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ABSTRACT 38 

 39 
Recent trends in cannabis legalization have increased the necessity to better understand the effects of 40 

cannabis use. Animal models involving traditional cannabinoid self-administration approaches have 41 

been notoriously difficult to establish and differences in the drug employed and its route of 42 

administration have limited the translational value of preclinical studies. To address this challenge in the 43 

field, we have developed a novel method of cannabis self-administration using response-contingent 44 

delivery of vaporized ∆9-tetrahydrocannabinol-rich (CANTHC) or cannabidiol-rich (CANCBD) whole-plant 45 

cannabis extracts. Male Sprague Dawley rats were trained to nosepoke for discrete puffs of CANTHC, 46 

CANCBD, or vehicle (VEH) in daily one-hour sessions. Cannabis vapor reinforcement resulted in strong 47 

discrimination between active and inactive operanda. CANTHC maintained higher response rates under 48 

fixed ratio schedules and higher break points under progressive ratio schedules compared to CANCBD 49 

or VEH, and the number of vapor deliveries positively correlated with plasma THC concentrations. 50 

Moreover, metabolic phenotyping studies revealed alterations in locomotor activity, energy expenditure, 51 

and daily food intake that are consistent with effects in human cannabis users. Furthermore, both 52 

cannabis regimens produced ecologically relevant brain concentrations of THC and CBD and CANTHC 53 

administration decreased hippocampal CB1 receptor binding. Removal of CANTHC reinforcement (but 54 

not CANCBD) resulted in a robust extinction burst and an increase in cue-induced cannabis-seeking 55 

behavior relative to VEH. These data indicate that volitional exposure to THC-rich cannabis vapor has 56 

bona fide reinforcing properties and collectively support the utility of the vapor self-administration model 57 

for the preclinical assessment of volitional cannabis intake and cannabis-seeking behaviors. 58 

  59 
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SIGNIFICANCE STATEMENT 60 

 61 
The evolving legal landscape concerning recreational cannabis use has increased urgency to better 62 

understand its effects on the brain and behavior. Animal models are advantageous in this respect; 63 

however, current approaches typically employ forced injections of synthetic cannabinoids or isolated 64 

cannabis constituents that may not capture the complex effects of volitional cannabis consumption. We 65 

have developed a novel model of cannabis self-administration using response-contingent delivery of 66 

vaporized cannabis extracts containing high concentrations of Δ9 tetrahydrocannabinol (THC) or 67 

cannabidiol (CBD). Our data indicate that THC-rich cannabis vapor has reinforcing properties that 68 

support stable rates of responding and conditioned drug-seeking behavior. This approach will be 69 

valuable for interrogating effects of cannabis and delineating neural mechanisms that give rise to 70 

aberrant cannabis-seeking behavior. 71 

  72 
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INTRODUCTION 73 

With several states recently passing legislation allowing for the use of cannabis for recreational 74 

purposes, there is a pressing need to better understand the effects of cannabis use/misuse. Animal 75 

models are valuable in this regard because they afford precise control over extraneous variables that 76 

complicate interpretation of cross-sectional human data. However, current approaches have limited 77 

translational value (McLaughlin, 2018). Synthetic cannabinoid receptor 1 (CB1R) agonists or isolated 78 

cannabis constituents (e.g., ∆9-tetrahydrocannabinol [THC], cannabidiol [CBD]) have become the drug 79 

of choice in rodent models of cannabis exposure; even though the pharmacological properties of these 80 

compounds differ greatly from those of inhaled cannabis. THC and synthetic CB1R agonists have 81 

different pharmacological profiles (partial vs. full agonists) and recruit different intracellular signaling 82 

pathways (Laprairie et al., 2014). Thus, synthetic CB1R agonists may fail to recapitulate the effects of 83 

