguire 
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et al., 2013; Tham et al., 2005). However, similar studies evaluating interactions between the 

peripheral MOR and CB1 under pathological pain conditions have not been conducted.

Mechanical hyperalgesia is a prominent symptom in most chronic pain conditions, 

especially those associated with deep tissues. Mechanical hyperalgesia is characterized by 

pain upon touch, palpation, stretching or even movement, all of which could result from 

sensitization of nociceptors (Mense, 1993). Joseph and Levine showed that most nociceptors 

paly a role in mechanical hyperalgesia and that MOR on nociceptors attenuate mechanical 

hyperalgesia (Joseph and Levine, 2010). In trigeminal nociceptors, TRPV1 neurons that 

mediate inflammatory mechanical hyperalgesia also express MOR (Lee et al., 2016), and 

that the administration of an MOR agonist at the inflamed tissue effectively attenuate 

mechanical hyperalgesia (Zhang et al., 2014). Similarly, treatment with a CB1 agonist at the 

inflamed tissue blocks inflammation-induced mechanical hyperalgesia in a receptor specific 

manner (Niu et al., 2012). The objective of the present study was to evaluate whether the 

combination of MOR and CB1 agonists administered directly into the inflamed tissue would 

lead to additive, synergistic, or antagonistic antihyperalgesic effects on inflammatory 

mechanical hyperalgesia.

2. Materials and methods

2.1. Subjects

Male Sprague Dawley rats (8 weeks old; 250–300 g, Harlan, Indianapolis) were used in all 

experiments. Animals were housed in a temperature-controlled room under a 12:12 light–

dark cycle with access to food and water ad libitum. All procedures were conducted in 

accordance with the NIH Guide for the Care and Use of Laboratory Animals and under a 

University of Maryland approved Institutional Animal Care and Use Committee protocol.

2.2. Induction of inflammation

Inflammation was induced by the injection of complete Freund’s adjuvant (CFA, 50 μl; 1:1 

isotonic saline) into the plantar surface of the right hindpaw with a 27-gauge needle over 5–

10 s.

2.3. Mechanical sensitivity test

Mechanical sensitivity of the hindpaw was assessed with the Randall–Selitto test, an 

established rodent model for testing mechanical hypersensitivity of the paw. Experiments 

were conducted according to the procedure described previously (Auh and Ro, 2012). 

Briefly, animals were first allowed to habituate to the experimental room for 30 min for 

three consecutive days. The withdrawal response to noxious paw pressure was assessed 

using a digital paw pressure Randall–Selitto applicator for rodents (IITC Life Science, 

Woodland Hills, CA). Each rat was placed in a cloth holder suspended in a sling, and the 

probe of the pressure applicator was placed under the plantar surface of the hindpaw. A 

gradually increasing pressure was applied until the rat withdrew its hindpaw. The pressure 

applicator captures and stores the pressure upon reaction. The lowest pressure necessary to 

elicit the withdrawal response prior to inflammation was considered as the baseline 

mechanical threshold.
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Antihyperalgesic effects of DAMGO ([D-Ala2, N-MePhe4, Gly-ol]-enkephalin, Sigma 

Aldrich, St. Louis, MO, USA), a highly selective MOR agonist, ACPA (Arachidonyl-

cyclopropylamide, Tocris, Bristol, United Kingdom), a specific agonist for CB1, or 

combination of DAMGO and ACPA were measured on day 3 after intraplantar (i.pl) 

injection of CFA, during which mechanical hyperalgesia was most profound. On day 3, 

DAMGO (1, 30, 100 μg and 1 mg) or ACPA (1, 30, 100 μg, 1 and 2 mg) or combinations of 

the two agonists dissolved in phosphate buffer solution (PBS; 20 μl) was administered into 

the plantar surface of the inflamed hindpaw. The same volume of vehicle control was 

administered in the identical manner. A pre-drug treatment mechanical threshold for evoking 

a hindpaw withdrawal response was determined 15 min prior to drug injection. Changes in 

mechanical sensitivity of the hindpaw were assessed 30, 60, 120 and 180 min after the 

administration of each drug. The specificity of DAMGO and ACPA for MOR and CB1, 

respectively, has been well documented in the literature, including our previous studies that 

confirmed their specificity against selective antagonists in inflammatory muscle pain models 

(Niu et al., 2012; Nunez et al., 2007). All experimental and control groups consisted of 5 

animals per group.

