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Abstract 

Opioid use disorder reflects a major public health crisis of morbidity and mortality where opioid 

withdrawal often contributes to continued use. However, current medications that treat opioid withdrawal 

symptoms are limited by their abuse liability or lack of efficacy. Although cannabinoid 1 (CB1) receptor 

agonists, including Δ9-tetrahydrocannabinol (THC), ameliorate opioid withdrawal in both clinical and 

pre-clinical studies of opioid dependence, this strategy elicits cannabimimetic side effects as well as 

tolerance and dependence following repeated administration. Alternatively, CB1 receptor positive 

allosteric modulators (PAMs) enhance CB1 receptor signaling and show efficacy in rodent models of pain 

and cannabinoid dependence but lack cannabimimetic side effects.  We hypothesize that the CB1 receptor 

PAM, ZCZ011, attenuates naloxone-precipitated withdrawal signs in opioid-dependent mice. 

Accordingly, male and female mice given an escalating dosing regimen of oxycodone, a widely 

prescribed opioid, and challenged with naloxone displayed withdrawal signs that included diarrhea, 

weight loss, jumping, paw flutters, and head shakes. ZCZ011 fully attenuated naloxone-precipitated 

withdrawal-induced diarrhea and weight loss and reduced paw flutters by approximately half, but its 

effects on head shakes were unreliable and it did not affect jumping behavior. The anti-diarrheal and anti-

weight loss effects of ZCZ0111 were reversed by a CB1, not a CB2, receptor antagonist and were absent 

in CB1 (-/-) mice, suggesting a necessary role of CB1 receptors. Collectively, these results indicate that 

ZCZ011 completely blocked naloxone-precipitated diarrhea and weight loss in oxycodone-dependent 

mice and suggest that CB1 receptor PAMs may offer a novel strategy to treat opioid dependence. 
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Significance Statement. 

Opioid use disorder represents a serious public health crisis in which current medications used to treat 

withdrawal symptoms are limited by abuse liability and/or side effects. The CB1 receptor positive 

allosteric modulator (PAM), ZCZ011, which lacks overt cannabimimetic behavioral effects, ameliorated 

naloxone-precipitated withdrawal signs through a CB1 receptor mechanism of action in a mouse model of 

oxycodone dependence. These results suggest that CB1 receptor PAMs may represent a viable strategy to 

treat opioid withdrawal.      
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Introduction 

Misuse of opioids and the prevalence of individuals with opioid use disorder (OUD) remains a 

significant public health problem in the United States. Recent 2019 estimates are that 9.7 and 1.4 million 

individuals aged 12 or older misused opioids and developed OUD, respectively (Substance Abuse and 

Mental Health Services Administration, 2020). Although current medications used to treat opioid 

dependence attenuate withdrawal symptoms such as diarrhea, emesis, hand tremors, and anxiety (Farrell, 

1994; Wesson and Ling, 2003), they also possess abuse liability (e.g., methadone and buprenorphine) 

(Cicero and Inciardi, 2005) and are not fully effective for all patients (e.g., lofexidine/clonidine) 

(Kuhlman et al., 1998; Stolbach and Hoffman, 2020). Thus, a great need exists to develop new 

efficacious pharmacotherapies, which lack abuse potential, to alleviate opioid withdrawal. 

 A case report from the 19th century describing an opium-dependent patient treated with cannabis 

extract (Birch, 1889) suggested that cannabinoid-based medications may effectively treat opioid 

dependence. A clinical trial conducted more than a century later demonstrated that the primary active 

constituent of cannabis, ∆9-tetrahydrocannabinol (THC), alleviates withdrawal symptoms in opioid-

dependent patients (Bisaga et al., 2015; Lofwall et al., 2016). Nevertheless, unwanted side effects of 

THC, including tachycardia, somnolence, and intoxication (Jicha et al., 2015; Lofwall et al., 2016), 

hinders its application to treat opioid use disorder. THC produces most of its pharmacological effects 

through the activation of two G-protein coupled receptors, cannabinoid receptor type 1 (CB1; Matsuda et 

al., 1990) and type 2 (CB2; Munro et al., 1993).  THC and other CB1 receptor agonists effectively 

attenuate withdrawal signs in opioid-dependent rodents (Hine, Friedman, et al., 1975; Hine, Torrelio, et 

al., 1975; Bhargava, 1976a,b; Vela et al., 1995; Lichtman et al., 2001; Cichewicz and Welch, 2003; 

Ramesh et al., 2011; Gamage et al., 2015), though this pharmacological approach elicits acute 

cannabimimetic side effects and results in tolerance and physical dependence after repeated 

administration (Wiley and Martin, 2003; Grim et al., 2016; Trexler et al., 2018, 2019). Alternatively, 

inhibitors of monoacylglycerol lipase (MAGL; Dinh et al., 2002) and fatty acid amide hydrolase (FAAH; 

Cravatt et al., 1996), which hydrolyze the respective endogenous cannabinoids, 2-arachidonoylglycerol 
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(2-AG; Mechoulam et al., 1995; Sugiura et al., 1995) and anandamide (AEA; Devane et al., 1992), 

attenuate naloxone-precipitated and spontaneous withdrawal signs in morphine-dependent mice with 

reduced cannabimimetic side effects (Ramesh et al., 2011, 2013; Gamage et al., 2015; Wills et al., 2016).  

However, CB1 receptor downregulation and desensitization, and physical dependence following repeated 

administration of high doses of MAGL inhibitors (Schlosburg et al., 2010, 2014; Ramesh et al., 2011) 

represents a challenge for this approach. 

CB1 receptor positive allosteric modulators (PAMs) offer therapeutic potential to treat opioid 

dependence and other conditions, without eliciting side effects associated with THC. Indeed, the CB1 

receptor PAMs ZCZ011 and GAT211 lack overt behavioral cannabimimetic effects, but produce 

antinociceptive effects in multiple rodent models of pain (Ignatowska-Jankowska, Baillie, et al., 2015; 

Slivicki et al., 2017, 2020; Thapa et al., 2020) as well as reduce withdrawal signs in cannabinoid-

dependent mice (Trexler et al., 2019). These molecules are believed to bind at allosteric site(s) on the CB1 

receptor that results in a conformational change of the orthosteric site to enhance the binding and efficacy 

of endogenous cannabinoids and/or elicit allosteric agonist effects on their own (Dopart et al., 2018; 

Tseng et al., 2019), and may also be classified as a positive allosteric agonist (ago-PAMs) (Kenakin, 

2013).    

 Here we tested whether the CB1 receptor PAM, ZCZ011, attenuates naloxone-precipitated 

withdrawal signs using an established mouse model of oxycodone-dependence (Enga et al., 2016; Carper 

et al., 2021). Oxycodone represents a widely used prescription opioid misused by 3.2 million people aged 

12 or older in the United States (Substance Abuse and Mental Health Services Administration, 2020). 

Oxycodone-dependent male and female mice were challenged with naloxone to precipitate somatic 

withdrawal signs (i.e., jumps, paw flutters, and head shakes), diarrhea, and body weight loss. We 

compared the actions of ZCZ011 on naloxone-precipitated withdrawal signs to those of oxycodone, which 

served as a positive control. Lastly, we employed the CB1 receptor inverse agonist/antagonist, rimonabant, 

the CB2 receptor antagonist, SR144528, and constitutive CB1 (-/-) mice (Zimmer et al., 1999) to assess 

cannabinoid receptor involvement of the anti-withdrawal effects of ZCZ011. 
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Materials and Methods. 

Animals. Male and female ICR mice (minimum 8 weeks of age; Envigo, Indianapolis, IN, USA) 

with respective body weights of 35-45 g and 30-40 g served as subjects. ICR mice were delivered at 7 

weeks followed by one week of habituation in VCU’s vivarium before testing began. Age-matched male 

and female CB1 (+/+) and CB1 (-/-) mice, derived from CB1 (+/-) breeding pairs bred within the Mutant 

Mouse Core at Virginia Commonwealth University, also served as subjects. These transgenic mice were 

created by Zimmer and colleagues (1999) and have been backcrossed onto a C57BL/6J background for at 

least 15 generations. The subjects were housed up to four mice per cage, in a light- (12 h light/dark cycle; 

lights on at 0600), temperature- (20–22°C) and humidity-controlled (55% ± 10%) AAALAC–approved 

facility at Virginia Commonwealth University. Mice received water and standard rodent chow ad libitum. 

Animal protocols were approved by the Institutional Animal Care and Use Committee at Virginia 

Commonwealth University and were in accordance with the National Institutes of Health Guide for the 

Care and Use of Laboratory Animals. 

Drugs. Oxycodone hydrochloride [(5α)-4,5-epoxy-14-hydroxy-3-methoxy-17-methylmorphinan-

6-one], naloxone hydrochloride [(1S,5R,13R,17S)-10,17-dihydroxy-4-(prop-2-en-1-yl)-12-oxa-4-

azapentacyclo[9.6.1.01,13.05,17.07,18]octadeca-7(18),8,10-trien-14-one], rimonabant, the CB1 receptor 

inverse agonist/antagonist [N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-

pyrazole-3-carboxamide HCl], and SR144528, the CB2 receptor antagonist, [N-[(1S)-endo-1,3,3,-

trimethylbicyclo[2.2.1]heptan-2-yl]-5-(4-chloro-3-methylphenyl)-1-(4-methylbenzyl)-pyrazole-3-

carboxamide], were obtained from the National Institute on Drug Abuse Drug Supply Program (Bethesda, 

MD). ZCZ011, the CB1 receptor PAM [6-methyl-3-(2-nitro-1-(thiophen-2-yl)ethyl)-2-phenyl-1H-indole], 

was synthesized based on Ignatowska-Jankowska and colleagues (2015) and improved upon according to 

an established protocol in the Lu laboratory (see Supplemental information for revised synthesis). 

ZCZ011, rimonabant, and SR144528 were dissolved in a vehicle solution consisting of a mixture of 

ethanol, alkamuls-620 (Sanofi-Aventis, Bridgewater, NJ), and saline (0.9% NaCl; sterile) in a 1:1:18 

ratio. Oxycodone and naloxone were dissolved in sterile 0.9% saline. All injections were administered in 
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a volume of 10 ml/kg of body weight. Oxycodone and naloxone were administered via the subcutaneous 

(s.c.) route of administration, whereas ZCZ011, rimonabant, and SR144528 were given via intraperitoneal 

(i.p.) injection.  

