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Abstract

:

Chemotherapy-induced peripheral neuropathy (CIPN) is one of the most prevalent and dose-limiting complications in chemotherapy patients, with estimates of at least 30% of patients experiencing persistent neuropathy for months or years after treatment cessation. An emerging potential intervention for the treatment of CIPN is cannabinoid-based pharmacotherapies. We have previously demonstrated that treatment with the psychoactive CB1/CB2 cannabinoid receptor agonist Δ9-tetrahydrocannabinol (Δ9-THC) or the non-psychoactive, minor phytocannabinoid cannabidiol (CBD) can attenuate paclitaxel-induced mechanical sensitivity in a mouse model of CIPN. We then showed that the two compounds acted synergically when co-administered in the model, giving credence to the so-called entourage effect. We and others have also demonstrated that CBD can attenuate several opioid-associated behaviors. Most recently, it was reported that another minor cannabinoid, cannabigerol (CBG), attenuated cisplatin-associated mechanical sensitivity in mice. Therefore, the goals of the present set of experiments were to determine the single and combined effects of cannabigerol (CBG) and cannabidiol (CBD) in oxaliplatin-associated mechanical sensitivity, naloxone-precipitated morphine withdrawal, and acute morphine antinociception in male C57BL/6 mice. Results demonstrated that CBG reversed oxaliplatin-associated mechanical sensitivity only under select dosing conditions, and interactive effects with CBD were sub-additive or synergistic depending upon dosing conditions too. Pretreatment with a selective α2-adrenergic, CB1, or CB2 receptor selective antagonist significantly attenuated the effect of CBG. CBG and CBD decreased naloxone-precipitated jumping behavior alone and acted synergistically in combination, while CBG attenuated the acute antinociceptive effects of morphine and CBD. Taken together, CBG may have therapeutic effects like CBD as demonstrated in rodent models, and its interactive effects with opioids or other phytocannabinoids should continue to be characterized.
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1. Introduction


As the opioid crisis continues in the US, those suffering from chronic pain look to safer and more effective treatment options, including natural remedies. An example of a difficult to treat chronic pain condition is chemotherapy-induced peripheral neuropathy (CIPN). To date, no drug or drug class is safe and effective for treatment of CIPN-associated pain [1], making the identification of alternative effective analgesics a crucial medical need. CIPN is one of the most prevalent and dose-limiting complications in chemotherapy patients. The incidence of CIPN specifically associated with oxaliplatin therapy can approach 75% with certain regimens, and toxicity can be so severe as to lead to cessation of cancer treatment. Common peripheral sensory symptoms include paresthesias and dysesthesias, pain, numbness and tingling, and sensitivity to touch and temperature. Damage to peripheral nerves can lead to spontaneous sensory neuron activity [2], alteration of voltage-gated ion channel activity [3,4], ascending fiber pathology [5], and neuroinflammation [6], ultimately leading to ascending pain pathway sensitization [7]. Functional changes to the descending inhibitory pain pathway can also result, altering serotonin and noradrenergic signaling and further amplifying the effects of central sensitization [8,9].



The scientific evidence, practice, and legislation surrounding the medical use of Cannabis for the treatment of chronic pain continues to rise, and there is growing patient and research interest in cannabinoid constituents for the treatment of CIPN (see [10] for review). We and others have demonstrated that both Δ9-tetrahydrocannabinol (Δ9-THC) and cannabidiol (CBD) can prevent the development of mechanical sensitivity associated with chemotherapeutic administration in male [11,12] or female [13,14] C57BL/6 mice. We demonstrated that the effect of CBD likely involved activation of the serotonin 5-HT1A receptor, as antagonism of this receptor (but not the cannabinoid CB1 or CB2 receptor) negated the protective effect of CBD [14]. Subsequently, we established that CBD works synergistically with Δ9-THC against CIPN, increasing the potency to attenuate mechanical sensitivity ten-fold [11]. More recently, it was demonstrated that the phytocannabinoid cannabigerol (CBG) significantly reduced mechanical hypersensitivity in a mouse model of cisplatin-associated peripheral neuropathy [15,16]. Limited binding studies have addressed potential mechanisms of action of CBG. It has been described as an antagonist at 5-HT1A receptors and an agonist at the α2 adrenoreceptor [17], and as a weak partial agonist of CB1R and CB2R [18]. Sepulveda et al. [15] reported that the antinociceptive effects of CBG in the mouse model of cisplatin-induced peripheral neuropathy were attenuated by either α2 -adrenergic, CB1, or CB2 receptor antagonism. Taken together, these results strongly suggest that CBD and CBG share partially overlapping receptor interactions, and further work is needed to understand their anti-neuropathic effects alone and in combination.



Another line of research has focused on whether combining cannabinoids with opioid dosing regimens will make opioid treatment safer and/or more effective. For example, it has been established in several rodent models that CB1 receptor agonists such as Δ9-THC can increase the potency of opioid antinociceptive effects [19,20,21,22], but see [23] or attenuate the development of opioid tolerance [24]; (but not in monkeys, see [25]). Less is known about the effects of the so-called minor cannabinoids on opioid antinociception, tolerance, and dependence. We reported in Neelakantan et al. [26] that CBD enhanced the antinociceptive effect of morphine in the acetic acid stretching test but attenuated morphine-associated thermal antinociception as measured by the hotplate, demonstrating robust endpoint specific interactive effects. Others have shown that CBD can attenuate opioid withdrawal signs in rodents [27,28]. We are unaware of any published work investigating CBG/opioid interactions.



Therefore, the goals of the present set of experiments were to determine the single and combined effects of CBG and CBD in reversal of oxaliplatin-associated mechanical sensitivity, attenuation of naloxone-precipitated morphine withdrawal, and acute morphine antinociception in male C57BL/6 mice. Male C57BL/6 mice were used for the present study. A separate study focusing on investigating potential sex differences in the behavioral and neuroinflammatory responses to CBG in CIPN models has also been conducted by our laboratory and presented elsewhere [29].




