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Abstract

A recent push to provide more translationally relevant preclinical models for examination of 

pharmacological mechanisms underlying inhaled substances of abuse has resulted in the 

development of equipment and methods that allows exposure of freely moving rodents to 

aerosolized psychoactive drugs. In the present study, synthetic cannabinoids (CP55,940, 

ABCHMINACA, and AMB-FUBINACA) were administered intraperitoneally (i.p.) or aerosolized 

via a modified electronic cigarette device. Subsequently, the compounds were evaluated in adult 

male and female C57/Bl6 mice trained to discriminate i.p. 5.6 mg/kg Δ9-tetrahydrocannabinol 

(THC) for food reinforcement. When administered i.p., THC and AB-CHMINACA were equally 

potent at producing THC-like effects in both sexes, but CP55,940 and AMB-FUBINACA were 

more potent in males. Upon aerosol exposure, all compounds continued to produce THC-like 

effects in both sexes, with AMB-FUBINACA remaining the most potent. In contrast, aerosolized 

CP55,940 showed substantial decreases in potency in both sexes. Aerosolized nicotine did not 

substitute for THC in either sex. In females, aerosolized cumyl-4CN-BINACA produced 

concentration-dependent increases in responding on the THC-associated nosepoke. In addition, the 

effects of an active concentration of AMB-FUBINACA were reversed by rimonabant, suggesting 

CB1 receptor mediation. These results show that synthetic cannabinoids produce THC-like effects 

when injected i.p. or after aerosolization. This study adds to a growing literature suggesting that 

evaluation of abuse liability of substances via aerosol exposure is feasible and may provide a 

translationally relevant method that allows for investigation of factors important to the abuse of 

drugs which humans typically smoke or vape.
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1.0 Introduction

More than a decade after their initial synthesis for research purposes, synthetic cannabinoids 

such as the indole-derived compound JWH-018 began to appear on the recreational drug 

market, reaching worldwide scale of distribution in the early 2000s. Since then, design of the 

chemical structures of these compounds has evolved rapidly to evade drug control 

regulations, resulting in production and use of more potent second and third generation 

compounds for which available scientific data (especially in vivo data) are lacking. Not 

surprisingly, reports of aversive physical and psychological consequences up to and 

including death have increased with the advent of these newer synthetic cannabinoids 

(Adams et al., 2017; European Monitoring Centre for Drugs and Drug Addiction, 2018; 

Trecki et al., 2015). For example, AMB-FUBINACA (an indazole-derived cannabinoid) was 

linked to a cluster of overdose cases characterized by severe intoxication and incapacitation 

in New York City in July 2016 (Adams et al., 2017) and to at least 20 deaths in New Zealand 

(New Zealand Ministry of Health, 2018). AB-CHMINACA (an indazole-derived 

cannabinoid) was also linked to an overdose cluster in the spring of 2014 in Florida (Tyndall 

et al., 2015), as well as to sporadic reports of illness or death (Trecki et al., 2015).

Despite their variant chemical structure and toxicological profile, preclinical research 

suggests that synthetic cannabinoids represent a class of compounds that produce their 

cannabimimetic psychoactive effects through activation of CB1 receptors located within the 

brain’s endogenous cannabinoid system (Noble et al., 2018; Wiley et al., 1998; Wiley et al., 

2015). Most of these compounds also activate CB2 cannabinoid receptors in the periphery 

(Huffman and Padgett, 2005; Manera et al., 2008; Noble et al., 2018). CB1 receptor affinities 

of abused synthetic cannabinoids are usually several-fold greater than Δ9-

tetrahydrocannabinol (THC), the primary psychoactive constituent of cannabis, often 

resulting in enhanced potency compared to this phytocannabinoid (Noble et al., 2018; Wiley 

et al., 2017b). Further, synthetic cannabinoids tend to be full agonists at the CB1 receptor 

(Thomas et al., 2017) whereas THC is a partial agonist (Breivogel and Childers, 2000). 