Naloxone-Precipitated Oxycodone Withdrawal Model. To induce oxycodone dependence, 

counter-balanced groups of male and female mice were administered escalating doses of oxycodone over 

an eight day period as previously described (Enga et al., 2016; Carper et al., 2021).  In brief, mice were 

administered s.c. injections of 9.0, 17.8, 23.7, then 33.0 mg/kg oxycodone (or saline) twice a day 

separated by approximately 7 h on days 1-2, 3-4, 5-6, and 7-8, respectively. On day nine, mice were 

administered 33 mg/kg oxycodone (or saline) followed by 1 mg/kg naloxone 2 h later to precipitate 

withdrawal (Enga et al., 2016; Carper et al., 2021) and withdrawal signs were assessed as previously 

described with some modifications (Ramesh et al., 2011).  

Plexiglas chambers were used to house mice during withdrawal assessment, with each chamber 

constructed of white sides and white bottom panels, a clear perforated top panel (eight ¼ inch diameter 

holes for ventilation), a sliding clear front panel (23 cm H), and a sliding mirrored back panel (23 cm H). 

The chambers were enclosed in sound-attenuating cabinets that contained an indirect filtered LED light 

source and fans for air circulation and white noise. Each cabinet contained a mounted 2.8-12.0mm 

varifocal lens mini-USB camera (Ailipu Technology Co., Ltd, Guangdong, China) that recorded mice 

through the clear front panel and were saved using ANY-maze video tracking software (Stoelting Co., 

Wood Dale, IL). All recorded videos were randomized and scored by one primary trained observer who 

was blinded to treatment condition or genotype using ANY-maze software and ODLog (v2.7.2 for 

Windows; Macropod), respectively.  A subset of sixteen videos of oxycodone-dependent mice were 

scored by a second trained observer to ensure inter-rater reliability (Supp. Fig. 1).  

On the morning of day 9 (i.e., 0900 h), mice were administered 33 mg/kg oxycodone and were 

placed in their respective Plexiglas chambers after 90 min for a 30-min acclimation period.  At 120 min, 

the mice were removed from the chambers, weighed, administered naloxone (1 mg/kg s.c.), and returned 

to the chambers for a 30-min test session after the chambers were cleaned using a paper towel moistened 
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with water. The mice were weighed again immediately after the test session. Chambers were changed 

between tests and cleaned with 10% ethanol to mitigate accumulation of residual odor between cohorts of 

mice.  

To reduce the number of mice (Kirk, 2013) used for the acute oxycodone and ZCZ011 dose-

response experiments (Fig. 1 and 2), preliminary experiments demonstrated that 75 mg/kg oxycodone and 

40 mg/kg ZCZ011 did not exhibit behavioral effects (i.e., the expression of diarrhea, weight loss, jumps, 

paw flutters, or head shakes) in mice repeatedly administered saline and receiving a naloxone injection on 

day 9. In the dose-response experiment testing whether acute oxycodone administration will attenuate 

withdrawal responses, counter-balanced groups of male and female oxycodone-dependent ICR mice 

received an acute oxycodone injection (17, 33, or 75 mg/kg s.c.) or saline 30 min before naloxone 

administration with doses based on experiments conducted in C57BL/6J male mice (Carper et al., 2021). 

Male and female ICR mice injected repeatedly with saline received an acute saline injection 30 min 

before naloxone to serve as a negative control. The two experimental factors of repeated oxycodone and 

acute oxycodone were treated as a single statistical factor and were analyzed as a 2-way ANOVA of 

oxycodone treatment by sex. In the experiment evaluating the dose-response relationship of ZCZ011, 

counter-balanced groups of male and female oxycodone-dependent ICR mice received ZCZ011 (5, 10, 

20, or 40 mg/kg i.p.) or vehicle 75 min before naloxone. The pretreatment time and doses of ZCZ011 

were based upon previous literature coinciding with its peak antinociceptive effects (Ignatowska-

Jankowska, Baillie, et al., 2015). An additional group of male and female oxycodone-dependent ICR 

mice were administered oxycodone (75 mg/kg s.c.) 30 min before naloxone to serve as a positive control. 

Male and female ICR mice repeatedly administered saline received vehicle 75 min before naloxone 

administration to serve as a negative control. The two experimental drug factors of oxycodone treatment 

and ZCZ011 treatment were also collapsed and treated as a single statistical factor.  

We employed pharmacological and genetic approaches to determine the involvement of the 

cannabinoid receptor and the anti-withdrawal effects of ZCZ011. Employing pharmacological and genetic 

approaches mitigates associated pitfalls when investigating cannabinoid receptor involvement for CB1 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 8, 2021 as DOI: 10.1124/jpet.121.000723

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


10 

 

receptor PAMs in vivo; ZCZ011 decreases equilibrium binding of rimonabant, the CB1 receptor inverse 

agonist/antagonist, in vitro (Ignatowska-Jankowska, Baillie, et al., 2015) and constitutive CB1 (-/-) mice 

exhibit a lower frequency of opioid withdrawal signs in vivo (Ledent et al., 1999; Lichtman et al., 2001), 

which provides potential alternative explanations for cannabinoid receptor involvement when examining 

CB1 receptor PAMs in animal models of opioid dependence. In the rimonabant experiment, counter-

balanced groups of male and female oxycodone-dependent ICR mice received two i.p. injections before 

naloxone administration. The first injection consisted of an i.p. injection of vehicle, rimonabant (3 

mg/kg), or SR144528 (3 mg/kg), the CB2 receptor antagonist, and the second injection consisted of 

vehicle or ZCZ011 (40 mg/kg), with the respective injections given 85 and 75 min before naloxone 

administration. A dose of 3 mg/kg for rimonabant and SR144528 was chosen based upon previous 

literature demonstrating reversal of the effects of CB1 and CB2 receptor agonists in models of 

inflammatory and neuropathic pain (Kinsey et al., 2009, 2011; Ignatowska-Jankowska, Wilkerson, et al., 

2015) as well as cannabinoid and opioid withdrawal (Long, Li, et al., 2009; Schlosburg et al., 2009; 

Ramesh et al., 2011, 2013). In the experiment using CB1 (-/-) mice, we used age-matched male and 

female oxycodone-dependent CB1 (+/+) and CB1 (-/-) mice that were administered vehicle or ZCZ011 (40 

mg/kg i.p.) 75 min before undergoing naloxone-precipitated withdrawal. Each figure contains schematics 

outlining the timeline of treatments for each experiment.  

Somatic signs of withdrawal were measured as previously described (Ramesh et al., 2011), which 

included the number of jumps, front paw flutters (including single and double flutters), head shakes, the 

occurrence of diarrhea, and the amount of body weight loss. Jumps were recorded as every incident when 

the mouse jumped from its hind legs or all four legs. Paw flutters were recorded as single or double 

flutters separated by at least 1 s or interrupted by any other behavior, such as jumps, head shakes, or 

grooming. Head shakes were recorded as every incident when the mouse quickly rotated the head 

clockwise and counter-clockwise. The occurrence of diarrhea was assessed by the presence of increased 

fluid content in the fecal pellets, discoloration of the pellet (e.g., dark brown to light brown), or 
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fragmentation of fecal pellets. Mice were also weighed before and immediately after the 30-min test 

session to assess body weight loss (%).   

Statistical Analyses. A power analysis from two preliminary experiments indicated that a sample 

size of 12 and 16 mice per group was required to detect significant effects of acute oxycodone and 

ZCZ011, respectively. Data for the percentage of mice present with diarrhea are reported as mean bar 

graphs, whereas data pertaining to other withdrawal signs are individual data points with the mean ± 

standard deviation (SD). The occurrence of diarrhea during the 30-min test session was scored as a 

quantal measure. Body weight loss (%) was calculated using the following formula: 

𝐵𝑊𝐿(%) = (100 − (
𝑝𝑜𝑠𝑡𝑇

𝑝𝑟𝑒𝑇
)) ∗ 100% 

In which postT represents the body weight of mice after the 30-min test session and preT represents body 

weight before the 30-min test session. The Fisher exact test was used to analyze occurrence of diarrhea. 

Data were analyzed using two- and three-way between-measures analysis of variance (ANOVA) and 

Student’s t-test for planned comparisons. Dunnett’s post-hoc test was used to compare drug treatments 

with oxycodone-dependent saline-treated or vehicle-treated mice and Tukey’s post-hoc test was used to 

compare between various treatments. Three-way ANOVAs were used to verify whether there were 

relevant sex differences for the latter studies investigating the anti-withdrawal mechanism of ZCZ011 

(Fig. 3 and 4). If no significant three-way interaction is observed and a two-way interaction occurs for the 

respective factors when excluding sex, subsequent two-way ANOVAs were conducted by pooling data 

across sex to discern cannabinoid receptor involvement for the effects of ZCZ011 (Fig. 3 and 4) (Kirk, 

2013). To determine inter-rater reliability, a Pearson correlation was conducted between the two 

observers for each measure scored in the sixteen videos of oxycodone-dependent mice undergoing 

precipitated withdrawal. The criterion of significance for all statistical tests was p < 0.05. Experimental 

protocols were designed to test working hypotheses with planned statistical analyses. 
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Results 

Supplementary Fig.1 compares data between a second trained observer, who scored a subset of 

sixteen videos of oxycodone-dependent mice, and the primary observer to ensure inter-rater reliability. 

Pearson correlations demonstrated a high correlation between observers for naloxone-precipitated jumps 

(r = 0.9995; p < 0.0001; Fig. S1A), paw flutters (r = 0.9953; p < 0.0001; Fig. S1B), and head shakes (r = 

0.9180; p < 0.0001; Fig. S1C). 

Oxycodone Dose-Dependently Attenuated Naloxone-Precipitated Withdrawal Signs 

in Oxycodone-Dependent ICR Mice. In the first experiment, we tested whether a positive control, 

acute oxycodone (17, 33, and 75 mg/kg s.c.), attenuate naloxone-precipitated diarrhea, weight loss, 

jumps, paw flutters, or head shakes. Table 1 summarizes Fisher exact test results for naloxone-

precipitated diarrhea and two-way ANOVAs (Sex x Oxycodone treatment) for each of the other 

withdrawal signs. A schematic of treatment conditions for this experiment is shown in Fig. 1A. As 

illustrated in Fig. 1B, 33 mg/kg oxycodone (3 of 12 mice) and 75 mg/kg oxycodone (0 of 12 mice) 

elicited a lower incidence of naloxone-precipitated diarrhea than oxycodone-dependent saline-treated (12 

of 12) mice. Moreover, mice repeatedly administered saline (3 of 12) exhibited a lower incidence of 

naloxone-precipitated diarrhea than oxycodone-dependent saline-treated (12 of 12) mice. Furthermore, 75 

mg/kg oxycodone completely blocked naloxone-precipitated body weight loss, while 33 mg/kg 

oxycodone blocked half the amount of body weight loss compared to oxycodone-dependent saline-treated 

mice (Fig. 1C). Notably, while micturition was not quantified, weight loss often occurred in mice whose 

withdrawal chamber was saturated with substantial volumes of urine following the 30-min test period. In 

addition, 33 mg/kg and 75 mg/kg oxycodone completely lowered the frequency of naloxone-precipitated 

jumps compared to oxycodone-dependent saline-treated mice. Furthermore, 75 mg/kg oxycodone 

completely lowered the frequency of naloxone-precipitated paw flutters, whereas 33 mg/kg oxycodone 

lowered the frequency by approximately half compared to oxycodone-dependent saline-treated mice (Fig. 