2. Materials and Methods


2.1. Animals


The animal experiments presented in this article were approved by the Institutional Animal Care and Use Committee (IACUC; ACUP4914) at Temple University (Philadelphia, PA, USA). A total of 640 mice were used in this study. All experiments began with 8 mice per group. No animals were excluded from the data analysis. In some experimental groups, mice did not complete the experiment due to fighting wounds resulting from group housing, which can occur with male mice. The mice used in these experiments were purchased from Taconic Biosciences (Germantown, NY, USA). They were male C57BL/6NTac mice, aged 6–8 weeks at time of arrival to the vivarium. All mice acclimated to the vivarium for at least 5 days prior to initiation of behavioral testing. Mice were maintained in an enriched environment with a dark/light cycle of 12 h and a temperature of 22 °C. Mice were housed 4 per cage and had ad libitum access to regular food and water. The behavioral experiments on the mice were performed during the light cycle. Every effort was made to ensure optimal welfare conditions before, during, and after each experiment, and the mice were observed daily for general condition. The size of the animal groups for the experiments was based on data from previous studies. The observer of the behavioral tests was not aware of the treatment of the animals. Mice were randomly assigned to their groups.




2.2. Drugs


Oxaliplatin (Pfizer Hospital) was procured from Temple University Pharmacy. Oxaliplatin was dissolved in a mixture of Kolliphor (Sigma-Aldrich, St. Louis, MO, USA), ethanol (Sigma-Aldrich, St. Louis, MO, USA), and saline (KD Medical, Columbia, MD, USA) (mixture proportion 1:1:18). Intraperitoneal injections of oxaliplatin were performed once at a dose of 6.0 mg/kg. Control mice received the vehicle (1:1:18, ethanol, Kolliphor, and saline) at a volume of 10 mL/kg, i.p. CBG was generously provided by Benuvia Pharmaceuticals, Round Rock, TX, USA. CBG was dissolved in a mixture of Kolliphor (Sigma-Aldrich, St. Louis, MO, USA), ethanol (Sigma-Aldrich, St. Louis, MO, USA), and saline (mixture proportion 1:1:18) and was administered in a range of dosing regimens described below. CBD was purchased from Cayman Chemical (Ann Arbor, MI, USA). CBD was dissolved in a mixture of Kolliphor (Sigma-Aldrich, St. Louis, MO, USA), ethanol (Sigma-Aldrich), and saline (mixture proportion 1:1:18) and was administered in a range of dosing regimens described below. Morphine was obtained through the NIDA Drug Supply Program and was dissolved in 0.9% sodium chloride (Hospira, Lake Forest, IL, USA). Naloxone hydrochloride was purchased from Enzo Life Sciences (Farmingdale, NY, USA). Atipamezole was dissolved in 0.9% sodium chloride (Hospira). SR141716 and SR144528 were dissolved in a mixture of Kolliphor (Sigma-Aldrich, St. Louis, MO, USA), ethanol (Sigma-Aldrich), and saline (mixture proportion 1:1:18). All three antagonists were purchased from (Sigma-Aldrich, St. Louis, MO, USA). All doses were selected based on our published work with cannabinoids and opioids in these models [11,12,13,14], as well as the previous work with CBG in CIPN models in the literature [15,16].




2.3. Mechanical Sensitivity


2.3.1. von Frey Filaments Test


Baseline mechanical sensitivity testing took place for three consecutive days (Days −2, −1, and 0) before administration of oxaliplatin on Day 1. During baseline testing and then again on Day 6 (test day), mice were placed in individual Plexiglas compartments (Med Associates, St. Albans, VT, USA) on top of a wire grid floor suspended 20 cm above the laboratory bench top and acclimatized to the environment for 30 min. Mechanical allodynia was assessed using von Frey monofilaments of varying forces (0.07–2.0 g) applied to the mid-plantar surface of the right hind paw, with each application held in c-shape for 6 s, starting with the 0.07 filament. If no response was elicited, the next filament was tested until a response was elicited. Filaments were then retested in a descending order until the filament did not elicit a response, and the lowest filament to elicit a response was recorded [11,12,13,14]. CBG, CBG, or their combination was administered in a series of dosing regimens, from only on Day 6, 2 h prior to the test session, to Days 5 and 6, Days 4–6, Days 3–6, and Days 2–6. For antagonist studies, the antagonist was administered 30 min prior to CBG.




2.3.2. Naloxone-Precipitated Jumping Behavior


Morphine dependence was induced by twice daily injections (9 a.m. and 7 p.m.) for five consecutive days using an escalating dose schedule (twice daily 20 mg/kg, 40 mg/kg, 60 mg/kg, 100 mg/kg). On Day 5, mice received a final dose of morphine (100 mg/kg i.p.) and injection of vehicle, CBD, or CBG (10–100 mg/kg) and placed back into their home cages to allow for habituation. After 2 h, all mice were challenged with naloxone (3 mg/kg i.p.) and were immediately placed into individual Plexiglas observation chambers to measure precipitate a μ-opioid receptor-dependent withdrawal syndrome, as described previously [30]. Mice were observed for 30 min and the number of withdrawal jumps following the naloxone challenge was quantified by a blinded scorer.





2.4. Hotplate Antinociception


The effects of CBD, morphine, and CBG alone and CBG + morphine or CBG + CBD were assessed using a hot plate thermal nociceptive assay. In this procedure, a single mouse was placed on the hot plate set to a temperature of 56 °C with a 15 cm high plastic cylinder. The latency to when the mouse licked its hind paw, jumped off the hot plate, or a cutoff time of 20 s was recorded. Three baseline latencies spaced 5 min apart were determined and the mean value for each individual mouse was taken as the baseline latency measure. Mice were administered CBG, CBD, or morphine (1.0–30 mg/kg) and tested on the hot plate 30 min later to determine post-drug latencies. Combinations of CBG with morphine or CBD by retesting the morphine or CBD dose response but keeping the CBG dose set to 30 mg/kg. Each mouse served as its own control in the experiments. For the data analyses, hot plate latencies after drug administration were expressed as a % maximal possible effect (%MPE) and calculated by the following equation: %MPE = [Test (post-drug) latency − baseline latency]/[Cutoff (20 s) − baseline latency] × 100. A value of 0 was assigned if the mouse responded faster after drug administration than its average baseline latency. The %MPE was calculated for each dose of the drugs tested alone or in combination for individual mice and then averaged into a group mean.




2.5. Statistical Analyses


One-way ANOVA, curve fitting, and linear regressions for statistical analyses were performed on dose–response data using GraphPad Prism 10 (GraphPad Prism 10.0 Software Inc., La Jolla, CA, USA). In all three behavioral assays, the dose–response effects for CBG, CBD, and morphine (where applicable) were analyzed using one-way ANOVA with Dunnett’s multiple comparisons post hoc tests.