2.4. Statistical analysis

One-way ANOVA was used to compare the differences in baseline mechanical thresholds 

before and after CFA-induced inflammation for each drug treatment groups. The 

antihyperalgesic effects of drug treatments were analyzed with a two-way ANOVA with 

repeated measures. For each treatment, the percent maximum possible effect (%MPE) was 

calculated using the following formula: [test threshold (g) – baseline (g)/cut off threshold 

(250 g) – baseline (g)] × 100. We chose the cut off threshold as 250 g since the average 

mechanical threshold for adult rats under normal condition was around 250 g %MPE was 

calculated at the time point at which the greatest antihyperalgesic effects were observed. The 

ED50 (the dose that caused 50% of maximum antihyperalgesia) was generated from standard 

non-linear regression analysis of the log dose-response curve (Prism 6.0, Graphpad 

Software, San Diego, CA).

Interactions of agonist combinations were analyzed using fixed ratio design isobolograms 

whereby combinations of two drugs in known ratio were administered as fractions of their 

respective ED50 (Tallarida, 2002). The analysis of isobologram was adapted from a 

published study (Tham et al., 2005). Briefly, the isobologram was constructed by connecting 

ED50DrugA on the vertical axis to ED50DrugB on the horizontal axis. We then calculated the 

theoretical dose required for a purely additive interactions using the following formula: Zadd 

= (f) ED50DrugA + (1 − f) ED50DrugB, where f is the fraction of drug A. Zadd was compared 

to the actual dose (Zmix determined from the ED50 of the combination dose-response curve) 

required to achieve the same effect experimentally via the Student’s t-test (Tallarida, 2002). 

The variance for Zadd was calculated as Var (Zadd) = (f)2 Var (ED50DrugA) + (1 − f)2 Var 

(ED50DrugB). All data are presented as mean ± standard error of the mean (SE), and 

differences were considered significant at p < 0.05.

Auh et al. Page 4

Brain Res Bull. Author manuscript; available in PMC 2021 February 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3. Results

3.1. Antihyperalgesic effects of intradermal DAMGO on mechanical hyperalgesia

The mean baseline mechanical thresholds for evoking hindpaw withdrawal responses ranged 

between 200 and 223 g. There was no significant difference in the baseline mechanical 

thresholds between control and DAMGO treated groups (F (4,24) = 2.085, p > 0.05). 

Consistent with our previous study (Auh and Ro, 2012), CFA treatment produced profound 

mechanical hyperalgesia in all groups. On day 3 following CFA treatment, the mean 

mechanical thresholds were significantly reduced, ranging from 43 to 60 g. There was no 

significant group difference in the mean mechanical thresholds at this time point (F (4,24) = 

1.235, p > 0.05). Antihyperalgesic effects of DAMGO were tested on day 3 following CFA 

treatment when CFA-induced mechanical hyperalgesia is most prominent (Auh and Ro, 

2012). Intradermal administration of DAMGO dose-dependently reversed CFA-induced 

mechanical hyperalgesia (Fig. 1A). Two-way ANOVA revealed significant effects of drug (F 

(4,24) = 23.6, p < 0.001) and time (F (4,24) = 53.8, p < 0.001). PBS or DAMGO at 1 μg or 

30 μg did not significantly increase mechanical thresholds during the 3 h of observation. 