1E). Lastly, 33 mg/kg and 75 mg/kg oxycodone lowered the frequency of naloxone-precipitated head 
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shakes compared to oxycodone-dependent saline-treated mice. No endpoint showed a significant sex by 

oxycodone treatment interaction or main effect of sex (Fig. 1F). Because there were no significant 

interactions between oxycodone and sex in this experiment or ZCZ011 and sex throughout the study, the 

variable of sex is collasped in all figures. 

ZCZ011 Attenuates Naloxone-Precipitated Withdrawal Signs in Oxycodone-Dependent 

Mice. Figure 2 illustrates the effectiveness of ZCZ011 (5, 10, 20, and 40 mg/kg i.p.) in attenuating 

naloxone-precipitated diarrhea, weight loss, jumps, paw flutters, and head shakes. Table 2 summarizes 

Fisher exact test results for naloxone-precipitated diarrhea and two-way ANOVAs (sex x drug treatment) 

for each of the other withdrawal signs. A schematic of the treatment conditions for this experiment in 

which all mice were challenged with 1 mg/kg naloxone before behavioral observations is shown in Fig. 

2A. As illustrated in Fig. 2B, 40 mg/kg ZCZ011 (3 of 16 mice) and 75 mg/kg oxycodone (0 of 16 mice) 

elicited a lower incidence of naloxone-precipitated diarrhea than oxycodone-dependent vehicle-treated 

(15 of 16) mice. Furthermore, naloxone did not elicit diarrhea in control mice that received repeated 

injections of saline (0 of 16 mice). In addition, 40 mg/kg ZCZ011 and 75 mg/kg oxycodone completely 

blocked naloxone-precipitated body weight loss compared to oxycodone-dependent vehicle-treated mice 

(Fig. 2C). As illustrated in Fig. 2D, 75 mg/kg oxycodone completely lowered the frequency of naloxone-

precipitated jumps compared to oxycodone-dependent vehicle-treated mice, whereas no dose of ZCZ011 

affected jumping behavior. Although a sex by ZCZ011 treatment interaction failed to achieve 

significance, a main effect of sex was observed with male mice averaging 61 jumps and female mice 

averaging 29 jumps. As shown in Fig. 2E, 20 mg/kg and 40 mg/kg ZCZ011 lowered the frequency of 

naloxone-precipitated paw flutters by about half while 75 mg/kg oxycodone completely lowered the 

frequency of paw flutters compared to oxycodone-dependent vehicle-treated mice. Lastly, 20 mg/kg 

ZCZ011, 40 mg/kg ZCZ011, and 75 mg/kg oxycodone lowered the frequency of naloxone-precipitated 

head shakes compared to oxycodone-dependent vehicle-treated mice (Fig. 2F).  
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ZCZ011 Attenuates Naloxone-Precipitated Diarrhea and Weight Loss through the 

Activation of CB1 Receptors. These experiments investigated whether CB1 or CB2 receptors mediate 

the effects of ZCZ011 on withdrawal-induced diarrhea, weight loss, and paw flutters (see schematic of the 

treatment conditions in Fig. 3A and 4A). Subjects were administered rimonabant, the CB1  receptor 

inverse agonist/antagonist, SR144528, the CB2 receptor antagonist, or vehicle prior to either vehicle or 40 

mg/kg ZCZ011, and were then evaluated for naloxone-precipitated diarrhea, weight loss, paw flutters, and 

head shakes. Table 3 summarizes Fisher exact test results for naloxone-precipitated diarrhea and three-

way ANOVAs (Sex x CB antagonist x ZCZ011 treatment) for each of the other withdrawal signs. As 

shown in Fig. 3B, oxycodone-dependent vehicle-ZCZ011-treated (4 of 16) mice and SR144528-ZCZ011-

treated (3 of 15) mice exhibited a lower incidence of naloxone-precipitated diarrhea than oxycodone-

dependent vehicle-vehicle-treated (15 of 15) mice and oxycodone-dependent SR144528-vehicle-treated 

(15 of 16) mice, respectively. Moreover, rimonabant, but not SR144528, blocked the protective effects of 

ZCZ011 on naloxone-precipitated body weight loss suggesting a CB1-mediated effect. Again, ZCZ011 

did not significantly affect naloxone-precipitated jumps (Fig. 3D); though, a main effect of sex revealed 

male mice averaged 84 jumps whereas female mice averaged 46 jumps. Significant main effects were 

found for ZCZ011 treatment and sex for naloxone-precipitated paw fluttering behavior (Fig. 3E). As seen 

in the figure, mice in the vehicle-ZCZ011 group averaged 27 paw flutters, whereas mice in the vehicle-

vehicle group averaged 46 paw flutters. Moreover, male mice averaged 34 paw flutters whereas female 

mice averaged 44 paw flutters. However, no significant interactions of cannabinoid antagonists and 

ZCZ011 treatment were found, suggesting lack of CB1 or CB2 receptor involvement. Finally, neither 

ZCZ011 nor the cannabinoid receptor antagonists produced significant effects on naloxone-precipitated 

head shakes (Fig. 3F). On the contrary, a significant main effect of sex was found in which male mice 

averaged 5 head shakes whereas female mice averaged 3 head shakes.  

Figure 4 shows the effects of ZCZ011 (40 mg/kg i.p.) on naloxone-precipitated diarrhea, weight 

loss, paw flutters, and head shakes in CB1 (+/+) and CB1 (-/-) mice (see Fig. 4A for the schematic of the 
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experimental design). Table 4 summarizes Fisher exact test results for naloxone-precipitated diarrhea and 

three-way ANOVAs (Sex x Genotype x ZCZ011 treatment) for each of the other withdrawal signs. As 

shown in Fig. 4B, CB1 deletion annihilated the effects of ZCZ011 in reducing the incidence of naloxone-

precipitated diarrhea in oxycodone-dependent mice. Specifically, 0 of 16 CB1 (+/+)-ZCZ011-treated 

oxycodone-dependent mice elicited a lower incidence of naloxone-precipitated diarrhea than 10 of 16 

CB1 (+/+)-vehicle-treated oxycodone-dependent mice and 13 of 15 CB1 (-/-)-ZCZ011-treated oxycodone-

dependent mice. A significant 2-way interaction between genotype and ZCZ011 treatment on naloxone-

precipitated body weight loss indicates that CB1 receptors mediate the protective effects of ZCZ011 for 

this measure (Fig. 4C). Specifically, CB1 (+/+)-ZCZ011-treated mice elicited less body weight loss than 

CB1 (-/-)-ZCZ011-treated mice. ZCZ011 did not affect naloxone-precipitated jumping behavior, though a 

significant main effect for genotype revealed that CB1 (+/+) mice jumped significantly more than CB1 (-/-

) mice, which respectively averaged 69 and 37 jumps (Fig. 4D). As shown in Fig. 4E, a significant 2-way 

interaction between genotype and ZCZ011 treatment for naloxone-precipitated paw fluttering behavior 

revealed CB1 (+/+)-ZCZ011-treated mice elicited little to no paw flutters compared to CB1 (+/+)-vehicle-

treated mice. Furthermore, regardless of treatment, CB1 (-/-) mice elicited less paw flutters than CB1 

(+/+)-vehicle-treated mice. Notably, no difference was observed between CB1 (+/+)-ZCZ011-treated and 

CB1 (-/-)-ZCZ011-treated mice signifying a lack of a CB1 receptor mediated effects. Lastly, Fig. 4F 

illustrates no 3-way interaction, relevant 2-way interactions, or main effects for naloxone-precipitated 

head shakes.  
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Discussion 

Here we report that the CB1 receptor PAM, ZCZ011, attenuates a subset of naloxone-precipitated 

withdrawal signs in oxycodone-dependent mice. Notably, ZCZ011 fully blocked withdrawal-induced 

diarrhea and weight loss and attenuated paw flutters. In contrast, ZCZ011 did not impact naloxone-

precipitated jumping in oxycodone-dependent mice and its attenuation of naloxone-precipitated head 

shakes was inconsistent. The anti-diarrheal and anti-weight loss effects of ZCZ011 occurred 

predominantly through a CB1 receptor dependent mechanism in both male and female mice. Thus, a CB1 

receptor PAM redcues a subset pf withdrawal signs in both male and female opioid-dependent mice.  

Complementary pharmacological and genetic approaches used to elucidate cannabinoid receptor 

mediation of the anti-withdrawal effects of ZCZ011 demonstrate that ZCZ011 attenuates diarrhea and 

body weight loss through CB1, not CB2, receptors. However, it is difficult to draw conclusions about CB1 

receptor involvement in the paw flutters measure because rimonabant did not significantly block the 

reduction of paw flutters produced by ZCZ011, and since CB1 (-/-) mice exhibited an overall lower 

frequency of paw flutters than CB1 (+/+) mice regardless of drug treatment, determining CB1 receptor 

involvement was hindered. The unreliability of ZCZ011 to reduce naloxone-precipitated head shakes in 

oxycodone-dependent mice precluded discerning the role of CB1 receptors in this measure. Consistent 

with previous reports (Ledent et al., 1999; Lichtman et al., 2001; Maldonado et al., 2002), CB1 (-/-) mice 

showed less jumps and paw flutters compared to (+/+) mice. Nonetheless, both genetic and 

pharmacological data reveal that ZCZ011 attenuates naloxone-precipitated diarrhea and weight loss in 

oxycodone-dependent mice through CB1 receptors.  