2.6. Combination Analyses


Expected effects of drug combinations were calculated for all dose combinations in the three behavioral tests based on the principles of dose addition. As described by Tallarida (2000) [31], regression equations were calculated for each set of individual dose–response curves using linear regression analysis to determine equipotent dose ratios of CBG, CBD, and morphine for the behavioral assays. The choice of doses for the combinations from the linear relation is typically made by starting with the individual ED50 values when maximal effects are similar, and the potency of each agent is relatively constant over the effect range. The expected ED50 value is then determined to be the effect of combining the ED25 of each compound alone when they are tested in combination. This equipotent dose ratio, as well as lower and higher dose combinations set at the same ratio to one another, are then tested to determine the observed ED50 value. In the case where the single compounds are not efficacious enough to determine ED50 values, other effect levels can be determined and used; therefore, for naloxone-precipitated jumping behavior, ED25 values were calculated and used. Lastly, in cases in which the maximum effects of two compounds differ, as in the case of morphine or CBD versus CBG in the hotplate assay, the dose choice paired the ED50 of the higher efficacy drug with the dose of the other that produces a maximal effect.



If the observed effect was significantly greater than the expected effect, the drug combination in the studied dose ratio would be considered synergistic. If the observed effect was significantly less than the expected effect, the drug combination in the studied dose ratio would be considered sub-additive. No significant differences between the expected and observed effects would be considered simply as an additive interaction.





3. Results


In the first experiment, vehicle or oxaliplatin was administered on Day 1, and CBG or CBD was administered on Day 6, followed by mechanical sensitivity measurement. We observed that administration of CBD, but not CBG, on Day 6 reversed mechanical sensitivity following oxaliplatin exposure (Figure 1A,B). For CBG, one-way ANOVA revealed a significant effect of treatment [F(4,35) = 11.06], p < 0.0001, and Dunnett’s multiple comparisons test revealed that only the vehicle treatment group was statistically different from the oxaliplatin alone treatment, showing that CBG administration did not attenuate mechanical sensitivity associated with oxaliplatin exposure. For CBD, one-way ANOVA revealed a significant effect of treatment [F(4,35) = 3.537], p < 0.01, and Dunnett’s multiple comparisons test revealed that the 30 mg/kg CBD treatment group was statistically different from the oxaliplatin alone treatment, showing that CBD administration attenuated mechanical sensitivity associated with oxaliplatin exposure in a dose-dependent manner.



To determine equipotent dose ratios of CBG and CBD to test in combination and to determine the expected additive effect level of the combination, data were transformed to percent baseline mechanical sensitivity and ED50 values were calculated for CBG and CBD. The ED50 value for CBG was determined to be 40.67 mg/kg, and the ED50 value for CBD was determined to be 19.1 mg/kg (Figure 1C,D). To test the combination, mice were treated with vehicle or oxaliplatin on Day 1 and increasing dose combinations of CBG and CBD in a 1:1 ratio based on potency determined by the single compound ED50 values, and the observed ED50 value was determined to be 3.58 mg/kg CBG + 1.68 mg/kg CBD, or 5.26 mg/kg (Figure 1E), compared to the expected ED50 value of 20.34 mg/kg CBG + 9.55 mg/kg CBD, or 29.89 mg.kg. The singe compound ED50 values can be plotted on an isobologram with a predicted line of additivity connecting them; observed ED50 values that lay along the line of additivity demonstrate additive combination effects. The observed ED50 value of 5.26 mg/kg lays well within the zone of synergy as shown on the isobologram (Figure 1F).



In the next experiment, increasing days of CBG injections were tested to determine whether repeated CBG administration would produce an effect on oxaliplatin-associated mechanical sensitivity. The only dosing regimen that produced a significant effect on mechanical sensitivity was CBG injections on Days 4, 5, and 6 post-oxaliplatin exposure (Figure 2). One-way ANOVA showed a significant effect of treatment [F(4,35) = 6.599], p = 0.005, with Dunnett’s post-test comparison showing a significant difference between the 10 mg/kg CBG treated group and the oxaliplatin alone group. Treatment on Days 5 and 6 [F(4,35) = 7.267], 3, 4, 5, and 6 [F(4,35) = 6.303], or 2, 3, 4, 5, and 6 [F(4,35) = 11.06] only showed a significant effect of oxaliplatin alone versus vehicle, with no post hoc effects of CBG treatment at any dose.



We then sought to determine the interactive effect of CBG and CBD at this dosing regimen that produced an effect for CBG. We first determined that dosing of CBD on days 4, 5, and 6 was effective at reversing oxaliplatin-associated mechanical sensitivity comparable to CBG (Figure 3A,B). For CBD, one-way ANOVA revealed a significant effect of treatment [F(4,35) = 7.979], p = 0.0001, and Dunnett’s multiple comparisons test revealed that the 30 mg/kg CBD treatment group was statistically different from oxaliplatin alone treatment, showing that CBD administration attenuated mechanical sensitivity associated with oxaliplatin exposure in a dose-dependent manner.



For the Days 4, 5, and 6 dosing regimens, the ED50 value for CBG was determined to be 8.0 mg/kg, and the ED50 value for CBD was determined to be 4.4 mg/kg (Figure 3C,D). To test the combination, mice were treated with vehicle or oxaliplatin on Day 1 and increasing dose combinations of CBG and CBD in a 1:1 ratio based on potency determined by the single compound ED50 values on Days 4, 5, and 6, and the observed ED50 value was determined to be 14.8 mg/kg CBG + 8.17 mg/kg CBD, or 22.97 mg/kg (Figure 3E), compared to the expected ED50 value of 4.0 mg/kg CBG + 2.2 mg/kg CBD, or 6.2 mg/kg. The singe compound ED50 values were plotted on the isobologram with a predicted line of additivity connecting them; the observed ED50 value of 22.97 mg/kg lays well within the zone of subadditivity as shown on the isobologram (Figure 3F).