DAMGO at 100 μg and 1 mg significantly attenuated CFA-induced hyperalgesia. The 

greatest antihyperalgesic responses occurred 30 min after the drug administration. Both 100 

μg and 1 mg of DAMGO nearly completely reversed the mechanical thresholds to pre-CFA 

baseline levels at this time point. DAMGO at 100 μg dose showed the most prominent and 

longer lasting antihyperalgesic effects whereas the effects of DAMGO at 1 mg were more 

transient. Based on %MPE calculated for each dose of DAMGO at the 30 min time point, 

we plotted a log dose-response curve (Fig. 1B). The ED50 of intraplantar DAMGO for this 

assay was determined to be 57.4 ± 2.49 μg. The mechanical sensitivity of the non-inflamed 

paw was not altered by the CFA or the drug treatment.

3.2. Antihyperalgesic effects of intradermal ACPA on mechanical hyperalgesia

As with DAMGO treated groups, the mean mechanical thresholds before and after CFA 

treatments were not significantly different between vehicle and ACPA treated groups (F 

(4,24) = 2.65, p > 0.05, F (4,24) = 1.63, p > 0.05, respectively). Antihyperalgesic effects of 

ACPA were also tested 3 days after CFA treatment. Intradermal administration of ACPA 

dose-dependently reversed the hyperalgesia (Fig. 2A). Two-way ANOVA revealed 

significant effects of drug (F (4,24) = 9.82, p < 0.001) and time (F (4, 24) = 9.496, p < 

0.001). PBS or ACPA at 1 or 30 μg did not attenuate CFA-induced mechanical hyperalgesia. 

ACPA at 100 μg significantly attenuated CFA-induced hyperalgesia (Fig. 2A). ACPA at 1 

mg completely reversed the antihyperalgesic effects. Interestingly, ACPA at 2 mg did not 

further increase the mechanical threshold but prolonged the antihyperalgesic effects, 

suggesting that peripheral ACPA does not lead to analgesic effects even at high doses. The 

greatest antihyperalgesic responses occurred 30 min after the drug administration. Based on 

%MPE calculated for each dose of ACPA, we plotted a log dose-response curve (Fig. 2B). 

From the dose related responses, we determined the ED50 of intraplantar ACPA for this 

assay to be 111.6 ± 2.18 μg. The mechanical sensitivity of the non-inflamed paw was not 

altered by the ACPA treatment.
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3.3. Interactions between DAMGO and ACPA

Dose- and time-dependent antihyperalgesic effects of co-administration of DAMGO and 

ACPA at 1:1.9 fixed ratio of equipotent doses, calculated based on ED50 determined from 

the above experiments, were examined. Responses to four different combinations of 

DAMGO and ACPA (i.e., 1 and 1.9, 10 and 19, 30 and 57, and 100 and 190 μg, respectively) 

co-administered intradermally into the hindpaw 3 days after CFA treatment are shown in 

Fig. 3. The combination of the lowest doses of DAMGO and ACPA (1 and 1.9 μg) did not 

significantly alter the mechanical hyperalgesia. Thus this group was used as a control to 

compare the remaining three combinations of higher doses. The combination of DAMGO 

and ACPA dose-dependently attenuated CFA-induced mechanical hyperalgesia. Two-way 

ANOVA revealed significant dose (F (3,19) = 54.1, p < 0.001) and time (F (4,19) = 91.9.2, p 
< 0.001) effects. Combinations of the three higher doses of agonists significantly reversed 

CFA-induced mechanical hyperalgesia. However, the significant effect lasted only one hour. 

We did not use higher doses of DAMGO or ACPA since 1 mg of each agonist completely 

reversed the mechanical hyperalgesia when administered individually. As with individual 

DAMGO or ACPA, the greatest antihyperalgesic effects occurred at 30 min. Based on this 

set of data, we determined the ED50 value for combined drug effects to be 128.4. ± 2.28 μg. 

The plots of the ED50 value obtained from combinations of drugs in relation to the ED50 

values of the individual drugs are shown in Fig. 4. The letter A on the isobologram 

represents the theoretical additive point for each combination of DAMGO and ACPA, and 

letter B indicates the experimental point for each drug combination. The theoretical additive 

ED50 for combined drug treatments was 84.5 ± 9.06 μg while the observed ED50 for ACPA 

and DAMGO administered together was 128.4 ± 2.28 μg. The isobologram showed that the 

experimental point lies outside of the confidence intervals of the line of additivity. The 

theoretical additive mixture ED50 was significantly different from the observed ED50 (p < 

0.001) indicating that ACPA and DAMGO act antagonistically when administered together 

in this inflammatory hyperalgesia assay.