CB1 receptor orthosteric agonists and endocannabinoid catabolic enzyme inhibitors effectively 

attenuate opioid withdrawal; however, they also produce unwanted cannabimimetic effects, and 

antinociceptive tolerance and dependence upon repeated administration, which limits their potential 

clinical utility. Moreover, while clonidine has shown to reduce the frequency of withdrawal-induced 

jumps, paw flutters, and weight loss (Carper et al., 2021), its hypotensive effects limit its clinical use 

(Kuhlman et al., 1998; Stolbach and Hoffman, 2020). In contrast to combined FAAH/MAGL blockade, 
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which substitutes for THC in the drug discrimination paradigm (Long, Nomura, et al., 2009), ZCZ011 

does not substitute for CB1 receptor orthosteric agonists (Ignatowska-Jankowska, Baillie, et al., 2015), 

indicating that CB1 receptor PAMs do not elicit cannabimimetic subjective effects. Thus, CB1 receptor 

PAMs may offer a favorable strategy to target CB1 receptors for therapeutic gain, with a reduced side 

effect profile, compared with orthosteric CB1 receptor agonists or combined FAAH/MAGL blockade. 

Repeated administration of THC or MAGL inhibitors leads to antinociceptive tolerance, whereas repeated 

administration of ZCZ011 or GAT211 produces sustained antinociceptive effects in mouse models of 

inflammatory and neuropathic pain (Ignatowska-Jankowska, Baillie, et al., 2015; Slivicki et al., 2017). 

Finally, repeated administration of THC or MAGL inhibitors leads to cannabinoid dependence 

(Schlosburg et al., 2014; Trexler et al., 2019); which is not seen with repeated administration of GAT211 

(Slivicki et al., 2017). It is also noteworthy that ZCZ011 alone does not produce a conditioned place 

preference (CPP) (Ignatowska-Jankowska, Baillie, et al., 2015; Trexler et al., 2019), suggesting that it 

lacks rewarding effects. The present study showing that ZCZ011 attenuates oxycodone withdrawal signs 

and other work showing that it attenuates rimonabant-precipitated and spontaneous withdrawal signs in 

THC-dependent mice (Trexler et al., 2019) without cannabimimetic side effects or tolerance supports the 

possibility that CB1 receptor PAMs may offer a novel strategy to treat opioid and cannabinoid 

dependence. 

The present study employed two strains (i.e., ICR and CB1 (+/+) and (-/-) mice on a C57BL/6J 

background) of male and female mice, and showed that ZCZ011 reliably diminished naloxone-

precipitated diarrhea and weight loss in oxycodone-dependent mice regardless of strain or sex. While 

female Wistar rats self-administer more oxycodone than males (Kimbrough et al., 2020), we did not 

observe withdrawal sex differences with respect to drug treatment. However, independent of sex, 

we found strain differences in which the variability in jumps and paw flutters was high in ICR mice 

compared with CB1 (+/+) mice or the C57BL/6J mice used in the study done by Carper and colleagues 

(2021). Additionally CB1 (+/+) and (-/-) mice on a C57BL/6J background show less weight loss than the 
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C57BL/6J mice used in the Carper and colleagues (2021) study. This solitary difference in the 

magnitude of weight loss is likely due to procedural differences between the studies. For example, the 

mice in the present study were exposed to the withdrawal chambers for an additional 30 min acclimation 

period before naloxone challenge, while the mice in the study by Carper et al. (2021) were placed in the 

chamber immediately after naloxone administration. 

In contrast to the present study in which ZCZ011 modestly lowered the frequency of paw flutters, 

Slivicki and colleagues (2020) found that GAT211 did not attenuate naloxone-precipitated paw flutters in 

morphine-dependent mice. They also found that GAT211 did not reduce naloxone-precipitated jumps; 

however, they did not report other measures of withdrawal.  Thus, it will be of value to evaluate multiple 

CB1 receptor PAMs on a full complement of withdrawal signs in several rodent models of opioid 

dependence.  

ZCZ011 and related compounds (i.e., GAT211) show mixed allosteric agonistic and PAM 

properties, which have been termed CB1 ago-PAMs (Kenakin, 2013). These compounds enhance the 

effects of CB1 receptor orthosteric agonists (i.e., CP55,940, WIN55,212-2, or AEA) in a variety of 

functional assays, including [35S] GTPγS-binding, β-arrestin recruitment and, inhibition of cAMP 

production, but also activate β-arrestin recruitment and inhibit cAMP production in the absence of CB1 

receptor orthosteric agonists (Ignatowska-Jankowska, Baillie, et al., 2015; Slivicki et al., 2017; Saleh et 

al., 2018; Tseng et al., 2019; Garai et al., 2021). Thus, additional studies (e.g., site directed mutagenesis) 

will be required to address the receptor mechanism(s) by which ZCZ011 ameliorates withdrawal signs in 

opioid-dependent mice.   

The differential effectiveness of ZCZ011 in ameliorating diarrhea and weight loss compared with 

somatic withdrawal signs merits consideration of CNS- and peripherally-mediated processes. Somatic 

withdrawal signs in opioid-dependent mice have been mapped to various brain regions (Koob et al., 1992; 

Maldonado et al., 1992, 1996) including the locus coeruleus (LC; Maldonado and Koob, 1993) the 

periaqueductal grey (PAG; Laschka et al., 1976), and the medial habenula (MHb; Boulos et al., 2019). It 
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would be of value to examine whether CB1 receptors expressed in the LC, PAG, and MHb play a role in 

the attenuation of opioid somatic withdrawal signs by drugs targeting the endocannabinoid system, such 

as CB1 receptor PAMs (Kenakin, 2013). Withdrawal-induced weight loss results from a combination of 

diarrhea and increased micturition. Thus, activation of CB1 receptors, which are expressed in the kidneys 

(Shire et al., 1995; Silva et al., 2013; Lin et al., 2014) and throughout the enteric nervous system (Massa 

et al., 2005), particularly on neurons in the myenteric and submucosal plexuses (Storr et al., 2010; 

Trautmann and Sharkey, 2015; Hasenoehrl et al., 2016), may prevent withdrawal-induced weight loss. 

Notably, cannabinoid receptor agonists evoke diuresis (Sofia et al., 1977). Interestingly, CB1 receptor 

agonists produce biphasic effects on diuresis in which low doses increase urine output, while high doses 

decrease urine output (Chopda et al., 2013). Lastly, naloxone-precipitated diarrhea is heavily associated 

with the ileum of the small intestine (Maguma et al., 2010), where the coordination of motility and 

secretion occur (Ramesh et al., 2011, 2013; Smith et al., 2012), and CB1 receptor activation leads to 

decreased motility and secretion (Storr et al., 2010; Ramesh et al., 2011, 2013; Hasenoehrl et al., 2016). 

Accordingly, ZCZ011 may prevent withdrawal-induced diarrhea and weight loss through CB1 receptor 

activation in peripheral organs mediating gastrointestinal motility and secretion as well as urine output.   

Current medications (i.e., methadone and buprenorphine) employed to treat opioid withdrawal 

symptoms (Bell and Strang, 2020) possess abuse liability (Cicero and Inciardi, 2005) and do not 

effectively ameliorate all withdrawal symptoms. Alternative adjunct medications offer benefit such as 

clonidine for anxiety and loperamide for diarrhea and stomach cramps (Stolbach and Hoffman, 2020) yet 

also exhibit hypotension and abuse liability, respectively (Miller et al., 2017; Wu and Juurlink, 2017; 

Toce et al., 2018). As such, a need exists to identify alternative medications to treat the most severe 

withdrawal symptoms, such as diarrhea (Stolbach and Hoffman, 2020). The finding that ZCZ011 fully 

attenuates naloxone-precipitated diarrhea to a similar extent as 75 mg/kg oxycodone (figure 2), suggests 

that a CB1 receptor PAM may serve as a potential alternative to substitution therapy. 

In conclusion, the CB1 receptor PAM, ZCZ011, attenuates a subset of naloxone-precipitated 

withdrawal signs in oxycodone-dependent male and female mice through a CB1 receptor-dependent 
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mechanism. As diarrhea is a severe withdrawal symptom in opioid-dependent humans and current 

medications possess side effect profiles, future directions will explore the antidiarrheal mechanisms of 

ZCZ011. Additionally, it would be of interest to investigate ZCZ011 in other preclinical models of bowel 

dysfunction. Overall, the results of the present study suggest that CB1 receptor PAMs may represent an 

alternative strategy to treat selective and severe opioid withdrawal effects.  

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 8, 2021 as DOI: 10.1124/jpet.121.000723

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


21 

 

Authorship Contributions 

Participated in research design: Dodu, Schlosburg, Damaj, Akbarali, and Lichtman 

Conducted experiments: Dodu, Moncayo 

Contributed reagents: Schlosburg and Lu 

Performed data analysis: Dodu and Moncayo 

Statistical analysis: Dodu, O’Brien, and Lichtman 

Wrote or contributed to the writing of the manuscript: Dodu, Moncayo, Schlosburg, Damaj, 

Akbarali, O’Brien, Kendall, Lu, and Lichtman. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 8, 2021 as DOI: 10.1124/jpet.121.000723

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


22 

 

 

Acknowledgments  

 We thank Edward Dimen for the construction of the withdrawal chambers. This research was 

supported by the National Institutes of Health National Institutes on Drug Abuse [Grants T32DA007027, 

R01DA039942, R00DA037344, and P30DA033934], and start-up funds from VCU School of Medicine 

and VCU School of Pharmacy. No author has an actual or perceived conflict of interest with the contents 

of this article. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 8, 2021 as DOI: 10.1124/jpet.121.000723

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


23 

 

References 

Bell J, and Strang J (2020) Medication Treatment of Opioid Use Disorder. Biol Psychiatry 87:82–88, 

Elsevier Inc. 

Bhargava HN (1976a) Effect of Some Cannabinoids on Naloxone-Precipitated Abstinence in Morphine-

Dependent Mice. Psychopharmacology (Berl) 49:267–270. 

Bhargava HN (1976b) Inhibition of Naloxone-induced Withdrawal in Morphine Dependent Mice by 1-

trans-Delta-9-Tetrahydrocannabinol. Eur J Pharmacol 36:259–262. 

Birch E (1889) The use of Indian hemp in the treatment of chronic chloral and chronic opium poisoning. 

Lancet 133:625. 

Bisaga A, Sullivan MA, Glass A, Mishlen K, Pavlicova M, Haney M, Raby WN, Levin FR, Carpenter 

KM, Mariani JJ, and Nunes E V (2015) The effects of dronabinol during detoxification and the 

initiation of treatment with extended release naltrexone. Drug Alcohol Depend 154:38–45. 