THC, let alone the effects of cannabis.  84 

Animal models involving access to THC alone have drawbacks as well. Over 120 unique 85 

phytocannabinoids are present in Cannabis sativa in addition to THC. Proportions of phytocannabinoids 86 

can vary considerably across cannabis chemovars and their distinct pharmacological profiles and 87 

potential to interact may give rise to their unique psychotropic effects (Russo, 2011; Hill et al., 2012; 88 

Lewis et al., 2018; Fisar, 2009). For example, CBD is a CB1R negative allosteric modulator and inhibits 89 

THC-dependent intracellular signaling and beta-arrestin-2-mediated CB1R internalization (Laprairie et 90 

al., 2015, 2016). CBD attenuates THC-induced paranoia and memory impairments in humans (Englund 91 

et al., 2013) but can also increase THC serum concentrations when co-administered with THC (Greene 92 

et al., 2018). Therefore, THC administration alone may not produce effects that are representative of 93 

the effects of cannabis exposure in humans. Accordingly, THC self-administration has been difficult to 94 

demonstrate at the preclinical level (Tanda, 2016). Rats acquire stable rates of intravenous THC:CBD 95 

(10:1) self-administration only after extended passive pre-exposure to vaporized THC:CBD (Spencer et 96 

al., 2018). Thus, studying the effects of THC in the presence of other phytocannabinoids is important 97 

for modeling cannabis use. 98 
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Current animal models typically use the intravenous route for drug delivery, even though the most 99 

common route of cannabis use is inhalation (Sexton et al., 2016), and the pharmacokinetics of 100 

cannabinoids vary considerably depending on administration route (Grotenhermen, 2003; Huestis, 101 

2007; Hložek et al., 2017). In humans, intravenous THC administration produces adverse effects often 102 

due to high dosing and fast infusion rates (Carbuto et al., 2012). Similarly, vaporized THC 103 

administration produces conditioned place preference, whereas intraperitoneal THC administration 104 

produces conditioned place avoidance in rodents (Manwell et al., 2014). Thus, both dose and route of 105 

administration may fundamentally influence the degree to which cannabis can support self-106 

administration. 107 

A more translationally relevant approach is needed that uses cannabis and mimics the most common 108 

route of administration in human users. With this in mind, we have developed a novel, ecologically valid 109 

model of cannabis vapor self-administration that uses ‘e-cigarette’ technology to deliver discrete puffs 110 

of vaporized cannabis extracts to rodents in a response-contingent manner. We used this approach to 111 

examine whether vaporized cannabis extracts have reinforcing properties that support stable drug-112 

taking behavior. We used whole-plant cannabis extracts predominantly containing THC or CBD, but 113 

also containing trace amounts of other phytocannabinoids often found in natural cannabis products. We 114 

characterized the metabolic phenotype of cannabis-trained rats and since human cannabis users and 115 

rodents treated with THC exhibit reduced CB1R availability (Ceccarini et al., 2015) and decreased 116 

CB1R expression/binding, particularly within the hippocampus, (Romero et al., 1997; Silva et al., 2015; 117 

Farquhar et al., 2019; Kruse et al., 2019), we also measured hippocampal CB1 receptor binding 24 hr 118 

after vapor self-administration. Given that acute abstinence can unmask withdrawal-related affective 119 

symptoms for other drugs (Hasin et al., 2008), we examined whether acute forced abstinence from 120 

cannabis vapor increases anxiety-like behavior. Finally, we tested whether vaporized cannabis 121 

maintains drug seeking in the drug-predictive context (i.e., under extinction conditions) or upon 122 

response-contingent presentation of a cannabis-paired light stimulus (i.e., cue-induced reinstatement). 123 
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MATERIALS AND METHODS 124 

Animals  125 

Male Sprague-Dawley rats (Simonsen Laboratories, Gilroy, CA; 350-400 g) were pair-housed in a 126 

humidity-controlled vivarium on a 12:12 reverse light-dark schedule (lights off at 7h00). Food and water 127 

were available ad libitum. All procedures followed the National Institutes of Health Guide for the Care 128 

and Use of Laboratory Animals and were approved by the Washington State University Institutional 129 