We next determined the effect of selective antagonists for α2-adrenergic (atipamezole), CB1 (SR141716), or CB2 (SR144528) receptors on CBG-attenuation of oxaliplatin mechanical sensitivity using the Days 4, 5, and 6 dosing regimens. All three antagonists dose dependently attenuated CBG’s effect (Figure 4). For atipamezole, one-way ANOVA revealed a significant effect of treatment [F(5,40) = 6.356], p = 0.0002, with Dunnett’s multiple comparison test showing a significant effect of oxaliplatin alone, atipamezole 3.0 mg/kg, and atipamezole 10 mg/kg as compared with vehicle/vehicle treated. For SR141716, one-way ANOVA revealed a significant effect of treatment F(5,42) = 5.615], p = 0.0005, with Dunnett’s multiple comparison test showing a significant effect of oxaliplatin alone, SR141716 0.3 mg/kg, SR141716 1.0 mg/kg, and SR141716 3.0 mg/kg. For SR144528, one-way ANOVA revealed a significant effect of treatment F(5,42) = 4.587], p = 0.0020, with Dunnett’s multiple comparison test showing a significant effect of oxaliplatin alone, SR144528 1.0 mg/kg, and SR144528 3.0 mg/kg.



We next determined the single and combined effects of CBG or CBD on naloxone-precipitated withdrawal in morphine dependent mice. Results demonstrate that 100 mg/kg CBG or CBD administration significantly attenuated naloxone-precipitated jumping (Figure 5A,B). For CBG, one-way ANOVA showed an effect of treatment [F(3,35) = 3.403], p = 0.0282, with Dunnett’s multiple comparison test showing a significant effect of 100 mg/kg CBG. For CBD, one-way ANOVA showed an effect of treatment [F(3,32) = 4.179, p = 0.0133, with Dunnett’s multiple comparison test showing a significant effect of 100 mg/kg CBD. For attenuation of naloxone-precipitated jumping, the ED25 value for CBG was determined to be 21.7 mg/kg, and the ED25 value for CBD was determined to be 26.4 mg/kg (Figure 5C,D). To test the combination, mice were treated with morphine for the last injection, along with vehicle or increasing dose combinations of CBG and CBD in a 1:1 ratio based on potency determined by the single compound ED25 values. The observed ED25 value was determined to be 2.48 mg/kg CBG + 3.02 mg/kg CBD, or 5.5 mg/kg (Figure 5E), compared to the expected ED25 value of 10.85 mg/kg CBG + 13.2 mg/kg CBD, or 24.05 mg/kg. The singe compound ED25 values were plotted on the isobologram with a predicted line of additivity connecting them; the observed ED25 value of 5.5 mg/kg lays well within the zone of synergy as shown on the isobologram (Figure 5F).



In the final set of experiments, we determined the single and combined effects of CBG, CBD, and morphine on thermal antinociception using the hotplate (Figure 6). Results demonstrate that CBG and CBD produce mild to moderate antinociception on the hotplate, respectively, while morphine produces robust dose-dependent antinociceptive effects, as expected. We next tested whether the 30 mg/kg dose of CBG would modify the antinociceptive effects of morphine or CBD. For morphine, two-way ANOVA revealed that addition of CBG produced a significant attenuation of morphine antinociception. There was a significant main effect of drug [F(1,65) = 5.236], p = 0.0254 and of dose [F(4,65) = 59.39], p < 0.0001, but no significant interaction [F(4,65) = 1.686]. Sidak’s multiple comparisons test revealed a significant difference between morphine versus morphine + CBG at the 30 mg/kg dose. For CBD, two-way ANOVA revealed that addition of CBG did not alter the modestly observed CBD antinociception. There was a significant main effect of dose [F(4,65) = 5.629], p = 0.0006, but not drug [F(1,65) < 1.0], and no significant interaction [F(4,65) = 1.556]. However, there was a non-significant attenuation of CBD by CBG at the 100 mg/kg CBD dose.




4. Discussion


In the present set of experiments, we replicated our previous observations that CBD administration attenuates oxaliplatin-associated mechanical sensitivity in male C57BL/6 mice [11] and extended these findings to show that that effect is observed under single as well as repeated administration conditions (Figure 1 and Figure 3). In contrast, we found that administration of CBG was able to attenuate oxaliplatin-associated mechanical sensitivity under a much narrower set of dose and dosing conditions (Days 4–6 post oxaliplatin exposure; Figure 1 and Figure 2). Previously, both acute and chronic administration of CBG were shown to reverse an established mechanical sensitivity to cisplatin in male and female mice [15,16] following single, 7, or 14 days of injection. As mentioned previously, CBG has been described as an antagonist at 5-HT1A receptors and an agonist at the α2 adrenoreceptor [17], and as a weak partial agonist of CB1R and CB2R [18]. Under the acute dosing condition, Sepulveda et al. [15] showed that the effect of CBG could be attenuated by antagonism of the CB1 or CB2 receptor, as well as the α2-adrenergic receptor, and we replicate this observation under the Days 4, 5, and 6 dosing regimens. These data taken together could suggest that CBG may be less effective at attenuating mechanical sensitivity associated with oxaliplatin than with cisplatin, although the mechanisms may be similar. The other methodologies between the studies from our laboratory and that of Sepulveda [15] and Nachnani [16] are very similar, but it is possible that the disparate effects were due to other factors than the chemotherapeutic agent used.



Our previous work also demonstrated that CBD works synergistically with Δ9-THC against paclitaxel associated mechanical threshold, increasing the potency to attenuate touch sensitivity ten-fold [11]. In the present study, we tested the nature of interaction between CBD and CBG under two dosing conditions: one where both CBD and CBG were effective, and one where only CBD was effective. Under the Days 4, 5, 6 dosing regimens, where both phytocannabinoids alone attenuated mechanical sensitivity, the combination produced subadditive effects (Figure 4). This addition of CBD to CBG leading to a reduced potency could be seen as similar to the effect that was observed with CBG alone, where higher doses of CBG (30 mg/kg) or more days of CBG administration, equated to a loss of therapeutic effect. One mechanistic explanation that comes to mind from this is the role of the 5-HT1A receptor in pain modulation. We showed previously that the protective effect of CBD in the paclitaxel mechanical sensitivity assay was mediated by the 5HT1A receptor [14], in that blockade of this receptor prevented the therapeutic effect we observed with CBD. In contrast, limited evidence has suggested that CBG itself is a putative 5-HT1A receptor antagonist [17]. Therefore, this one component of CBG’s pharmacological effect is counter to our conceptualization of the role of 5-HT1A and pain inhibition and may contradict its more therapeutic mechanisms of action in the present context, such as CB or α2 receptor agonism. This could also explain how certain CBG dosing regimens counteract CBD and its 5-HT1A activating effects when given in combination, leading to subadditivity. In contrast, under the Day 6 dosing regimen where only CBD showed efficacy, the combination produced synergist effects associated with a 6-fold increase in potency (Figure 2). This result suggesting complementary mechanisms of action under this dosing regimen of CBD and CBG following the one acute injection, such as CBD producing 5-HT1A receptor activation and CBG producing CB and α2 receptor agonism.