Boulos LJ, Ben Hamida S, Bailly J, Maitra M, Ehrlich AT, Gavériaux-Ruff C, Darcq E, and Kieffer BL 

(2019) Mu opioid receptors in the medial habenula contribute to naloxone aversion. 

Neuropsychopharmacology 45:247–255, Springer US. 

Carper M, Contreras K, Walentiny DM, Beardsley PM, and Damaj MI (2021) Validation and 

characterization of oxycodone physical dependence in C57BL/6J mice. Eur J Pharmacol, doi: 

10.1016/j.ejphar.2021.174111, Elsevier B.V. 

Chopda GR, Vemuri VK, Sharma R, Thakur GA, Makriyannis A, and Paronis CA (2013) Diuretic effects 

of cannabinoid agonists in mice. Eur J Pharmacol 721:64–69, Elsevier. 

Cicero T, and Inciardi J (2005) Diversion and Abuse of Methadone Prescribed for Pain Managament. 

JAMA 293:293–298. 

Cichewicz DL, and Welch SP (2003) Modulation of  Oral Morphine Antinociceptive Tolerance and 

Naloxone-Precipitated Withdrawal Signs by Oral d9 -Tetrahydrocannabinol. JPET 305:812–817. 

Cravatt B, Giang D, Mayfield S, Boger D, Lerner R, and Gilula N (1996) Molecular characterization of 

an enzyme that degrades neuromodulatory fatty-acid amides. Nature 384:83–87. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 8, 2021 as DOI: 10.1124/jpet.121.000723

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


24 

 

Devane WA, Hanuš L, Breuer A, Pertwee RG, Lesley A, Griffin G, Gibson D, Mandelbaum A, Etinger 

A, Mechoulam R, Pertwee RG, Stevenson LA, Griffin G, Gibson D, Mandelbaum A, and Etinger A 

(1992) Isolation and Structure of a Brain Constituent That Binds to the Cannabinoid Receptor. 

Science (80- ) 258:1946–1949. 

Dinh TP, Carpenter D, Leslie FM, Freund TF, Katona I, Sensi SL, Kathuria S, and Piomelli D (2002) 

Brain monoglyceride lipase participating in endocannabinoid inactivation. Proc Natl Acad Sci U S A 

99:10819–10824. 

Dopart R, Lu D, Lichtman AH, and Kendall DA (2018) Allosteric modulators of cannabinoid receptor 1: 

developing compounds for improved specificity. Drug Metab Rev 50:3–13. 

Enga RM, Jackson A, Damaj MI, and Beardsley PM (2016) Oxycodone physical dependence and its oral 

self-administration in C57BL/6J mice. Eur J Pharmacol 789:75–80. 

Farrell M (1994) Opiate withdrawal. Addiction 89:1471–1475. 

Gamage TF, Ignatowska-Jankowska BM, Muldoon PP, Cravatt BF, Damaj MI, and Lichtman AH (2015) 

Differential effects of endocannabinoid catabolic inhibitors on morphine withdrawal in mice. Drug 

Alcohol Depend 146:7–16. 

Garai S, Leo LM, Szczesniak AM, Hurst DP, Schaffer PC, Zagzoog A, Black T, Deschamps JR, Miess E, 

Schulz S, Janero DR, Straiker A, Pertwee RG, Abood ME, Kelly MEM, Reggio PH, Laprairie RB, 

and Thakur GA (2021) Discovery of a Biased Allosteric Modulator for Cannabinoid 1 Receptor: 

Preclinical Anti-Glaucoma Efficacy. J Med Chem, doi: 10.1021/acs.jmedchem.1c00040, American 

Chemical Society. 

Grim TW, Samano KL, Ignatowska-jankowska B, Tao Q, Sim-selly LJ, Selley DE, Wise LE, Poklis A, 

and Lichtman AH (2016) Pharmacological characterization of repeated administration of the first 

generation abused synthetic cannabinoid CP47,497. J Basic Clin Physiol Pharmacol 27:217–228. 

Hasenoehrl C, Taschler U, Storr M, and Schicho R (2016) The gastrointestinal tract – a central organ of 

cannabinoid signaling in health and disease. Neurogastroenterol Motil 28:1765–1780. 

Hine B, Friedman E, Torrelio M, and Gershon S (1975) Morphine-Dependent Rats: Blockade of 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 8, 2021 as DOI: 10.1124/jpet.121.000723

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


25 

 

Precipitated Abstinence. Science (80- ) 187:443–445. 

Hine B, Torrelio M, and Gershon S (1975) Attenuation of precipitated abstinence in methadone-

dependent rats by delat 9-THC. Psychopharmacol Commun 1:275–283. 

Ignatowska-Jankowska BM, Baillie GL, Kinsey S, Crowe M, Ghosh S, Owens RA, Damaj IM, Poklis J, 

Wiley JL, Zanda M, Zanato C, Greig IR, Lichtman AH, and Ross RA (2015) A Cannabinoid CB1 

Receptor-Positive Allosteric Modulator Reduces Neuropathic Pain in the Mouse with No 

Psychoactive Effects. Neuropsychopharmacology 40:2948–2959. 

Ignatowska-Jankowska BM, Wilkerson JL, Mustafa M, Abdullah R, Niphakis M, Wiley JL, Cravatt BF, 

and Lichtman AH (2015) Selective Monoacylglycerol Lipase Inhibitors: Antinociceptive versus 

Cannabimimetic Effects in Mice. J Pharmacol Exp Ther J Pharmacol Exp Ther 353:424–432. 

Jicha CJ, Lofwall MR, Nuzzo PA, Babalonis S, Elayi SC, and Walsh SL (2015) Safety of oral dronabinol 

during opioid withdrawal in humans. Drug Alcohol Depend 157:179–183, Elsevier Ireland Ltd. 

Kenakin T (2013) Analytical pharmacology and allosterism: The importance of quantifying drug 

parameters in drug discovery. Drug Discov Today Technol 10:229–235, Elsevier Ltd. 

Kimbrough A, Kononoff J, Simpson S, Kallupi M, Sedighim S, Palomino K, Conlisk D, Momper JD, de 

Guglielmo G, and George O (2020) Oxycodone self-administration and withdrawal behaviors in 

male and female Wistar rats. Psychopharmacology (Berl) 237:1545–1555. 

Kinsey SG, Long JZ, O’Neal ST, Abdullah RA, Poklis JL, Boger DL, Cravatt BF, and Lichtman AH 

(2009) Blockade of endocannabinoid-degrading enzymes attenuates neuropathic pain. J Pharmacol 

Exp Ther 330:902–910. 

Kinsey SG, Mahadevan A, Zhao B, Sun H, Naidu PS, Razdan RK, Selley DE, Imad Damaj M, and 

Lichtman AH (2011) The CB2 cannabinoid receptor-selective agonist O-3223 reduces pain and 

inflammation without apparent cannabinoid behavioral effects. Neuropharmacology 60:244–251. 

Kirk RE (2013) Experimental design : procedures for the behavioral sciences , Fourth edi, SAGE 

Publications, Los Angeles, California. 

Koob GF, Maldonado RL, and Stinus L (1992) Neural substrates of opiate withdrawal. Trends Neurosci 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 8, 2021 as DOI: 10.1124/jpet.121.000723

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


26 

 

15:186–191. 

Kuhlman J, Levine B, Johnson R, Fudala P, and Cone E (1998) Relationship of plasma buprenorphine 

and norbuprenorphine to withdrawal symptoms during dose induction, maintenance and withdrawal 

from sublingual buprenorphine. Addiction 93:549–559. 

Laschka E, Teschemacher H, Mehraein P, and Herz A (1976) Sites of action of morphine involved in the 

development of physical dependence in rats. II. Morphine withdrawal precipitated by application of 

morphine antagonists into restricted parts of the ventricular system and by microinjection into 

various brain ar. Psychopharmacologia 46:141–147. 

Ledent C, Valverde O, Cossu G, Petitet F, Aubert JF, Beslot F, Böhme GA, Imperato A, Pedrazzini T, 

Roques BP, Vassart G, Fratta W, and Parmentier M (1999) Unresponsiveness to cannabinoids and 

reduced addictive effects of opiates in CB1 receptor knockout mice. Science (80- ) 283:401–404. 

Lichtman AH, Sheikh SM, Loh HH, and Martin BR (2001) Opioid and cannabinoid modulation of 

precipitated withdrawal in ∆9-tetrahydrocannabinol and morphine-dependent mice. J Pharmacol 

Exp Ther 298:1007–1014. 

Lin CL, Hsu YC, Lee PH, Lei CC, Wang JY, Huang YT, Wang SY, and Wang FS (2014) Cannabinoid 

receptor 1 disturbance of PPARγ2 augments hyperglycemia induction of mesangial inflammation 

and fibrosis in renal glomeruli. J Mol Med 92:779–792. 

Lofwall MR, Babalonis S, Nuzzo PA, Elayi SC, and Walsh SL (2016) Opioid withdrawal suppression 

efficacy of oral dronabinol in opioid dependent humans. Drug Alcohol Depend 164:143–150, 

Elsevier Ireland Ltd. 

Long JZ, Li W, Booker L, Burston JJ, Kinsey SG, Schlosburg JE, Pavó N FJ, Serrano AM, Selley DE, 

Parsons LH, Lichtman AH, and Cravatt BF (2009) Selective blockade of 2-arachidonoylglycerol 

hydrolysis produces cannabinoid behavioral effects. Nat Chem Biol 5. 

Long JZ, Nomura DK, Vann RE, Walentiny DM, Booker L, Jin X, Burston JJ, Sim-Selley LJ, Lichtman 

AH, Wiley JL, and Cravatt BF (2009) Dual blockade of FAAH and MAGL identifies behavioral 

processes regulated by endocannabinoid crosstalk in vivo. Proc Natl Acad Sci U S A 106:20270–

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 8, 2021 as DOI: 10.1124/jpet.121.000723

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


27 

 

20275. 

Maguma H, Thayne K, and Taylor DA (2010) Characteristics of tolerance in the guinea pig ileum 

produced by chronic in vivo exposure to opioid versus cannabinoid agonists. Biochem Pharmacol 

80:522–532, Elsevier Inc. 

Maldonado R, and Koob GF (1993) Destruction of the locus coeruleus decreases physical signs of opiate 

withdrawal. Brain Res 605:128–138. 