Indeed, several recent compounds are reported to have greater CB1 receptor efficacy than 

other previously identified synthetic cannabinoids and have been referred to as “super 

agonists” (Thomas et al., 2017). In vivo, synthetic cannabinoids produce a profile of 

pharmacological effects in rodents that is characteristic of psychoactive cannabinoids such 

as THC: suppression of locomotor activity, antinociception, hypothermia and catalepsy 

(Wiley et al., 1998; Wiley et al., 2014b; Wiley et al., 2017b). They also produce THC-like 

effects in THC drug discrimination (reviewed in Wiley et al., 2018), a pharmacologically 

selective animal model of cannabis intoxication (Balster and Prescott, 1992). With only few 

exceptions (Wiley et al., 2017a; Wiley et al., 2011; Winsauer et al., 2012), the bulk of this 

research has been conducted in male rodents. Hence, one of the goals of the present study 

was to perform a side-by-side comparison of the discriminative stimulus effects of THC and 
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selected synthetic cannabinoids in mice of both sexes trained under identical experimental 

conditions.

A second aim of the present study was to compare the discriminative stimulus effects of 

synthetic cannabinoids administered via intraperitoneal (i.p.) injection and aerosol exposure. 

In humans, synthetic cannabinoids are typically administered through smoking of infused 

plant material or vaping cannabinoid-containing e-liquids in tank-based electronic cigarettes 

(e-cigarettes). Recently, a push to provide a more translationally relevant preclinical model 

for examination of pharmacological mechanisms underlying inhaled substances of abuse has 

resulted in the development of equipment and methods that allows exposure of freely 

moving rodents to aerosolized psychoactive drugs (George et al., 2010; Lefever et al., 2017a; 

McLaughlin, 2018; Ponzoni et al., 2015; Smith et al., 2015). Using modified e-cigarette 

devices, these studies have shown that acute aerosol exposure to nicotine, stimulants, or 

cannabinoids produced pharmacological effects in rodents that are characteristic of their 

respective drug classes (Lefever et al., 2017a; Lefever et al., 2017b; Marusich et al., 2016; 

Nguyen et al., 2016a; Nguyen et al., 2016b). Further, for nicotine and THC, the observed in 

vivo effects are accompanied by increases in plasma and brain concentrations of the parent 

drug and/or its metabolites (Lefever et al., 2017a; Manwell et al., 2014a; Nguyen et al., 

2016b). Here, we utilized these new methods to compare the effects of aerosolized e-liquids 

containing synthetic cannabinoids to injected doses of these compounds in mice trained to 

discriminate injected THC from vehicle in a standard two response procedure.

2.0 Materials and methods

2.1 Subjects

Twenty-seven adult male and female C57BL/6J mice (Jackson Laboratories, Bar Harbor, 

ME) were singly housed in polycarbonate mouse cages in a temperature-controlled (20–

22°C) colony room with a 12-hour light/dark cycle (lights on at 6:00 AM). After at least 7 

days of acclimation with unrestricted food and water, mice were maintained at ~90% of free-

feeding body weight with ad libitum access to water. All studies reported in this manuscript 

were carried out in accordance with guidelines published in the Guide for the Care and Use 

of Laboratory Animals (National Research Council, 2011) and were approved by our 

Institutional Animal Care and Use Committee.

2.2 Apparatus

Mice were trained and tested in mouse operant chambers (Coulbourn Instruments, 

Whitehall, PA) housed within light- and sound-attenuating cubicles. Each chamber was 

outfitted with a house light, white noise generator, and two nose-poke apertures with 

stimulus lights over each aperture. A pellet feeder delivered 20 mg food pellets (Bioserv 

Inc., Frenchtown, NJ) into a pellet trough (with a light) centered between the two apertures. 

Chamber operations (i.e., illumination of house and stimulus lights, generation of white 

noise, delivery of food pellets, and recording of nose pokes) were controlled by a computer 

system (Coulbourn Instruments, Graphic State Software, v 3.03, Whitehall, PA).
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With the exception of tests with cumyl-4CN-BINACA in female mice, aerosol was delivered 

from a modified e-cigarette device to mouse-sized chambers, as described previously 

(Lefever et al., 2017a; Lefever et al., 2017b; Marusich et al., 2016). Briefly, an iStick 30 W 

Variable Wattage personal vaporizer (ELeaf, Irvine, CA, USA) supplied power (7 W) to a 

CE5-S tank and bottom dual coil clearomizer (1.8Ω) (Aspire, Kent, WA, USA). Air was 

pumped through the tank at 1 L/min by an adjustable air pump (Pacific Coast Distributing, 

Phoenix, AZ) to generate aerosol, which was delivered via Tygon tubing (Fisher Scientific, 

Pittsburgh, PA, USA) directed by 3-way stopcocks (Grainger, Raleigh, NC, USA) into an 

EZ-177 Sure-Seal mouse induction anesthesia chamber (10 cm × 10 cm × 10 cm) (E-Z-

Anesthesia, Palmer, PA, USA).