We also replicated two recent reports demonstrating that CBD can attenuate opioid withdrawal signs in rodents [27,28]. Navarrete et al. [27] reported that anxiety-like behavior, motor activity, and withdrawal-related somatic signs associated with spontaneous heroin withdrawal were significantly reduced in mice treated with CBD. Moreover, CBD treatment normalized decreased gene expression of the CB1 cannabinoid receptor and increased already enhanced gene expression of the CB2 receptor in the nucleus accumbens following spontaneous heroin withdrawal. Scicluna et al. [28] demonstrated that CBD attenuated gastrointestinal symptoms associated with both precipitated and spontaneous withdrawal from oxycodone in male and female mice. Mechanistically, there is a wealth of evidence for opioid-cannabinoid crosstalk [32] and, therefore, a potential for CBD to directly interact with opioid receptors [33] or indirectly modulate the opioid system through modulation of CB1 and CB2 receptors [34] (although there remains debate regarding the direct or indirect interaction of CBD with both cannabinoid receptors, see [35,36,37]). We extended the behavioral findings to determine that pretreatment with CBD or CBG, 2 h prior to naloxone injection, significantly attenuated jumping behavior, a classical withdrawal sign observed in mice in this model. This is the first report we are aware of to investigate the effect of CBG on opioid withdrawal. Pharmacologically, α2-adrenergic agonists have been used historically to attenuate opioid withdrawal [38], so this supports our observation here that CBG was effective in this model. Similar to what was observed in the Scicluna study with CBD, neither drug was very potent or efficacious in our model. We tested up to 100 mg/kg for each compound, which was as high as we could test before encountering confounding motor and sedating effects for these drugs. Only the 100 mg/kg dose of each drug was statistically significant, and ED25 values instead of ED50 values were calculated due to limited efficacy at the dose range tested. However, the two compounds were relatively equipotent and equieffective to one another. When tested in combination based on their equivalent potency and efficacy, the results showed a robust synergy, with a greater than 4-fold increase in potency of the combination compared to its predicted interactive effect. Again, synergy suggests complementary mechanisms of action, perhaps opioid and cannabinoid-modulating effects of CBD and α2-adrenergic and cannabinoid modulating effects of CBG.



Lastly, we determined whether CBG would modify the modest antinociceptive effects of CBD or the robust antinociceptive effects of morphine. We found that CBG alone produced minimal antinociceptive effects on the hotplate, like observations with the tail flick assay reported by Sepulveda et al. (2022) [15]. CBD produced modest to moderate effects on the hotplate, as we have reported previously [12,26]. In the literature, CBD has been reported to increase [26,39], attenuate [26], or produce additive acute antinociceptive effects [15] when administration in combination with morphine, depending upon the assay and other variables. With CBG, we found a slight but statistically significant attenuation of morphine’s antinociceptive effect on the hotplate, and a slight but non-significant attenuation of CBD’s effect.



In summary, CBD and CBG share overlapping but distinct pharmacological profiles that continue to be defined. These profiles appear to be complementary to their potential therapeutic application in the context of pain and substance use disorders, as is supported by several of the combination studies presented here. However, our results also reveal dosing regimens and assays wherein the combination produces potent sub-additive effects, suggestive of pharmacological effects and mechanisms that hinder each other’s efficacy. Limitations of the current study include the exclusive use of male mice, although we have stated that we have recently published another study specifically focused on CBG and sex differences [29]. In addition, although we tried to be inclusive of dose ranges and behavioral tests used, many more dosing regimens and combination ratios can be explored, increasing translational relevance. Interestingly, in a recent published survey of patients using CBG-rich Cannabis preparations, most respondents reported greater efficacy of CBG-predominant Cannabis over conventional pharmacotherapy for the treatment of pain, anxiety, and depression [40]. Taken, together, continued characterization of the single and combined effects of CBD, CBG, and additional phytocannabinoids is necessary to determine safe and optimal phytocannabinoids approaches to treating pain, substance use disorder, and potentially many other indications.







Author Contributions


Conceptualization, S.J.W.; methodology, S.J.W.; formal analysis, S.J.W.; investigation, S.A.H., A.C.H., M.D.M. and R.L.W.; resources, S.J.W.; data curation, S.A.H., A.C.H., M.D.M. and R.L.W.; writing—original draft preparation, S.A.H.; writing—review and editing, S.J.W.; project administration, S.J.W.; funding acquisition, S.J.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by NCCIH R01AT010778-01.




Institutional Review Board Statement


The animal study protocol was approved by the Institutional Review Board of Temple University (ACUP 4914 approved 9/2019).




Informed Consent Statement


Not applicable.




Data Availability Statement


Datasets available by request.




Acknowledgments


CBG was generously provided by Benuvia Pharmaceuticals, Round Rock, TX, USA.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



D’Souza, R.S.; Alvarez, G.A.M.; Dombovy-Johnson, M.; Eller, J.; Abd-Elsayed, A. Evidence-Based Treatment of Pain in Chemotherapy-Induced Peripheral Neuropathy. Curr. Pain. Headache Rep. 2023, 27, 99–116. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, W.H.; Bennett, G.J. Chemotherapy-evoked neuropathic pain: Abnormal spontaneous discharge in A-fiber and C-fiber primary afferent neurons and its suppression by acetyl-L-carnitine. Pain 2008, 135, 262–270. [Google Scholar] [CrossRef] [PubMed]

	



Adelsberger, H.; Quasthoff, S.; Grosskreutz, J.; Lepier, A.; Eckel, F.; Lersch, C. The chemotherapeutic oxaliplatin alters voltage-gated Na+ channel kinetics on rat sensory neurons. Eur. J. Pharmacol. 2000, 406, 25–32. [Google Scholar] [CrossRef] [PubMed]