Maldonado R, Maccarrone M, Valverde O, Barbaccia ML, Castan A, Ledent C, Parmentier M, and 

Finazzi-agro A (2002) Age-related changes of anandamide metabolism in CB1 cannabinoid receptor 

knockout mice: correlation with behaviour. Eur J Neurosci 15:1178–1186. 

Maldonado R, Stinus L, Gold LH, and Koob GF (1992) Role of different brain structures in the 

expression of the physical morphine withdrawal syndrome. J Pharmacol Exp Ther 261:669–677. 

Maldonado RL, Stinus L, and Koob GF (1996) Neurobiological Mechanisms of Opiate Withdrawal, R. G. 

Landes Company, Austin, TX. 

Massa F, Storr M, and Lutz B (2005) The endocannabinoid system in the physiology and 

pathophysiology of the gastrointestinal tract. J Mol Med 83:944–954. 

Matsuda LA, Lolait SJ, Brownstein MJ, Young AC, and Bonner TI (1990) Structure of a cannabinoid 

receptor and functional expression of the cloned cDNA. Nature 346:561–564. 

Mechoulam R, Ben-Shabat S, Hanus L, Ligumsky M, Kaminiski N, Schatz A, Gopher A, Almog S, 

Martin B, Compton D, Pertwee R, Griffin G, Bayewitch M, Barg J, and Vogel Z (1995) 

Identification of an endogenous 2-monoglyceride, present in canine gut, that binds to cannabinoid 

receptors. Biochem Pharmacol 50:83–90. 

Miller H, Panahi L, Tapia D, Tran A, and Bowman JD (2017) Loperamide misuse and abuse. J Am 

Pharm Assoc 57:S45–S50, American Pharmacists Association®. 

Munro S, Thomas KL, and Shaar MA (1993) Molecular characterization of a peripheral receptor for 

cannabinoids. 61–65. 

Ramesh D, Gamage TF, Vanuytsel T, Owens RA, Abdullah RA, Niphakis MJ, Shea-Donohue T, Cravatt 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 8, 2021 as DOI: 10.1124/jpet.121.000723

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


28 

 

BF, and Lichtman AH (2013) Dual Inhibition of Endocannabinoid Catabolic Enzymes Produces 

Enhanced Antiwithdrawal Effects in Morphine-Dependent Mice. Neuropsychopharmacology 

38:1039–1049. 

Ramesh D, Ross GR, Schlosburg JE, Owens RA, Abdullah RA, Kinsey SG, Long JZ, Nomura DK, Sim-

Selley LJ, Cravatt BF, Akbarali HI, and Lichtman AH (2011) Blockade of Endocannabinoid 

Hydrolytic Enzymes Attenuates Precipitated Opioid Withdrawal Symptoms in Mice. J Pharmacol 

Exp Ther 339:173–185. 

Saleh N, Hucke O, Kramer G, Schmidt E, Montel F, Lipinski R, Ferger B, Clark T, Hildebrand PW, and 

Tautermann CS (2018) Multiple Binding Sites Contribute to the Mechanism of Mixed Agonistic and 

Positive Allosteric Modulators of the Cannabinoid CB1 Receptor. Angew Chemie - Int Ed 2580–

2585. 

Schlosburg JE, Blankman JL, Long JZ, Nomura DK, Kinsey SG, Nguyen PT, Ramesh D, Booker L, 

Burston JJ, Thomas EA, Selley DE, Sim-Selley LJ, Liu Q-S, Lichtman AH, and Cravatt BF (2010) 

Chronic monoacylglycerol lipase blockade causes functional antagonism of the endocannabinoid 

system. 13. 

Schlosburg JE, Carlson BLA, Ramesh D, Abdullah RA, Long JZ, Cravatt BF, and Lichtman AH (2009) 

Inhibitors of Endocannabinoid-Metabolizing Enzymes Reduce Precipitated Withdrawal Responses 

in THC-Dependent Mice. Am Assoc Pharm Sci J 11:342–352. 

Schlosburg JE, Kinsey SG, Ignatowska-jankowska B, Ramesh D, Abdullah RA, Tao Q, Booker L, Long 

JZ, Selley DE, Cravatt BF, and Lichtman AH (2014) Prolonged Monoacylglycerol Lipase Blockade 

Causes Equivalent Cannabinoid Receptor Type 1 Receptor – Mediated Adaptations in Fatty Acid 

Amide Hydrolase Wild-Type and Knockout Mice. JPET 350:196–204. 

Shire D, Carillon C, Kaghad M, Calandra B, Rinaldi-Carmona M, Le Fur G, Caput D, and Ferrara P 

(1995) An amino-terminal variant of the central cannabinoid receptor resulting from alternative 

splicing. J Biol Chem 270:3726–3731. 

Silva GB, Atchison DK, Juncos LI, and García NH (2013) Anandamide inhibits transport-related oxygen 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 8, 2021 as DOI: 10.1124/jpet.121.000723

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


29 

 

consumption in the loop of Henle by activating CB1 receptors. Am J Physiol - Ren Physiol 304:376–

381. 

Slivicki RA, Iyer V, and Garai S (2020) Positive Allosteric Modulation of CB 1 Cannabinoid Receptor 

Signaling Enhances Morphine Antinociception and Attenuates Morphine Tolerance Without 

Enhancing Morphine- Induced Dependence or Reward. Front Mol Neurosci 13:1–17. 

Slivicki RA, Xu Z, Kulkarni PM, Pertwee RG, Mackie K, Thakur GA, and Hohmann AG (2017) Positive 

Allosteric Modulation of Cannabinoid Receptor Type 1 Suppresses Pathological Pain Without 

Producing Tolerance or Dependence. Biol Psychiatry 11:1–12, Elsevier Inc. 

Smith TH, Grider JR, Dewey WL, and Akbarali HI (2012) Morphine Decreases Enteric Neuron 

Excitability via Inhibition of Sodium Channels. PLoS One 7. 

Sofia RD, Knobloch LC, Harakal JJ, and Erikson DJ (1977) Comparative diuretic activity of delta9-

tetrahydrocannabinol, cannabidiol, cannabinol and hydrochlorothiazide in the rat. Pharmacodyn 

Ther 225:77–87. 

Stolbach A, and Hoffman RS (2020) Opioid withdrawal in the emergency setting, in UpToDate Inc. (Post 

T ed) p, UpToDate Walthman, MA. 

Storr MA, Bashashati M, Hirota C, Vemuri VK, Keenan CM, Duncan M, Lutz B, MacKie K, 

Makriyannis A, MacNaughton WK, and Sharkey KA (2010) Differential effects of CB1 neutral 

antagonists and inverse agonists on gastrointestinal motility in mice. Neurogastroenterol Motil 22. 

Substance Abuse and Mental Health Services Administration (2020) Key Substance Use and Mental 

Health Indicators in the United States: Results from the 2019 National Survey on Drug Use and 

Health. Vol I Summ Natl Find, Rockville, MD. 

Sugiura T, Kondo S, Sukagawa A, Nakane S, Shinoda A, Itoh K, Yamashita A, and Waku K (1995) 2-

arachidonoylglycerol: a possible endogenous cannabinoid receptor ligand in brain. Biochem Biophys 

Res Commun 215:89–97. 

Thapa D, Cairns EA, Szczesniak AM, Kulkarni PM, Straiker AJ, Thakur GA, and Kelly MEM (2020) 

Allosteric cannabinoid receptor 1 (CB1) ligands reduce ocular pain and inflammation. Molecules 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 8, 2021 as DOI: 10.1124/jpet.121.000723

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


30 

 

25:417. 

Toce MS, Chai PR, Burns MM, and Boyer EW (2018) Pharmacologic Treatment of Opioid Use Disorder: 

a Review of Pharmacotherapy, Adjuncts, and Toxicity. J Med Toxicol 14:306–322, Journal of 

Medical Toxicology. 

Trautmann SM, and Sharkey KA (2015) The Endocannabinoid System and Its Role in Regulating the 

Intrinsic Neural Circuitry of the Gastrointestinal Tract, 1st ed., Elsevier Inc. 

Trexler KR, Eckard ML, and Kinsey SG (2019) CB1 positive allosteric modulation attenuates Δ9-THC 

withdrawal and NSAID-induced gastric inflammation. Pharmacol Biochem Behav 177:27–33, 

Elsevier. 

Trexler KR, Nass SR, Crowe MS, Gross JD, Jones MS, McKitrick AW, Siderovski DP, and Kinsey SG 

(2018) Novel behavioral assays of spontaneous and precipitated THC withdrawal in mice. Drug 

Alcohol Depend 191:14–24, Elsevier. 

Tseng CC, Baillie G, Donvito G, Mustafa MA, Juola SE, Zanato C, Massarenti C, Dall’Angelo S, 

Harrison WTA, Lichtman AH, Ross RA, Zanda M, and Greig IR (2019) The Trifluoromethyl Group 

as a Bioisosteric Replacement of the Aliphatic Nitro Group in CB1 Receptor Positive Allosteric 

Modulators. J Med Chem 62:5049–5062. 

Vela G, Ruiz-gayo M, and Fuentes JA (1995) Anandamide decreases naloxone-precipitated withdrawal 

signs in mice chronically treated with morphine. Neuropharmacology 34:665–668. 

Wesson DR, and Ling W (2003) The Clinical Opiate Withdrawal Scale (COWS). J Psychoactive Drugs 

35:253–259. 

Wiley JL, and Martin BR (2003) Cannabinoid pharmacological properties common to other centrally 

acting drugs. Eur J Pharmacol 471:185–193. 

Wills KL, Petrie GN, Millett G, Limebeer CL, Rock EM, Niphakis MJ, Cravatt BF, and Parker LA 

(2016) Double Dissociation of Monoacylglycerol Lipase Inhibition and CB 1 Antagonism in the 

Central Amygdala, Basolateral Amygdala, and the Interoceptive Insular Cortex on the Affective 

Properties of Acute Naloxone-Precipitated Morphine Withdrawal in Rats. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 8, 2021 as DOI: 10.1124/jpet.121.000723

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


31 

 

Neuropsychopharmacology 41:1865–1873. 

Wu PE, and Juurlink DN (2017) Clinical Review: Loperamide Toxicity. Ann Emerg Med 70:245–252, 

American College of Emergency Physicians. 