Animal Care and Use Committee. Table 1 describes the assignment of animals to various experiments, 130 

sample sizes, and relevant experimental parameters. 131 

Drugs 132 

Cannabis extracts containing high concentrations of THC (CANTHC) or CBD (CANCBD) were obtained 133 

from the National Institute on Drug Abuse (NIDA) Drug Supply Program. According to the certificate of 134 

analyses provided upon shipment, the CANTHC extract contained 28.4% THC, 1.38% CBD, and 1.8% 135 

cannabinol (CBN). The CANCBD extract contained 1.16% THC, 59.34% CBD, 2.1% cannabichromene 136 

(CBC), 1.1% cannabigerol (CBG) and <0.01% tetrahydrocannabivarin THCV and CBN. Extracts were 137 

heated to 60°C under constant stirring and dissolved in 80% propylene glycol/20% vegetable glycerol 138 

vehicle (VEH) at a concentration of 200 or 400 mg/ml based on previous studies (Nguyen et al., 2016; 139 

Javadi-Paydar et al., 2018). The 400 mg/ml concentration was used for all studies, except for studies 140 

involving plasma cannabinoid quantification where both 200 and 400 mg/ml concentrations were used. 141 

The final estimated concentrations of phytocannabinoids in 400 mg/ml CANTHC were: 113.6 mg/ml THC, 142 

5.5 mg/ml CBD, and 7.2 mg/ml CBN. The final concentrations in 200 mg/ml CANTHC were: 56.8 mg/ml 143 

THC, 2.75 mg/ml CBD, and 3.6 mg/ml CBN. The final estimated concentrations in 400 mg/ml CANCBD 144 

were: 3.9 mg/ml THC, 237.4 mg/ml CBD, 8.4 mg/ml CBC, and 4.4 mg/ml CBG. The final concentrations 145 

of THC and CBD in 200 mg/ml CANCBD were 1.85 mg/ml THC, 118.7 mg/ml CBD, 4.2 mg/ml CBC, and 146 

2.2 mg/ml CBG. The CB1R antagonist, AM251 (Cayman Chemical; Ann Arbor, MI), was dissolved in 147 

dimethyl sulfoxide:Tween-80:saline (1:1:18) vehicle and administered at a dose of 0, 1, or 3 mg/kg (1 148 

ml/kg, i.p.).  149 
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Vapor Chamber Apparatus 150 

Eight 13.5” x 9.0” x 8.25” (L x W x H) 16.4 L vapor self-administration chambers (La Jolla Alcohol 151 

Research Inc.) were programmed using MED-Associates IV software to deliver response-contingent 152 

puffs of vapor. An uninterrupted unidirectional flow of air entered through a port in the front of the 153 

chamber, and air was removed by vacuum in the rear of the chamber lid. The air intake port pulled air 154 

through tubing connected to an air flow meter and tubing connected to a commercial e-cigarette 155 

cartridge (first generation: Protank 3 Dual Coil; 2.2 Ω atomizer; Kanger Tech, Shenzhen, China; second 156 

generation: SMOK Tank Baby Beast TFV8 with 0.2Ω M2 atomizer, 40-60 W range) filled with CANTHC, 157 

CANCBD, or VEH. Experiments involving radiotelemetry, extinction, cue-induced reinstatement, CB1R 158 

antagonism, and quantification of plasma cannabinoid concentrations were conducted using first-159 

generation vaporizers that delivered 10 s puffs of vapor. All other experiments were conducted using 160 

second-generation vaporizers that delivered 3 s puffs. These puff durations were chosen to 161 

approximate the volume of vapor produced by each vaporizer based on 1) the change in tank mass 162 

observed before vs. after puff delivery, and 2) visual determination of full vapor clearance in 60 s. Two 163 

nosepoke operanda and associated cue lights were located on the rear wall of the chamber. The 164 

cartridge was connected to a vaporizer box (La Jolla Alcohol Research Inc.), and vapor puffs were 165 

delivered through the air intake port. Chamber air was evacuated through an activated charcoal filter 166 