4. Discussion

The present study confirmed that DAMGO or ACPA, a specific agonist for MOR or CB1, 

respectively, significantly reduced inflammatory mechanical hyperalgesia in a dose- and 

time-dependent manner when administered directly at the inflamed tissue. Our results 

showed that the two drugs effectively reverse the mechanical hyperalgesia, but have different 

half maximal effects and pharmacokinetics in the periphery. The analysis of ED50 values 

showed 1:1.9 DAMGO to ACPA. It seems that DAMGO administered in the inflamed tissue 

reaches the maximum anti-hyperalgesic effects at about 100 μg and ACPA at around 1 mg. 

Also there was no marked difference between responses to 1 or 2 mg ACPA administered. It 

is possible that the DAMGO at 100 μg and ACPA at 1 mg saturate peripherally localized 

MOR and CB1 receptors. The fact that the high doses of DAMGO or ACPA do not produce 

analgesic effects would suggest that central action of these drugs is fairly limited. However, 

it is also possible that these drugs at high doses may have led to unknown off target effects 

that counter their antihyperalgesic actions. We also demonstrated that a MOR agonist 

combined with a CB1 agonist displayed antagonistic effects in our mechanical hyperalgesia 

assay. This study provides interesting novel information to further study mechanistic bases 
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for the antagonistic effects and offer clinically relevant information that combined drug 

treatments targeting both peripheral MOR and CB1 receptors in inflammatory mechanical 

hyperalgesia is ineffective.

Due to their similarities in signal transduction mechanisms, distribution in the brain and the 

spinal cord and behavioral effects, interactions between opioid and cannabinoid receptor 

systems in the CNS have been extensively explored (Bushlin et al., 2010; Cichewicz, 2004). 

The synergy between the two classes of drugs is particularly relevant since centrally 

mediated side effects and tolerance development are dose-limiting factors for both opioid 

and cannabinoid compounds in the treatment of chronic pain. Early studies have shown that 

selective antagonists targeting MOR block antinociceptive effects of exogenous 

cannabinoids, such as delta-9-tetra hydrocannabinol (THC) (Manzanares et al., 1999). These 

findings were supported by observations that intrathecal administration of THC leads to 

opioid peptide release and increase the expression of opioid precursor genes (Corchero et al., 

1997; Houser et al., 2000; Manzanares et al., 1999; Mason et al., 1999). Similarly, a 

selective antagonist for CB1 reverses morphine-induced antinociception (Pacheco Dda et al., 

2009). Not only the activity of one receptor is mediate by the other, combined treatments 

with both opioid and cannabinoid receptor agonists produce additive or synergistic 

antinociceptive effects. Additive or synergistic antinociceptive effects between cannabinoids 

and opioids in the CNS have been demonstrated in acute pain models (Cichewicz and 

McCarthy, 2003; Maguire et al., 2013; Smith et al., 1994; Tham et al., 2005; Welch and 

Stevens, 1992), as well as in inflammatory and neuropathic pain conditions (Cox et al., 

2007; Gunduz et al., 2011).

Although there is evidence that antihyperalgesic effects of morphine in the peripheral 

nervous system involve CB1 (da Fonseca Pacheco et al., 2008), interactions between opioid 

and cannabinoid agonists preferentially targeting peripheral receptors are less well 

characterized. Topical cannabinoid enhances topical morphine in acute pain models 

(Yesilyurt et al., 2003), suggesting an additive or synergistic interactions of the two drugs at 

the periphery. However, the efficacy of peripheral opioid is not readily detectable in normal 

tissue, but is greatly augmented under conditions of tissue injury and inflammation (Levine 

and Taiwo, 1989; Nunez et al., 2007; Schafer et al., 1995). It is not known whether similar 

interactions can be expected under injury or inflammatory conditions. Mecs and colleagues 

have shown that endogenous ligands for opioid and cannabinoid receptors lead to greater 

antinociception when administered together into the inflamed joint compared to individual 

drug effects (Mecs et al., 2010). These studies suggested positive interactions between the 

two drug classes at the peripheral level, consistent with the observations made in the CNS. 