Cumyl-4CN-BINACA was evaluated in female mice in a commercially available aerosol 

exposure system, E-Vape (LJARI, La Jolla, CA). Mice were exposed using the same dosing 

chambers described above; however, airflow was constant (1L/min) and vapor was generated 

using the E-Vape system [TFV8 X-Baby tank and 0.25Ω V8 X-Baby M2 coils, SMOK, 

Shenzhen, China] set to 40W, delivering hits every 10 s for 2 min. Mice remained in the 

chamber for 1 additional min before returning to their home cage for a 5 min before being 

placed into the operant chambers.

2.3 Chemicals

CP55,940 [[(2)-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4-(3-hydroxypropyl) 

cyclohexanol])] (National Institute on Drug Abuse [NIDA], Rockville, MD, USA), AB-

CHMINACA [(N-[1-amino-3-methyl-oxobutan-2-yl]-1-[cyclohexylmethyl]-1H-indazole-3-

carboxamide)] (Drug Enforcement Administration [DEA] Special Testing and Research 

Laboratory, Dulles, VA, USA), AMB-FUBINACA [methyl (2S)-2-[[1-[(4-

fluorophenyl)methyl]indazole-3-carbonyl]amino]-3-methylbutanoate] (Cayman Chemical, 

Ann Arbor, MI), rimonabant (NIDA), and delta-9-THC (NIDA) were dissolved in 7.8% 

polysorbate 80 NF (Fisher Scientific, Pittsburgh, PA, USA) and 92.2% saline USP (Patterson 

Veterinary, Devens, MA, USA) for injection. CP55,940, AB-CHMINACA, AMB-

FUBINACA, and cumyl-4CN-BINACA [1-(4-cyanobutyl)-N-(1-methyl-1-phenylethyl)-1H-

indazole-3-carboxamide] (Cayman Chemical) were mixed with poly ethylene glycol 400 

(PEG400) (Fisher Scientific, Pittsburgh, PA, USA) for aerosol administration. (−)-Nicotine 

hydrogen freebase (Sigma-Aldrich, St. Louis, MO) was mixed with a 50:50 propylene 

glycol and glycerin solution (Sigma-Aldrich) for aerosol administration. All injected 

compounds were administered at a volume of 10 mL/kg, with pretreatment intervals of 20 or 

30 min (see procedures section), with the exception of rimonabant which was injected 30 

min prior to the start of AMB-FUBINACA exposure. All cannabinoids were injected 

intraperitoneally (i.p.). Concentrations for aerosol administration are expressed as mg/mL in 

the e-cigarette tank and may not be representative of the actual amount of drug administered.

2.4 Procedure

Prior to the start of this study, mice (13 males and 14 females) had been trained to 

discriminate 5.6 mg/kg THC and had been tested with several cannabinoids. Briefly, mice 

were trained to respond on one of the two nose-poke apertures in the operant chamber 

following intraperitoneal (i.p.) administration of 5.6 mg/kg THC and to respond on the other 
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aperture following i.p. vehicle administration according to a fixed ratio 10 (FR10) schedule 

of food reinforcement, under which 10 consecutive responses on the correct (injection-

appropriate) lever resulted in delivery of a food pellet. Responses on the incorrect lever reset 

the ratio requirement on the correct lever. Daily injections were administered on a double 

alternation sequence of training drug and vehicle (e.g., THC, THC, vehicle, vehicle). Daily 

15 min training sessions were held Monday-Friday.

After acquisition, stimulus substitution tests were conducted in place of training sessions, 

with baseline discrimination training continuing between stimulus substitution test days. 