	



Gauchan, P.; Andoh, T.; Ikeda, K.; Fujita, M.; Sasaki, A.; Kato, A.; Kuraishi, Y. Mechanical allodynia induced by paclitaxel, oxaliplatin and vincristine: Different effectiveness of gabapentin and different expression of voltage-dependent calcium channel α2δ-1 subunit. Biol. Pharm. Bull. 2009, 32, 732–734. [Google Scholar] [CrossRef] [PubMed]

	



Cavaletti, G.; Tredici, G.; Braga, M.; Tazzari, S. Experimental peripheral neuropathy induced in adult rats by repeated intraperitoneal administration of taxol. Exp. Neurol. 1995, 133, 64–72. [Google Scholar] [CrossRef] [PubMed]

	



Hu, P.; McLachlan, E.M. Macrophage and lymphocyte invasion of dorsal root ganglia after peripheral nerve lesions in the rat. Neuroscience 2002, 112, 23–38. [Google Scholar] [CrossRef] [PubMed]

	



Peters, C.M.; Jimenez-Andrade, J.M.; Jonas, B.M.; Sevcik, M.A.; Koewler, N.J.; Ghilardi, J.R.; Wong, G.Y.; Mantyh, P.W. Intravenous paclitaxel administration in the rat induces a peripheral sensory neuropathy characterized by macrophage infiltration and injury to sensory neurons and their supporting cells. Exp. Neurol. 2007, 203, 42–54. [Google Scholar] [CrossRef] [PubMed]

	



Baron, R.; Binder, A.; Wasner, G. Neuropathic pain: Diagnosis, pathophysiological mechanisms, and treatment. Lancet Neurol. 2010, 9, 807–819. [Google Scholar] [CrossRef] [PubMed]

	



Pachman, D.R.; Barton, D.L.; Watson, J.C.; Loprinzi, C.L. Chemotherapy-induced peripheral neuropathy: Prevention and treatment. Clin. Pharmacol. Ther. 2011, 90, 377–387. [Google Scholar] [CrossRef] [PubMed]

	



Cavaletti, G.; Marmiroli, P.; Renn, C.L.; Dorsey, S.G.; Serra, M.P.; Quartu, M.; Meregalli, C. Cannabinoids: An Effective Treatment for Chemotherapy-Induced Peripheral Neurotoxicity? Neurotherapeutics 2021, 18, 2324–2336. [Google Scholar] [CrossRef] [PubMed]

	



King, K.M.; Myers, A.M.; Soroka-Monzo, A.J.; Tuma, R.F.; Tallarida, R.J.; Walker, E.A.; Ward, S.J. Single and combined effects of Δ9-tetrahydrocannabinol and cannabidiol in a mouse model of chemotherapy-induced neuropathic pain. Br. J. Pharmacol. 2017, 174, 2832–2841. [Google Scholar] [CrossRef] [PubMed]

	



Foss, J.D.; Farkas, D.J.; Huynh, L.M.; Kinney, W.A.; Brenneman, D.E.; Ward, S.J. Behavioural and pharmacological effects of cannabidiol (CBD) and the cannabidiol analogue KLS-13019 in mouse models of pain and reinforcement. Br. J. Pharmacol. 2021, 178, 3067–3078. [Google Scholar] [CrossRef] [PubMed]

	



Ward, S.J.; Ramirez, M.D.; Neelakantan, H.; Walker, E.A. Cannabidiol Prevents the Development of Cold and Mechanical Allodynia in Paclitaxel-Treated Female C57Bl6 Mice. Anesth. Analg. 2011, 113, 947–950. [Google Scholar] [CrossRef] [PubMed]

	



Ward, S.J.; McAllister, S.D.; Kawamura, R.; Murase, R.; Neelakantan, H.; Walker, E.A. Cannabidiol inhibits paclitaxel-induced neuropathic pain through 5-HT(1A) receptors without diminishing nervous system function or chemotherapy efficacy. Br. J. Pharmacol. 2014, 171, 636–645. [Google Scholar] [CrossRef] [PubMed]

	



Sepulveda, D.E.; Morris, D.P.; Raup-Konsavage, W.M.; Sun, D.; Vrana, K.E.; Graziane, N.M. Evaluating the Antinociceptive Efficacy of Cannabidiol Alone or in Combination with Morphine Using the Formalin Test in Male and Female Mice. Cannabis Cannabinoid Res. 2022, 7, 648–657. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Nachnani, R.; Sepulveda, D.E.; Booth, J.L.; Zhou, S.; Graziane, N.M.; Raup-Konsavage, W.M.; Vrana, K.E. Chronic Cannabigerol as an Effective Therapeutic for Cisplatin-Induced Neuropathic Pain. Pharmaceuticals 2023, 16, 1442. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Cascio, M.G.; Gauson, L.A.; Stevenson, L.A.; Ross, R.A.; Pertwee, R.G. Evidence that the plant cannabinoid cannabigerol is a highly potent alpha2-adrenoceptor agonist and moderately potent 5HT1A receptor antagonist. Br. J. Pharmacol. 2010, 159, 129–141. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Zagzoog, A.; Mohamed, K.A.; Kim, H.J.J.; Kim, E.D.; Frank, C.S.; Black, T.; Jadhav, P.D.; Holbrook, L.A.; Laprairie, R.B. In vitro and in vivo pharmacological activity of minor cannabinoids isolated from Cannabis sativa. Sci. Rep. 2020, 10, 20405. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Welch, S.P.; Stevens, D.L. Antinociceptive activity of intrathecally administered cannabinoids alone, and in combination with morphine, in mice. J. Pharmacol. Exp. Ther. 1992, 262, 10–18. [Google Scholar] [PubMed]

	



Pugh, G., Jr.; Smith, P.B.; Dombrowski, D.S.; Welch, S.P. The role of endogenous opioids in enhancing the antinociception produced by the combination of delta 9-tetrahydrocannabinol and morphine in the spinal cord. J. Pharmacol. Exp. Ther. 1996, 279, 608–616. [Google Scholar] [PubMed]

	



Cox, M.L.; Haller, V.L.; Welch, S.P. Synergy between delta9-tetrahydrocannabinol and morphine in the arthritic rat. Eur. J. Pharmacol. 2007, 567, 125–130. [Google Scholar] [CrossRef] [PubMed]