We also hypothesized that the combined treatments would lead to greater antihyperalgesic 

effects since both CB1 and MOR are upregulated in sensory ganglia with a similar time 

course following CFA-induced inflammation and transcription of both receptors is regulated 

by inflammatory cytokines (Niu et al., 2012; Nunez et al., 2007; Zhang et al., 2014). In this 

study, we utilized the isobolographic analysis, a well-established technique, to clearly 

delineate additive or synergistic effects of DAMGO and ACPA. To our surprise, we found 

that combinations of DAMGO and ACPA produced antagonistic effects under inflammatory 

condition when administered directly to inflamed site. Our unexpected results suggest that 

cellular mechanisms underlying interactions between opioid and cannabinoid receptors are 
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complex and that drug interactions in primary afferent neurons may be quite different from 

the observations made in the CNS. In fact, Neelakantan and colleagues have shown that 

distinct mechanisms of action underlie the interactions between cannabinoid and morphine 

depending on the underlying pain type and stimulus modality (Neelakantan et al., 2015). In 

their study, combinations of cannabinoid and morphine produced synergistic effects in 

reversing acetic acid-stimulated stretching behavior, but sub-additive or antagonistic effects 

in the hot plate thermal nociceptive assay and the acetic acid-decreased operant responding 

for palatable food assay.

Cellular and molecular mechanisms underlying the additive, synergistic or antagonistic 

effects of opioid and cannabinoid receptor agonists in the periphery are currently not known. 

Additive actions of two pharmacological agents are commonly interpreted as utilizing 

similar mechanisms of action. Activation of cannabinoid and opioid receptors leads to the 

binding of GTP to Gi/Go proteins. A combination of opioid and cannabinoid receptor 

agonists induce an additive stimulation of GTPγS binding in neuroblastoma cells that 

endogenously express opioid and cannabinoid receptors, suggesting that the receptors do not 

share the common pool of G proteins (Shapira et al., 2000). Therefore, the lack of additive 

effects in the peripherally administered DAMGO and ACPA suggest that the two agonists 

are competing for the common pool of G protein. It is possible that there is only limited 

amount of G proteins available in sensory neurons at any given time, which could explain 

the antagonistic effects of the two agonists when given simultaneously. Further studies are 

warranted to confirm whether MOR and CB1 in primary afferent nociceptors utilize similar 

intracellular signaling pathways and resources. Alternatively, cannabinoids can bind 

allosterically to MOR and interfere with DAMGO binding to MOR, which would result in 

antagonizing effects (Kathmann et al., 2006). It is likely that CB1 and MOR are co-

expressed in sub-population of primary afferent nociceptors since both MOR and CB1 are 

expressed in TRPV1 positive neurons (Amaya et al., 2006; Yamamoto et al., 2008), but a 

direct receptor-receptor interaction in the same cells is yet to be demonstrated. The 

synergistic and additive drug effects can also be explained by simultaneous activation of 

opioid and cannabinoid receptors at multiple levels of brain circuitry involving brain areas 

such as PAG, RVM and the spinal cord, where these receptors are co-expressed (Herkenham 

et al., 1991; Hohmann et al., 1999; Mailleux and Vanderhaeghen, 1992; Meng et al., 1998). 

For example, PAG contributes to bidirectional enhancement of antinociception between 

morphine and cannabinoids (Wilson-Poe et al., 2013). Thus, dynamic interactions between 

pain modulating areas can further enhance drug effects originating from a particular brain 

region, which could also explain the lack of additive effects of the locally administered 

drugs in our data.