During the 15 min stimulus substitution tests, 10 consecutive responses on either aperture 

delivered reinforcement. If a mouse responded on the other aperture prior to completing 10 

responses on an aperture, the ratio requirement on the original aperture was reset. To be 

eligible for a stimulus substitution test, mice must have completed a training session the 

previous day in which three criteria had been met: (1) the first completed FR10 was on the 

correct lever, (2) ≥ 80% of the total responding occurred on the correct lever, and (3) 

response rate must have been ≥ 0.1 responses/s. In addition, the mouse must have met these 

same criteria during the most recent training session with the alternate training compound 

(training drug or vehicle). Prior to testing with injected and aerosolized synthetic 

cannabinoids, a dose-effect curve for THC was determined. THC was injected 30 min pre-

session.

To allow for the possibility that aerosolized cannabinoids might have a more rapid onset than 

injected cannabinoids, the pre-session injection interval was changed from 30 min to 20 min 

after completion of the initial THC dose-effect curve. Hence, all drugs except for THC were 

administered 20 min prior to the start of the drug discrimination session, regardless of route 

of administration. For exposure to aerosolized synthetic cannabinoids, mice were placed 

individually into closed anesthesia chambers, aerosol was generated for 10 s, and mice were 

held in the chamber for a 5-min exposure period. After the exposure period, mice were 

moved to their home cages for 15 additional minutes and then placed in the operant 

chambers for a drug discrimination test session. The same exposure timing and duration was 

used for nicotine; however, mice were placed immediately into the operant chamber after the 

5-min exposure period. For cumyl-4CN-BINACA (females only), aerosol was generated for 

3 s every 10 s for 2 min for a total of 10 3-s exposures over the 3-min time in the chamber. 

Mice were subsequently placed in their home cage for 5 min prior to being placed into the 

operant chamber for discrimination testing. In females, rimonabant was injected i.p. 30 min 

prior to 5-min exposure to aerosolized vehicle or 2.4 mg/mL AMB-FUBINACA and 15-min 

wait before the start of the drug discrimination session. During substitution tests with 

injected synthetic cannabinoids, CP55,940, AB-CHMINACA and AMB-FUBINACA, mice 

were injected i.p. and immediately placed into the closed anesthesia chamber for 5-min 

exposure to vehicle followed by the 15-min wait in their home cage.

2.5 Data analysis

For each drug discrimination session, percentage of responses on the drug-associated 

aperture and response rate (responses/s) were calculated. ED50 values were calculated on the 

linear part of the drug manipulandum selection dose-response curve for each drug that fully 

Wiley et al. Page 5

Neurotoxicology. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



substituted (i.e., > 80% drug-associated responding) using least squares linear regression 

analysis, followed by calculation of 95% confidence intervals (CI). Response-rate data for 

injected drugs were analyzed using split-plot ANOVA, with sex as the between subject 

factor and dose as the within subject factor. Because dose could not be calculated for 

aerosolized drug (and, therefore, could not be equalized across sex), response rate data for 

aerosolized drug were analyzed separately in each sex through the use of one-way ANOVAs 

across concentration. Data from sessions in which a mouse did not earn food reinforcement 

(i.e., fewer than 10 consecutive responses were registered on either aperture) were excluded 

from analysis of percentage of drug response selection and from the corresponding figure, 

but response rate data were included. For all dose-effect curves, Tukey post hoc tests 

(α=0.05) were used, as appropriate, to determine differences in response rates between 

individual means. NCSS 11 Statistical Software (2016; NCSS, LLC. Kaysville, Utah, USA, 

ncss.com/software/ncss) was used for all analyses.

3.0 Results

Mice of both sexes exhibited full dose-dependent substitution for the THC training dose 

when injected i.p. with THC (Figure 1, panels A and B for male and female mice, 

respectively). Further, potency was not substantially different across sex (Table 1). Similarly, 

the indazole-based synthetic cannabinoids, AB-CHMINACA and AMB-FUBINACA, and 

the bicyclic cannabinoid CP55,940 also fully and dose-dependently substituted for THC in 

both sexes following injection (Figure 1, panels A and B for male and female mice, 

respectively). AB-CHMINACA was of similar potency in both sexes; however, CP55,940 

and AMB-FUBINACA were 2- and 1.75-fold less potent, respectively, in females than in 

males (Table 1). Further, full substitution occurred with 0.1 mg/kg CP55,940 and AMB-

FUBINACA in male mice (Figure 1, panel A) whereas the lowest dose of either compound 

that produced full substitution in female mice was 0.3 mg/kg (Figure 1, panel B). In males, 

CP55,940 and AMB-FUBINACA were more potent than ABCHMINACA (non-overlapping 

95% confidence limits) whereas CP55,940, AB-CHMINACA and AMB-FUBINACA were 

similar in potency in females (Table 1).