	



Maguire, D.R.; France, C.P. Impact of efficacy at the μ-opioid receptor on antinociceptive effects of combinations of μ-opioid receptor agonists and cannabinoid receptor agonists. J. Pharmacol. Exp. Ther. 2014, 351, 383–389. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Britch, S.C.; Craft, R.M. No antinociceptive synergy between morphine and delta-9-tetrahydrocannabinol in male and female rats with persistent inflammatory pain. Behav. Pharmacol. 2021, 32, 630–639. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Cichewicz, D.L.; Welch, S.P. Modulation of oral morphine antinociceptive tolerance and naloxone-precipitated withdrawal signs by oral Delta 9-tetrahydrocannabinol. J. Pharmacol. Exp. Ther. 2003, 305, 812–817. [Google Scholar] [CrossRef] [PubMed]

	



Gerak, L.R.; France, C.P. Combined Treatment with Morphine and Δ9-Tetrahydrocannabinol in Rhesus Monkeys: Antinociceptive Tolerance and Withdrawal. J. Pharmacol. Exp. Ther. 2016, 357, 357–366. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Neelakantan, H.; Tallarida, R.J.; Reichenbach, Z.W.; Tuma, R.F.; Ward, S.J.; Walker, E.A. Distinct interactions of cannabidiol and morphine in three nociceptive behavioral models in mice. Behav. Pharmacol. 2015, 26, 304–314. [Google Scholar] [CrossRef] [PubMed]

	



Navarrete, F.; Gasparyan, A.; Manzanares, J. CBD-mediated regulation of heroin withdrawal-induced behavioural and molecular changes in mice. Addict. Biol. 2022, 27, e13150. [Google Scholar] [CrossRef] [PubMed]

	



Scicluna, R.L.; Wilson, B.B.; Thelaus, S.H.; Arnold, J.C.; McGregor, I.S.; Bowen, M.T. Cannabidiol Reduced the Severity of Gastrointestinal Symptoms of Opioid Withdrawal in Male and Female Mice. Cannabis Cannabinoid Res. 2024, 9, 547–560. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.; Ward, S.J. Paclitaxel-Associated Mechanical Sensitivity and Neuroinflammation Are Sex-, Time-, and Site-Specific and Prevented through Cannabigerol Administration in C57Bl/6 Mice. Int. J. Mol. Sci. 2024, 25, 4277. [Google Scholar] [CrossRef] [PubMed]

	



Lichtman, A.H.; Sheikh, S.M.; Loh, H.H.; Martin, B.R. Opioid and cannabinoid modulation of precipitated withdrawal in Δ9-tetrahydrocannabinol and morphine-dependent mice. J. Pharmacol. Exp. Ther. 2001, 298, 1007–1014. [Google Scholar] [PubMed]

	



Tallarida, R.J. Drug synergism and dose-effect data analysis. In Drug Synergism and Dose-Effect Data Analysis; Chapman and Hall/CRC: Boca Raton, FL, USA, 2000. [Google Scholar] [CrossRef]

	



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

	



Kathmann, M.; Flau, K.; Redmer, A.; Tränkle, C.; Schlicker, E. Cannabidiol is an allosteric modulator at mu- and delta-opioid receptors. Naunyn Schmiedebergs Arch. Pharmacol. 2006, 372, 354–361. [Google Scholar] [CrossRef] [PubMed]

	



Bushlin, I.; Rozenfeld, R.; Devi, L.A. Cannabinoid-opioid interactions during neuropathic pain and analgesia. Curr. Opin. Pharmacol. 2010, 10, 80–86. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Tham, M.; Yilmaz, O.; Alaverdashvili, M.; Kelly, M.E.M.; Denovan-Wright, E.M.; Laprairie, R.B. Allosteric and orthosteric pharmacology of cannabidiol and cannabidiol-dimethylheptyl at the type 1 and type 2 cannabinoid receptors. Br. J. Pharmacol. 2019, 176, 1455–1469. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Martínez-Pinilla, E.; Varani, K.; Reyes-Resina, I.; Angelats, E.; Vincenzi, F.; Ferreiro-Vera, C.; Oyarzabal, J.; Canela, E.I.; Lanciego, J.L.; Nadal, X.; et al. Binding and Signaling Studies Disclose a Potential Allosteric Site for Cannabidiol in Cannabinoid CB2 Receptors. Front. Pharmacol. 2017, 8, 744. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Laprairie, R.B.; Bagher, A.M.; Kelly, M.E.; Denovan-Wright, E.M. Cannabidiol is a negative allosteric modulator of the cannabinoid CB1 receptor. Br. J. Pharmacol. 2015, 172, 4790–4805. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Gripshover, J.; Kosten, T. Managing Opioid Withdrawal in an Outpatient Setting with Lofexidine or Clonidine. Cureus 2022, 14, e27639. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Rodríguez-Muñoz, M.; Onetti, Y.; Cortés-Montero, E.; Garzón, J.; Sánchez-Blázquez, P. Cannabidiol enhances morphine antinociception, diminishes NMDA-mediated seizures and reduces stroke damage via the sigma 1 receptor. Mol. Brain 2018, 11, 51. [Google Scholar] [CrossRef] [PubMed]

	



Russo, E.B.; Cuttler, C.; Cooper, Z.D.; Stueber, A.; Whiteley, V.L.; Sexton, M. Survey of Patients Employing Cannabigerol-Predominant Cannabis Preparations: Perceived Medical Effects, Adverse Events, and Withdrawal Symptoms. Cannabis Cannabinoid Res. 2022, 7, 706–716. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]








[image: Biomedicines 12 01145 g001] 