Zimmer A, Zimmer AM, Hohmann AG, Herkenham M, and Bonner TI (1999) Increased mortality, 

hypoactivity, and hypoalgesia in cannabinoid CB1 receptor knockout mice. Proc Natl Acad Sci U S 

A 96:5780–5785. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 8, 2021 as DOI: 10.1124/jpet.121.000723

 at A
SPE

T
 Journals on M

arch 20, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


32 

 

Legends for Figures 

Fig. 1. Effects of acute oxycodone (17-75 mg/kg s.c.) on naloxone-precipitated withdrawal signs in 

oxycodone-dependent male and female mice. Panel A illustrates the timeline of treatments mice received 

prior to naloxone-precipitated withdrawal. The withdrawal signs measured include the occurrence of 

diarrhea (B), body weight loss (C), number of jumps (D), number of paw flutters (E), and number of head 

shakes (F). Data are expressed as percentage scores for panel B and individual data points with mean ± 

SD for panels C-F. Numbers at the bottom of bar graphs in panel B indicate the number of mice that 

presented with diarrhea. Fisher exact test was used to analyze the occurrence of diarrhea (B). Between-

measures two-way ANOVA and Dunnett’s post hoc test was used to analyze all other withdrawal signs 

(C, D, E, and F). **, p < 0.01; ***, p < 0.001; ****, p < 0.0001 versus oxycodone-saline mice. n = 12 

mice/group (n = 6 male and n = 6 female mice/group). 

Fig. 2. Effects of ZCZ011 (5-40 mg/kg i.p.) on naloxone-precipitated withdrawal signs in oxycodone-

dependent male and female mice. Panel A illustrates the timeline of treatments mice received prior to 

naloxone-precipitated withdrawal. The withdrawal signs measured include the occurrence of diarrhea (B), 

body weight loss (C), number of jumps (D), number of paw flutters (E), and number of head shakes (F). 

Data are expressed as percentage scores for panel B and individual data points with mean ± SD for panels 

C-F. Numbers at the bottom of bar graphs in panel B indicate the number of mice that presented with 

diarrhea. Fisher exact test was used to analyze the occurrence of diarrhea (B). Between-measures two-

way ANOVA and Dunnett’s post hoc test was used to analyze all other withdrawal signs (C, D, E, and F).  

*, p < 0.05; ***, p < 0.001; ****, p < 0.0001 versus oxycodone-vehicle mice. n = 15-16 mice/group (n = 

8 male and n = 7-8 female mice/group due to lost video footage). 

Fig. 3. Effects of cannabinoid receptor antagonism (rimonabant, SR1 3 mg/kg i.p.; SR144528, SR2 

3mg/kg i.p.) on ZCZ011 (40 mg/kg i.p.) attenuation of naloxone-precipitated withdrawal signs in 

oxycodone-dependent male and female mice. Panel A illustrates the timeline of treatments mice received 

prior to naloxone-precipitated withdrawal. The withdrawal signs measured include the occurrence of 

diarrhea (B), body weight loss (C), number of jumps (D), number of paw flutters (E), and number of head 
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shakes (F). Data are expressed as percentage scores for panel B and individual data points with mean ± 

SD for panels C-F. Numbers at the bottom of bar graphs in panel B indicate the number of mice that 

presented with diarrhea. Fisher exact test was used to analyze the occurrence of diarrhea (B). Between-

measures three-way ANOVA and Tukey’s post hoc test was used to analyze all other withdrawal signs 

(C, D, E, and F). A pre-planned comparison Student’s unpaired t-test was used to analyze whether 

ZCZ011 reliably attenuated paw flutters (E).   *, p < 0.05; ***, p < 0.001; ****, p < 0.0001 vehicle-

ZCZ011 or SR144528-ZCZ011 mice versus vehicle-vehicle or SR144528-vehicle mice, respectively. ##, 

p < 0.01; ####, p < 0.0001 vehicle-ZCZ011 mice versus rimonabant-ZCZ011 mice. n = 15-16 mice/group 

(n = 7-8 male and n = 8 female mice/group due to incorrect injection). 

Fig. 4. Effects of ZCZ011 (40 mg/kg i.p.) on oxycodone-dependent male and female CB1 (+/+) and CB1 

(-/-) mice undergoing naloxone-precipitated withdrawal. Panel A illustrates the timeline of treatments 

mice received prior to naloxone-precipitated withdrawal. The withdrawal signs measured include the 

occurrence of diarrhea (B), body weight loss (C), number of jumps (D), number of paw flutters (E), and 

number of head shakes (F). Data are expressed as percentage scores for panel B and individual data points 

with mean ± SD for panels C-F. Numbers at the bottom of bar graphs in panel B indicate the number of 

mice that presented with diarrhea. Between-measures three-way ANOVA and Tukey’s post hoc test was 

used to analyze all other withdrawal signs (C, D, E, and F). *, p < 0.05; **, p < 0.01; ***, p < 0.001 CB1 

(+/+)-vehicle mice versus CB1 (+/+)-ZCZ011, CB1 (-/-)-vehicle, or CB1 (-/-)-ZCZ011 mice. ##, p < 0.01; 

####, p < 0.0001 CB1 (+/+)-ZCZ011 mice versus CB1 (-/-)-ZCZ011 mice. The $$$ indicates a main effect 

of genotype for jumping behavior between CB1 (+/+) mice versus CB1 (-/-) mice. n = 15-16 mice/group (n 

= 8 male and n = 7-8 female mice/group due to one death during repeated oxycodone administration). 
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TABLE 1 
Summary of statistical results from Fisher exact tests and two-way ANOVA analyses for Figure 1  
 

Withdrawal Signs F Statistic, P value Dunnett’s Fisher 

Diarrhea    
Oxy-Sal vs Sal-Sal — — P = 0.0003*** 
Oxy-Sal vs Oxy-Oxy (17) — — P = 0.48 
Oxy-Sal vs Oxy-Oxy (33) — — P = 0.0003*** 
Oxy-Sal vs Oxy-Oxy (75) — — P < 0.0001**** 
Body Weight Loss    
2-way ANOVA: Sex x Oxy F (4, 50) = 0.271; P = 0.90 — — 
Main effect: Sex F (1, 50) = 0.169; P = 0.68 — — 
Main effect: Oxy F (4, 50) = 21.9; P < 0.0001**** — — 
Planned Comparisons:    
  Oxy-Sal vs Sal-Sal — P < 0.0001**** — 
  Oxy-Sal vs Oxy-Oxy (17) — P = 0.15 — 
  Oxy-Sal vs Oxy-Oxy (33) — P = 0.0002*** — 
  Oxy-Sal vs Oxy-Oxy (75) — P < 0.0001**** — 
Jumps    
2-way ANOVA: Sex x Oxy F (4, 50) = 0.853; P = 0.50 — — 
Main effect: Sex F (1, 50) = 1.69; P = 0.20 — — 
Main effect: Oxy F (4, 50) = 6.38; P = 0.0003*** — — 
Planned Comparisons:    
  Oxy-Sal vs Sal-Sal — P = 0.0017** — 
  Oxy-Sal vs Oxy-Oxy (17) — P = 0.53 — 
  Oxy-Sal vs Oxy-Oxy (33) — P = 0.0022** — 
  Oxy-Sal vs Oxy-Oxy (75) — P = 0.0010** — 
Paw Flutters    
2-way ANOVA: Sex x Oxy F (4, 50) = 2.52; P = 0.0530 — — 
Main effect: Sex F (1, 50) = 0.0865; P = 0.77 — — 
Main effect: Oxy F (4, 50) = 36.5; P < 0.0001**** — — 
Planned Comparisons:    
  Oxy-Sal vs Sal-Sal — P < 0.0001**** — 
  Oxy-Sal vs Oxy-Oxy (17) — P = 0.99 — 
  Oxy-Sal vs Oxy-Oxy (33) — P < 0.0001**** — 
  Oxy-Sal vs Oxy-Oxy (75) — P < 0.0001**** — 
Head Shakes    
2-way ANOVA: Sex x Oxy F (4, 50) = 0.507; P = 0.73 — — 
Main effect: Sex F (1, 50) = 0.00; P > 0.99 — — 
Main effect: Oxy F (4, 50) = 7.74; P < 0.0001**** — — 
Planned Comparisons:    
  Oxy-Sal vs Sal-Sal — P = 0.0004*** — 
  Oxy-Sal vs Oxy-Oxy (17) — P = 0.22 — 
  Oxy-Sal vs Oxy-Oxy (33) — P = 0.0004*** — 
  Oxy-Sal vs Oxy-Oxy (75) — P = 0.0002*** — 
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TABLE 2 
Summary of statistical results from Fisher exact tests and two-way ANOVA analyses for Figure 2 
 

Withdrawal Signs F Statistic, P value Dunnett’s Fisher 

Diarrhea    
Oxy-Veh vs Sal-Veh — — P < 0.0001**** 
Oxy-Veh vs Oxy-Oxy (75) — — P < 0.0001**** 
Oxy-Veh vs Oxy-ZCZ (5) — — P > 0.99 
Oxy-Veh vs Oxy-ZCZ (10) — — P > 0.99 
Oxy-Veh vs Oxy-ZCZ (20) — — P = 0.083 
Oxy-Veh vs Oxy-ZCZ (40) — — P < 0.0001**** 
Body Weight Loss    
2-way ANOVA: Sex x 

Drug tx 
F (6, 90) = 0.413; P = 0.87 — — 

Main effect: Sex F (1, 90) = 2.05; P = 0.16 — — 
Main effect: Drug tx F (6, 90) = 11.3; P < 0.0001**** — — 
Planned Comparisons:    
  Oxy-Veh vs Sal-Veh — P < 0.0001**** — 
  Oxy-Veh vs Oxy-Oxy (75) — P < 0.0001**** — 
  Oxy-Veh vs Oxy-ZCZ (5) — P = 0.90 — 
  Oxy-Veh vs Oxy-ZCZ (10) — P = 0.13 — 
  Oxy-Veh vs Oxy-ZCZ (20) — P = 0.098 — 
  Oxy-Veh vs Oxy-ZCZ (40) — P < 0.0001**** — 
Jumps    
2-way ANOVA: Sex x 

Drug tx 
F (6, 88) = 1.17; P = 0.33 — — 

Main effect: Sex  F (1, 88) = 9.49; P = 0.0028** — — 
Main effect: Drug tx F (6, 88) = 4.64; P = 0.0004*** — — 
Planned Comparisons:    
  Oxy-Veh vs Sal-Veh — P = 0.0045** — 
  Oxy-Veh vs Oxy-Oxy (75) — P = 0.0004*** — 
  Oxy-Veh vs Oxy-ZCZ (5) — P = 0.78 — 
  Oxy-Veh vs Oxy-ZCZ (10) — P = 0.96 — 
  Oxy-Veh vs Oxy-ZCZ (20) — P = 0.87 — 
  Oxy-Veh vs Oxy-ZCZ (40) — P = 0.44 — 
Paw Flutters    
2-way ANOVA: Sex x 