Response rates were also affected by i.p. drug administration (Figure 1, panels C and D, 

males and females, respectively). THC increased responding in both sexes over a dose range 

of 1–5.6 mg/kg [main effect of dose: F(5,125)=4.70, p<0.05], but overall response rate in 

females was less at baseline and across all THC doses [main effect of sex: F(1,25)=93.41, 

p<0.05]. CP55,940 administration also resulted in significantly lower response rates in 

females than in males at lower doses (0.01 and 0.03 mg/kg) [interaction effect: 

F(4,87)=2.52, p<0.05], although it did not significantly decrease responding at any dose in 

either sex compared to their respective vehicles. In contrast, AB-CHMINACA significantly 

decreased response rates (compared to vehicle) at 0.3 mg/kg in male mice, but did not affect 

response rates in female mice at any dose [interaction effect: F(3,75)=5.75, p<0.05]. AMB-

FUBINACA produced a biphasic effect on response rates: whereas it increased overall 

responding at lower (0.03 and 0.1 mg/kg) doses, decreased response rates were observed in 

females at 0.3 mg/kg AMB-FUBINACA, a dose that was not tested in males [main effect of 

dose: F(4,83)=8.74, p<0.05].
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Figure 2 (panels A and B for male and female mice, respectively) shows results of 

substitution tests with aerosolized CP55,940, AB-CHMINACA, AMB-FUBINACA, and 

cumyl-4CNBINACA (females only, panel B). Whereas the first three of these compounds 

produced full concentration-dependent substitution for THC in male mice (panel A), only 

CP55,940 did so in female mice (panel B). The 80% criterion for full substitution was not 

quite reached in females, although concentration-dependent increases in THC-like 

responding were observed for ABCHMINACA, AMB-FUBINACA and for cumyl-4CN-

BINACA. In females, the THC-like effects of the 2.4 mg/ml concentration of AMB-

FUBINACA were reversed by co-administration of 1 mg/kg rimonabant (panel B), a dose 

that did not produce THC-aperture responding when administered alone (left side of panel 

B). In contrast with the synthetic cannabinoids, the 1.8 mg/mL concentration of nicotine did 

not engender responding on the THC-associated aperture in either sex.

Sex differences in weight and the inability to calculate dose complicate between-sex 

comparisons of potency; however, relative potencies of the aerosolized compounds were the 

same for both sexes: AMB-FUBINACA > AB-CHMINACA > CP55,940, with cumyl-4CN-

BINACA in between AMB-FUBINACA and AB-CHMINACA for the females. In males, 

relative potencies of the CP55,940 and AB-CHMINACA were reversed following aerosol 

exposure as compared to i.p. injection, with CP55,940 being 3-fold more potent than AB-

CHMINACA when each compound was administered i.p. and 1.6-fold less potent than AB-

CHMINACA when each was aerosolized. This effect was not pronounced in females. 

However, in mice of both sexes, aerosolized AMB-FUBINACA showed substantially greater 

relative potency than aerosolized CP55,940 and AB-CHMINACA whereas i.p. AMB-

FUBINACA was of similar potency to i.p. CP55,940 (both sexes) and/or i.p. AB-

CHMINACA (females only).

Figure 2 shows effects of aerosolized synthetic cannabinoids on response rates in male and 

female mice (panels C and D, respectively). CP55,940, AB-CHMINACA and AMB-

FUBINACA did not significantly affect response rates (compared to aerosolized vehicle) in 

either sex. (Note: although the 2.4 mg/mL concentration of the latter decreased responding 

in males, the fact that only 3 males were evaluated at this concentration precluded inclusion 

of this concentration in statistical analysis.) In contrast, at concentrations of 1 and 2.4 

mg/mL, aerosolized cumyl-4CN-BINACA increased responding (compared to aerosolized 

vehicle) in females [F(4,20)=4.19, p<0.05].