Figure 1. Administration of CBD, but not CBG, on Day 6 reverse mechanical sensitivity following oxaliplatin exposure in male C57BL/6 mice, and the combination of CBG and CBD administered on Day 6 produces synergistic attenuation of mechanical sensitivity associated with oxaliplatin administration in male C57BL/6 mice. (A,B) Mice were treated with vehicle or oxaliplatin (OXA) on Day 1 and either vehicle or CBG (Left: 3.0–30 mg/kg i.p.), or CBD (Right: 3.0–30 mg/kg i.p.) on Day 6. Mechanical sensitivity was measured at baseline and on Day 6, 2 h post vehicle or cannabinoid administration. Results demonstrate that only 30 mg/kg CBD administration on Day 6 significantly reverses oxaliplatin-associated mechanical sensitivity. One-way ANOVAs with Dunnett’s multiple comparison tests, * p < 0.05, **** p < 0.0001. (C,D) To determine equipotent dose ratios of CBG and CBD to test in combination and to predict additive effect level of the combination, ED50s were calculated for CBG and CBD. To test the combination, mice were treated with vehicle or oxaliplatin on Day 1 and increasing dose combinations of CBG and CBD in a 1:1 ratio based on potency on Day 6 (E). Mechanical sensitivity was measured at baseline and on Day 6, 2 h post vehicle or cannabinoid administration. Plotting the actual combined ED50 with the predicted combined ED50, the isobologram shows that the combination produces a synergistic attenuation of mechanical sensitivity, defined as below and to the left of the line of additivity (F). n = 8/group. 
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Figure 2. Administration of CBG for three consecutive days, but not fewer or more, produced a significant attenuation of mechanical sensitivity following oxaliplatin exposure in male C57BL/6 mice. Separate groups of mice were treated with vehicle or oxaliplatin (OXA) on Day 1 and either vehicle or CBG on Days 5 and 6 (A), Days 4, 5, and 6 (B), Days 3, 4, 5, and 6 (C), or Days 2, 3, 4, 5, and 6 (D). Mechanical sensitivity was measured at baseline and on Day 6, 2 h post vehicle or CBG administration significantly reverses oxaliplatin-associated mechanical sensitivity. One-way ANOVAs with Dunnett’s multiple comparison tests, ** p < 0.01, *** p < 0.001 (n = 8/group). 
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Figure 3. Administration of CBG or CBD on Day 4, 5, and 6 reverse mechanical sensitivity following oxaliplatin exposure in male C57BL/6 mice and a combination of CBG and CBD administered on Day 4, 5, and 6 produces subadditive attenuation of mechanical sensitivity associated with oxaliplatin administration in male C57BL/6 mice. (A,B) Mice were treated with vehicle or oxaliplatin (OXA) on Day 1 and either vehicle or CBG (Left: 3.0–30 mg/kg i.p.), or CBD (Right: 1.0–10 mg/kg i.p.) on Day 4, 5, and 6. Mechanical sensitivity was measured at baseline and on Day 6, 2 h post vehicle or cannabinoid administration. Results demonstrate that only 10 mg/kg CBG or 30 mg/kg CBD administration on Day 4, 5, and 6 significantly reverses oxaliplatin-associated mechanical sensitivity. One-way ANOVAs with Dunnett’s multiple comparison tests, ** p < 0.01, *** p < 0.001. (C,D) To determine equipotent dose ratios of CBG and CBD to test in combination and to predict additive effect level of the combination, ED50s were calculated for CBG and CBD. To test the combination, mice were treated with vehicle or oxaliplatin on Day 1 and increasing dose combinations of CBG and CBD in a 1:1 ratio based on potency on Day 4, 5, and 6. (E). Mechanical sensitivity was measured at baseline and on Day 6, 2 h post vehicle or cannabinoid administration. * p < 0.05. Plotting the actual combined ED50 with the predicted combined ED50, the isobologram shows that the combination produces a synergistic attenuation of mechanical sensitivity, defined as below and to the left of the line of additivity (F). n = 8/group. 
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Figure 4. Co-administration of selective α2-adrenergic receptor antagonist atipamezole (A), CB1 receptor selective antagonist SR141716 (B), or CB2 receptor selective antagonist SR144528 (C) significantly attenuates the effect of CBG on mechanical sensitivity following oxaliplatin exposure in male C57BL/6 mice. Separate groups of mice were treated with vehicle or oxaliplatin (OXA) on Day 1 and either vehicle or antagonist and vehicle or CBG on Days 4, 5, and 6. Mechanical sensitivity was measured at baseline on Day 6, 2 h post vehicle or drug administration. Results demonstrate that all three antagonists significantly attenuated CBG reversal of oxaliplatin-associated mechanical sensitivity. One-way ANOVAs with Dunnett’s multiple comparison tests, * p < 0.05 compared with vehicle control (n = 8/group). 
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Figure 5. Acute administration of CBG or CBD produced a significant attenuation of naloxone-precipitated jumping behavior in male C57BL/6 mice chronically treatment with morphine, and a combination of CBG and CBD produced synergistic attenuation of naloxone-precipitated jumping behavior. (A,B) Mice were treated with increasing doses of morphine (20–100 mg/kg s.c.) twice daily for 5 days. On the morning of the last morphine injection, mice were co-administered vehicle or CBG (Left: 10–100 mg/kg i.p.), or CBD (Right: 10–100 mg/kg i.p.). Two hours later, all mice were injected with naloxone (3.0 mg/kg s.c.) and jumping behaviors was immediately observed for 30 min. Results demonstrate that 100 mg/kg CBG or CBD administration significantly attenuated naloxone-precipitated jumping. One-way ANOVAs with Dunnett’s multiple comparison tests, * p < 0.05, ** p < 0.01 (n = 7–10/group). (C,D) To determine equipotent dose ratios of CBG and CBD to test in combination and to predict additive effect level of the combination, ED25s were calculated for CBG and CBD. (E) To test the combination, mice were treated with increasing dose combinations of CBG and CBD in a 1:1 ratio based on potency, concomitant with the final morphine injection. Two hours later, all mice were injected with naloxone (3.0 mg/kg s.c.) and jumping behavior was immediately observed for 30 min. Plotting the actual combined ED25s with the predicted combined ED25s, the isobologram shows that the combination produces a synergistic attenuation of jumping behavior (F). (n = 8/group). 
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Figure 6. CBG attenuates thermal antinociceptive effects of morphine or CBD in male C57BL/6 mice. The effect of ascending doses of CBG (A), CBD (B), or morphine (C) to produce thermal antinociception on the 56 °C hotplate was determined. Results showed approximate 20% maximum possible effect for CBG, 35% MPE for CBD, and 100% MPE for morphine. A fixed dose of 30 mg/kg CBG was selected to test in combination with the CBD (B) and morphine (C) dose response curves and results demonstrate that CBG attenuated the antinociceptive effects of morphine, with a statistically significant effect at 30 mg/kg. Two-way ANOVAs with Sidak’s multiple comparison tests, * p < 0.05 (n = 8/group). 
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