Drug tx 
F (6, 88) = 0.535; P = 0.78 — — 

Main effect: Sex  F (1, 88) = 0.964; P = 0.33 — — 
Main effect: Drug tx F (6, 88) = 21.7; P < 0.0001**** — — 
Planned Comparisons:    
  Oxy-Veh vs Sal-Veh — P < 0.0001**** — 
  Oxy-Veh vs Oxy-Oxy (75) — P < 0.0001**** — 
  Oxy-Veh vs Oxy-ZCZ (5) — P = 0.99 — 
  Oxy-Veh vs Oxy-ZCZ (10) — P = 0.85 — 
  Oxy-Veh vs Oxy-ZCZ (20) — P = 0.0006*** — 
  Oxy-Veh vs Oxy-ZCZ (40) — P = 0.0002*** — 
Head Shakes    
2-way ANOVA: Sex x 

Drug tx 
F (6, 88) = 1.14; P = 0.35 — — 

Main effect: Sex  F (1, 88) = 0.899; P = 0.35 — — 
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Main effect: Drug tx F (6, 88) = 7.39; P < 0.0001**** — — 
Planned Comparisons:    
  Oxy-Veh vs Sal-Veh — P = 0.0004*** — 
  Oxy-Veh vs Oxy-Oxy (75) — P < 0.0001**** — 
  Oxy-Veh vs Oxy-ZCZ (5) — P = 0.61 — 
  Oxy-Veh vs Oxy-ZCZ (10) — P = 0.24 — 
  Oxy-Veh vs Oxy-ZCZ (20) — P = 0.025* — 
  Oxy-Veh vs Oxy-ZCZ (40) — P = 0.0004*** — 
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TABLE 3 
Summary of statistical results from Fisher exact tests and three-way ANOVA analyses for Figure 3 
 

Withdrawal Signs F Statistic, P value Tukey’s Fisher 

Diarrhea    
Veh-Veh vs Veh-ZCZ — — P < 0.0001**** 
SR1-Veh vs SR1-ZCZ — — P > 0.99 
SR2-Veh vs SR2-ZCZ — — P < 0.0001**** 
Veh-ZCZ vs SR1-ZCZ — — P < 0.0001**** 
Veh-ZCZ vs SR2-ZCZ — — P > 0.99 

Body Weight Loss    
3-way ANOVA: Sex x CB 

Ant x ZCZ tx 
F (2, 82) = 0.219; P = 0.80 — — 

2-way Interaction: CB Ant 

x ZCZ tx 
F (2, 82) = 3.57; P = 0.033* — — 

Planned Comparisons:    

Veh-Veh vs Veh-ZCZ — P < 0.0001**** — 
SR1-Veh vs SR1-ZCZ — P = 0.63 — 
SR2-Veh vs SR2-ZCZ — P = 0.018* — 
Veh-ZCZ vs SR1-ZCZ — P = 0.0040** — 
Veh-ZCZ vs SR2-ZCZ — P = 0.98 — 

2-way Interaction: Sex x 

ZCZ tx 
F (1, 82) = 0.280; P = 0.60 — — 

2-way Interaction: Sex x 

CB Ant 
F (2, 82) = 0.338; P = 0.71 — — 

Main Effect: Sex F (1, 82) = 0.447; P = 0.51 — — 
Main Effect: CB Ant F (2, 82) = 12.5; P < 0.0001**** — — 
Main Effect: ZCZ tx F (1, 82) = 33.6; P < 0.0001**** — — 

Jumps    
3-way ANOVA: Sex x CB 

Ant x ZCZ tx 
F (2, 82) = 0.219; P = 0.80 — — 

2-way Interaction: CB Ant 

x ZCZ tx 
F (2, 82) = 3.45; P = 0.036* — — 

Planned Comparisons:     

Veh-Veh vs Veh-ZCZ — P = 0.96 — 
SR1-Veh vs SR1-ZCZ — P = 0.67 — 
SR2-Veh vs SR2-ZCZ — P = 0.37 — 
Veh-ZCZ vs SR1-ZCZ — P = 0.84 — 
Veh-ZCZ vs SR2-ZCZ — P = 0.71 — 

2-way Interaction: Sex x 

ZCZ tx 
F (1, 82) = 3.26; P = 0.074 — — 

2-way Interaction: Sex x 

CB Ant 
F (2, 82) = 3.45; P = 0.036* — — 

Main Effect: Sex F (1, 82) = 10.2; P = 0.0020** — — 
Main Effect: CB Ant F (2, 82) = 1.17; P = 0.3147 — — 
Main Effect: ZCZ tx F (1, 82) = 0.735; P = 0.39 — — 

Paw Flutters    
3-way ANOVA: Sex x CB 

Ant x ZCZ tx 
F (2, 82) = 0.545; P = 0.58 — — 

2-way Interaction: CB Ant F (2, 82) = 1.06; P = 0.35 — — 
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x ZCZ tx 
2-way Interaction: Sex x 

ZCZ tx 
F (1, 82) = 0.135; P = 0.71 — — 

2-way Interaction: Sex x 

CB Ant 
F (2, 82) = 0.943; P = 0.39 — — 

Main Effect: Sex F (1, 82) = 4.19 P=0.044* — — 
Main Effect: CB Ant F (2, 82) = 5.09; P = 0.0083** — — 
Main Effect: ZCZ tx F (1, 82) = 6.04; P = 0.016* — — 

Head Shakes    
3-way ANOVA: Sex x CB 

Ant x ZCZ tx 
F (2, 82) = 0.403; P = 0.67 — — 

2-way Interaction: CB Ant 

x ZCZ tx 
F (2, 82) = 0.489; P = 0.61 — — 

2-way Interaction: Sex x 

ZCZ tx 
F (1, 82) = 1.56; P = 0.21 — — 

2-way Interaction: Sex x 

CB Ant 
F (2, 82) = 0.0834; P = 0.92 — — 

Main Effect: Sex F (1, 82) = 4.82; P = 0.031* — — 
Main Effect: CB Ant F (2, 82) = 2.73; P = 0.071 — — 
Main Effect: ZCZ tx F (1, 82) = 2.73; P = 0.10 — — 
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TABLE 4 
Summary of statistical results from Fisher exact tests and three-way ANOVA analyses for Figure 4  
 

Withdrawal Signs F Statistic, P value Tukey’s Fisher 

Diarrhea    
CB1(+/+)-Veh vs CB1(+/+)-ZCZ — — P < 0.0001**** 

CB1(-/-)-Veh vs CB1(-/-)-ZCZ — — P > 0.99 

CB1(+/+)-ZCZ vs CB1(-/-)-ZCZ — — P < 0.0001**** 

Body Weight Loss    

3-way ANOVA: Sex x Geno x ZCZ 

tx 

F (1, 55) = 0.0866; P = 0.77 — — 

2-way Interaction: Geno x ZCZ tx F (1, 55) = 6.16; P = 0.016* — — 

Planned Comparisons:     

CB1(+/+)-Veh vs CB1(+/+)-ZCZ — P = 0.0055** — 

CB1(-/-)-Veh vs CB1(-/-)-ZCZ — P = 0.99 — 

CB1(+/+)-ZCZ vs CB1(-/-)-ZCZ — P = 0.0013** — 

2-way Interaction: Sex x ZCZ tx F (1, 55) = 1.27; P = 0.27 — — 

2-way Interaction: Sex x Geno F (1, 55) = 0.215; P = 0.64 — — 

Main Effect: Sex F (1, 55) = 1.04; P = 0.31 — — 

Main Effect: Genotype F (1, 55) = 9.40; P = 

0.0034** 

— — 

Main Effect: ZCZ tx F (1, 55) = 5.31; P = 0.025* — — 

Jumps    

3-way ANOVA: Sex x Geno x ZCZ 

tx 

F (1, 55) = 0.894; P = 0.35 — — 

2-way Interaction: Geno x ZCZ tx F (1, 55) = 0.464; P = 0.50 — — 

2-way Interaction: Sex x ZCZ tx F (1, 55) = 0.464; P = 0.50 — — 

2-way Interaction: Sex x Geno F (1, 55) = 0.0307; P = 0.86 — — 

Main Effect: Sex F (1, 55) = 0.0833; P = 0.77 — — 

Main Effect: Genotype F (1, 55) = 15.1; P = 

0.0003*** 

— — 

Main Effect: ZCZ tx F (1, 55) = 0.0422; P = 0.84 — — 

Paw Flutters    

3-way ANOVA: Sex x Geno x ZCZ 

tx 

F (1, 55) = 0.00293; P = 

0.96 

— — 

2-way Interaction: Geno x ZCZ tx F (1, 55) = 9.63; P = 

0.0030** 

— — 

Planned Comparisons:    

CB1(+/+)-Veh vs CB1(+/+)-ZCZ — P = 0.0002*** — 

CB1(+/+)-Veh vs CB1(-/-)-Veh — P = 0.020* — 

CB1(+/+)-Veh vs CB1(-/-)-ZCZ — P = 0.017* — 

CB1(-/-)-Veh vs CB1(-/-)-ZCZ — P = 0.99 — 

CB1(+/+)-ZCZ vs CB1(-/-)-ZCZ — P = 0.51 — 

2-way Interaction: Sex x ZCZ tx F (1, 55) = 1.12; P = 0.30 — — 

2-way Interaction: Sex x Geno F (1, 55) = 1.65; P = 0.20 — — 

Main Effect: Sex F (1, 55) = 0.0150; P = 0.90 — — 

Main Effect: Genotype F (1, 55) = 1.13; P = 0.29 — — 

Main Effect: ZCZ tx F (1, 55) = 9.99; P = 

0.0026** 

— — 
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Head Shakes    

3-way ANOVA: Sex x Geno x ZCZ 

tx 

F (1, 55) = 1.67; P = 0.20 — — 

2-way Interaction: Geno x ZCZ tx F (1, 55) = 1.34; P = 0.25 — — 

2-way Interaction: Sex x ZCZ tx F (1, 55) = 0.0755; P = 0.78 — — 

2-way Interaction: Sex x Geno F (1, 55) = 4.18; P = 0.046* — — 

Main Effect: Sex F (1, 55) = 0.246; P = 0.62 — — 

Main Effect: Genotype F (1, 55) = 0.0152; P = 0.90 — — 

Main Effect: ZCZ tx F (1, 55) = 0.102; P = 0.75 — — 
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