4.0 Discussion

Consistent with previous results, THC served as a robust discriminative stimulus in male 

mice (present study; Gamage et al., 2018; Wiley et al., 2015) and rats (Wiley et al., 2014a; 

Wiley et al., 1995). The present study also is one of the few reports of THC’s discriminative 

stimulus effects in female rodents (Wiley et al., 2018; Wiley et al., 2011; Winsauer et al., 

2012). In mice, use of the same THC training dose (5.6 mg/kg) was effective in both sexes 

(as reported previously; Wiley et al., 2011), and potency for producing responding on the 

THC-associated aperture was similar, although overall response rates were lower at baseline 

and across all THC doses in females. In contrast, prominent sex differences in THC’s 

discriminative stimulus effects have been reported in Sprague-Dawley rats (Wiley et al., 
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2017a), suggesting the possibility of a species X sex interaction effect. Additional research 

with female rodents to determine the generality of this finding is needed and is likely to 

occur, given the 2016 United States National Institutes of Health mandated consideration of 

sex as a biological variable in the review of grant proposals using animal models (Clayton 

and Collins, 2014).

Similar to THC, i.p. administration of a bicyclic cannabinoid (CP55,940) and the two 

indazole-derived synthetic cannabinoids (AB-CHMINACA and AMB-FUBINACA) resulted 

in full, dose-dependent substitution for THC in both female and male mice, as has been 

shown previously in male rodents (Gamage et al., 2018; Gatch and Forster, 2019; Gold et al., 

1992; Wiley et al., 2015). Rank order potencies were identical across sex (i.e., CP55,940 > 

AMB-FUBINACA > ABCHMINACA > THC). Based upon the previously observed 

significant correlation between in vivo potency in THC discrimination and CB1 receptor 

binding affinity (Compton et al., 1993; Wiley et al., 1998), rank order affinity would be 

expected to similar. Interestingly, however, AMB-FUBINACA did not conform to this 

prediction, as it did not have the highest affinity for the CB1 receptor. As shown in Table 1, 

the CB1 affinity for AMB-FUBINACA is approximately equal to CP55,940 and 2.6-fold less 

than AB-CHMINACA. Yet, AMB-FUBINACA was of similar or greater potency than AB-

CHMINACA in female and male mice, respectively. Although the reason for this apparent 

discrepancy is unknown, one possibility may be formation of an active and more potent 

metabolite. Like many synthetic cannabinoids, AMB-FUBINACA undergoes extensive 

metabolism. For example, the parent compound was not detected in any of the serum/blood 

samples from patients in the New York City 2016 overdose cluster (Adams et al., 2017); 

rather, all samples contained its de-esterified acid metabolite, 2-(1-(4-fluorobenzyl)-1H-

indazole-3-carboxamido)-3-methylbutanoic acid (Adams et al., 2017). Neither this 

compound, nor other potential metabolites (Banister et al., 2016), have been evaluated for 

their activity at cannabinoid receptors.

While the same rank order potency was observed in female and male mice, absolute 

potencies were similar across sex only for AB-CHMINACA and THC. In contrast, 

CP55,940 and AMBFUBINACA were more potent in males than in females. These results 

are consistent with a previous study which found that two synthetic cannabinoids (CP47,497 

and WIN55,212–2) were more potent at producing THC-like discriminative stimulus effects 

in male rats than females; however, this interpretation was complicated by unequal THC 

training doses, with males trained at a higher THC dose (Wiley et al., 2017a). Indeed, with 

THC training dose equal across sex, the greater potency of synthetic cannabinoids in male 

mice (vs females) in the current study, albeit small in magnitude, is opposite of the greater 

sensitivity of female rats to THC’s discriminative stimulus effects (Wiley et al., 2017a).

When route of administration was changed from i.p. injection to aerosol exposure, relative 

potency of the synthetic cannabinoids tested here shifted. While aerosolized AMB-

FUBINACA remained the most potent compound in both sexes, aerosolized CP55,940 

became the least potent. These results represent one of the first demonstrations of an abuse-

related effect of aerosolized synthetic cannabinoids. Previously, Marshell and colleagues 

(2014) showed that aerosolization of first generation synthetic cannabinoids (JWH-073 and 

JWH-018) resulted in partial or full substitution for THC in drug discrimination in rats, 
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although these effects were accompanied by response rate decreases. Vaporized THC also 

produced conditioned place preference in another study (Manwell et al., 2014a). In addition, 

aerosolized cannabinoids have been shown to produce characteristic cannabinoid effects in 

rodents such as suppression of locomotor activity and hypothermia (Javadi-Paydar et al., 

2018; Lefever et al., 2017b; Manwell et al., 2014b; Nguyen et al., 2016b). Together, this 

research supports the feasibility of this experimental approach to characterize vaporization-

based formulations of synthetic cannabinoids. Further, alteration in relative potencies among 

the compounds suggests that route of administration has potentially important translational 

implications, although the reason for the shift in CP55,940’s relative potency remains 

undetermined.