Our results add to an overwhelming amount of preclinical and clinical data supporting the 

role of peripheral opioid and cannabinoid receptors in various pain models. However, despite 

obvious advantages of avoiding centrally mediated side effects of targeting peripheral opioid 

and cannabinoid receptors, even peripherally restricted agonists cause side effects involving 

peripheral organs, such as gastrointestinal tract (Pertwee, 2001; Pinto et al., 2002; Tan-No et 

al., 2003). The development of novel treatment strategies that may improve the benefit-to-

risk ratio of peripheral opioid and cannabinoid agonists for the management of persistent 

types of pain is therefore important. Our data showed that combined treatments with the 
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agonists for the two receptor systems in the periphery lead to complex interactions and may 

not be suitable for countering inflammatory mechanical hyperalgesia. Further studies that 

elucidate mechanical bases for the drug interactions unique to the peripheral nervous system 

are warranted, and the combined treatment with the two agonists should be tested in 

different pain conditions with different stimulus modalities. Knowledge gained from those 

studies can also contribute to the development of novel approaches that enhance peripheral 

opioid and cannabinoid in ameliorating persistent pain beyond pharmacological means.
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Fig. 1. 
Effects of DAMGO (i.pl) on CFA-induced mechanical hyperalgesia. On day 3 of CFA 

injection, changes in mechanical thresholds after DAMGO treatment were measured for 180 

min. The drug was administered 5 min after pre-treatment measurement of mechanical 

threshold (indicated by the arrow). * – significant group effect compared to PBS at p < 0.05, 

# – significant time effect compared to baseline p < 0.05. (n = 5 per group) (B) DAMGO 

dose-antihyperalgesic response curve. Responses are expressed as %MPE. %MPE values at 

the time point at which peak antihyperalgesic responses occurred were used to plot the 

curve.
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Fig. 2. 
Effects of ACPA (i.pl) on CFA-induced mechanical hyperalgesia. On day 3 of CFA 

injection, changes in mechanical thresholds after ACPA treatment were measured for 180 

min. The drug was administered 5 min after pre-treatment measurement of mechanical 

threshold (indicated by the arrow). * – significant group effect compared to PBS at p < 0.05, 

# – significant time effect compared to baseline p < 0.05. (n = 5 per group) (B) ACPA dose-

antihyperalgesic response curve. Responses are expressed as %MPE. %MPE values at the 

time point at which peak antihyperalgesic responses occurred were used to plot the curve.
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Fig. 3. 
Effects of combinations of ACPA and DAMGO (i.pl) on CFA-induced mechanical 

hyperalgesia. The four combination doses were 1:1.9 equipotent doses determined from the 

ED50 values of each drug: 1 and 1.9 μg, 10 and 19 μg, 30 and 57 μg, and 100 and 119 μg of 

DAMGO and ACPA, respectively. On day 3 of CFA injection, changes in mechanical 

thresholds after combinations of ACPA and DAMGO treatments were measured for 180 

min. The drug combination was administered 5 min after pre-treatment measurement of 

mechanical threshold (indicated by the arrow). * – significant group effect compared to the 

combination of lowest doses at p < 0.05, # – significant time effect compared to baseline p < 

0.05. (n = 5 per group).

Auh et al. Page 15

Brain Res Bull. Author manuscript; available in PMC 2021 February 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Isobologram of DAMGO and ACPA drug combination in CFA-inflamed rats. The ED50 of 

ACPA and DAMGO (μg) are plotted along the X and Y axis, respectively, and the line 

connecting the two values theoretically contains all dose combinations that are additive. 

Point A represents the theoretical additive value and Point B represents the experimentally 

determined values for the combination of ED50 values for DAMGO and ACPA. Pont B fell 

outside of the 95% confidence level of the theoretical additive line.

Auh et al. Page 16

Brain Res Bull. Author manuscript; available in PMC 2021 February 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and methods
	Subjects
	Induction of inflammation
	Mechanical sensitivity test
	Statistical analysis

	Results
	Antihyperalgesic effects of intradermal DAMGO on mechanical hyperalgesia
	Antihyperalgesic effects of intradermal ACPA on mechanical hyperalgesia
	Interactions between DAMGO and ACPA

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.