Two other findings of this study are worth noting. First, the THC-like effects of aerosolized 

AMB-FUBINACA in THC-trained female mice were reversed by pre-injection with the CB1 

receptor antagonist rimonabant. Although not conclusive, these results suggest that these 

effects were likely mediated via CB1 receptor activation. This interpretation is consistent 

with the results of several other studies which have reported that the THC-like discriminative 

stimulus effects of injected psychoactive synthetic cannabinoids were antagonized by 

rimonabant or other CB1 receptor antagonists in male rodents (Järbe et al., 2006; Wiley et 

al., 1995). Another noteworthy finding is that aerosolized cumyl-4CN-BINACA produced 

concentration-dependent increases in responding on the THC-associated aperture in female 

mice to a maximum just shy of full substitution. This pilot experiment is important for two 

reasons: a) it is the first in vivo examination of cumyl-4CN-BINACA and b) it offers 

confirmation that similar results with aerosolized synthetic cannabinoids may be obtained 

with two distinct exposure systems, adding to the convergent validity of this translational 

model. The concentration-dependent increases in THC-like responding observed with 

cumyl-4CN-BINACA support a prediction that this compound would produce 

cannabimimetic effects in humans.

In conclusion, the results presented here demonstrate that abused synthetic cannabinoids 

produce THC-like discriminative stimulus effects in mice of both sexes via two routes of 

administration, traditional parenteral injection and aerosol exposure. Further, this study adds 

to a growing literature suggesting that evaluation of abuse liability of substances via aerosol 

exposure is feasible and may provide a translationally relevant method that allows for 

investigation of factors important to the abuse of drugs which humans typically smoke or 

vape. While exact determination of dose is still not possible in currently available aerosol 

exposure systems, this issue is not unique to this model, as it is also faced by researchers 

who evaluate the pharmacological effects of inhaled drugs in humans. Despite this 

limitation, aerosol exposure has at least two distinct translational advantages over injection 

in characterization of synthetic cannabinoids. First, human exposure to synthetic 

cannabinoids almost always involves heating or burning, thermolytic processes that may 

result in chemical transformation with resultant exposure to modified chemicals not 

necessarily contained in the bulk product (Bell and Nida, 2015; Thomas et al., 2017). In 

addition, biotransformation of the chemicals may vary with route of administration. The 

aerosol exposure paradigm described here will facilitate investigation of these issues. 

Second, aerosol exposure will allow investigation of the effects of flavors, olfactory factors, 

and other chemical constituents related to use of cannabis or synthetic cannabinoids (e.g., 
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terpenoids), including factors that previously have been shown to be important to vaping of 

tobacco products (Litt et al., 2016; Zare et al., 2018). Combined with the findings reported 

herein, these potential advantages of aerosol exposure support continued use and 

development of this novel translational model.
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Highlights

• In humans, synthetic cannabinoids (SC) are typically smoked or vaped.

• We compared the effects of injected and vaped SC in THC discrimination in 

mice.

• Vaped and intraperitoneal SC produced THC-like discriminative stimulus 

effects.

• THC-like effects of SC occurred in mice of both sexes.

• Results support feasibility of evaluation of abuse liability with aerosol 

exposure.
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Figure 1. 
Effects of i.p. THC (filled squares), CP55,940 (filled circles), AB-CHMINACA (unfilled 

squares), and AMB-FUBINACA (unfilled circles) on percentage of responses that occurred 

on the THC-associated aperture in male (panel A) and female (panel B) C57/Bl6J mice 

trained to discriminate 5.6 mg/kg THC (i.p.) from vehicle. Response rates for male (panel C) 

and female (panel D) mice for each dose are also shown. Points (filled diamonds) at the left 

side of each panel represent results of control tests with injected (i.p.) vehicle (V) and 5.6 

mg/kg THC (T). Each point represents the mean (± SEM) of data for 12–13 male mice 

(panels A and C) or 12–14 female mice (panels B and D). Pound sign (#) indicates 

significant main effect of sex (p<0.05). Dollar sign ($) indicates significant main effect of 

dose or concentration (p<0.05) compared to overall vehicle condition. Asterisk (*) indicates 

significant interaction term and post hoc difference (p<0.05) compared to respective vehicle. 

Caret (^) indicates significant interaction term and post hoc difference (p<0.05) compared to 

other sex at indicated dose.
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Figure 2. 
Effects of aerosolized CP55,940 (filled circles), AB-CHMINACA (unfilled squares), AMB-

FUBINACA (unfilled circles), cumyl-4CN-BINACA (unfilled triangles; females only) and 

1.8 mg/ml nicotine (filled triangles) on percentage of responses that occurred on the THC-

associated aperture in male (panel A) and female (panel B) C57/Bl6J mice trained to 

discriminate 5.6 mg/kg THC (i.p.) from vehicle. Response rates for male (panel C) and 

female (panel D) mice for each dose are also shown. Also shown are results of control test 

with i.p. 1 mg/kg rimonabant alone (R; left side of panels B and D; filled squares) and in 

combination with 2.4 mg/ml aerosolized AMB-FUBINACA (right side of panels B and D; 

filled squares). Points (filled diamonds) at the left side of each panel represent results of 

control tests with vehicle (V) and 5.6 mg/kg THC (T) (filled diamonds = i.p. injection alone; 

unfilled diamonds = i.p. injection followed by vehicle aerosol exposure). At each 

concentration, 12–13 male mice (panels A and C) or 12–14 female mice (panels B and D) 

were evaluated for response rate data and for percentage THC-aperture responding, except 

n=6 and 7 male and female mice, respectively, for aerosol vehicle; n=3 male mice at the 2.4 

mg/ml concentration of AMB-FUBINACA; n=8 female mice for tests with rimonabant (R) 

alone and in combination with 2.4 mg/ml AMB-FUBINACA; and n=6 female mice at each 

concentration of cumyl-4CN-BINACA. In addition, data for percentage THC aperture 

responding only (not for response rate) were excluded from mean calculations for mice that 

did not respond at least 10 times on either aperture (i.e., did not meet the criteria for 
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choosing an aperture). Hence, for this measure, the mean percentage of THC aperture 

responding was comprised of data from 5 mice at the 4.8 mg/ml concentration of 

cumyl-4CN-BINACA, and n=1 and 11 male and female mice, respectively, at the 2.4 mg/ml 

concentration of AMB-FUBINACA. Each point represents the mean (± SEM) of included 

data, as specified above. Asterisk (*) indicates significant difference (p<0.05) compared to 

respective vehicle.
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Table 1.

Effects of injected and aerosolized synthetic cannabinoids in mice trained to discriminate 5.6 mg/kg THC 

from vehicle

Intraperitoneal Injection Aerosol

ED50 (mg/kg)
(± 95% CI)

EC50 (mg/ml)
(± 95% CI)

Test substance

CB1 receptor affinity
a Males Females Males Females

THC

CB1 Ki = 50 nM
b

1.50
(1.20 – 1.89)

1.55
(1.23 – 1.94) Not tested Not tested

CP55,940

CB1 Ki = 1.74 nM
c

0.03
(0.03 – 0.04)

0.06
(0.05 – 0.07)

6.00
(3.92 – 9.17)

7.32
(5.63 – 9.51)

AB-CHMINACA

CB1 Ki = 0.78 nM
d

0.09
(0.07 – 0.13)

0.08
(0.06 – 0.10)

3.67
(3.38 – 3.99)

5.62
(4.99 – 6.32)

AMB-FUBINACA

CB1 Ki = 2 nM
b

0.04
(0.03 – 0.05)

0.07
(0.06 – 0.09)

0.39
(0.32 – 0.46)

0.94
(0.74 – 1.20)

Cumyl-4CN-BINACA

CB1 Ki = 8.58 nM
b Not tested Not tested Not tested 1.86

(1.21 – 2.84)

a
[3H]CP55,940 was used as ligand for all CB1 binding assays.

b
Personal communication (Michelle Glass, University of Otago, New Zealand). Binding affinities were obtained using methods described in 

(Banister et al., 2019).

c
(Finlay et al., 2017);

d
(Wiley et al., 2015)
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