(Carbatrol Corporation; Bridgeport, CT; first generation) or in-line Whatman HEPA-Cap filters (Millipore-167 

Sigma, St. Louis, MI; second generation). 168 

Self-Administration Training  169 

Rats were trained to nosepoke for CANTHC, CANCBD, or VEH vapor puffs under a fixed ratio-1 (FR-1) 170 

reinforcement schedule during daily one-hour sessions on 11 consecutive days. Rats then progressed 171 

to an FR-2 schedule (days 12-16) and then to an FR-4 schedule (day 17-21). Nosepoke responses 172 

made on one (active) operandum resulted in a 3-s activation of the vaporizer and illumination of a cue 173 

light. The cue light remained illuminated during a 60-s time-out period, during which responses were 174 

not reinforced. Nosepoke responses made on the other (inactive) operandum had no programmed 175 

consequences. On the final self-administration day (day 22), responding was reinforced under a 176 
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progressive ratio (PR) schedule for 180-min. Schedule demand increased after each vapor delivery 177 

according to the following schedule: 1, 1, 2, 2, 3, 3, 4, 4, 5, 5, 7, 7, 9, 9, 11, 11, 13, 13, 15, 15, 18, 18, 178 

21, 21, 24, 24, etc. (Walker and Koob, 2007). The breakpoint was defined as the total number of vapor 179 

deliveries obtained until responding ceased for a minimum of 15 minutes (see Movie 1).  180 

Cannabinoid Quantification  181 

A different cohort of rats (N=24) was trained to self-administer CANTHC or CANCBD (200 or 400 mg/ml) 182 

for 12-16 consecutive days on an FR-1 reinforcement schedule, and immediately following a single 183 

one-hr self-administration session, blood samples (~100 μl) were collected in order to evaluate the 184 

relationship between the total number of vapor deliveries earned and circulating THC and CBD 185 

concentrations. Blood was collected vial the tail vein in sterile tubes containing 10 ml 186 

ethylenediaminetetraacetic acid, centrifuged at 4°C at 4,000 g for 15 min, and stored at -20°C. THC 187 

and CBD concentrations in plasma were quantified immediately after the session as described 188 

previously (Britch et al., 2017; Greene et al., 2018).  189 

A subset of rats from the FR/PR experiments (N=21) were sacrificed 24 hr after their final self-190 

administration session. Quantification of THC and CBD in brain tissue was carried out as previously 191 

described (Baglot et al., under review). Briefly, frozen brain tissue was weighed and then manually 192 

homogenized (with a glass rod) in borosilicate glass culture tubes containing 2ml of acetonitrile with 193 

1ng of THC-d3 and CBD-d3. Samples were then sonicated for 30min in an ice bath and incubated 194 

overnight at -20 C to precipitate proteins. The following day samples were centrifuged at 1500xg to 195 

remove particulates. The supernatant from each sample was transferred to a new glass tube and 196 

evaporated under nitrogen, the tube was then washed once with 350ul acetonitrile (to recapture any 197 

lipids adhering to the glass wall), and the acetonitrile was dried under nitrogen gas again. After 198 

completely drying, the samples were re-suspended in 200ul of 1:1 methanol:water and stored at -80 C 199 

until analysis by liquid chromatography mass spectrometry. Quantification of these molecules using 200 

mass spectrometry was performed using an Eksigent Micro LC200 coupled with an AB Sciex QTRAP 201 

5500 mass spectrometry (AB Sciex, Ontario, Canada) as previously described (Baglot et al., under 202 
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review). The data were acquired in positive electrospray ionization and multiple reaction monitoring 203 

mode and amount of each molecule was normalized to frozen tissue weight. 204 

CB1R Radioligand Binding Assay 205 

Frozen whole brain tissue was collected from some rats (N=12) 24 hr after the final PR challenge to 206 

assess hippocampal CB1R binding. Tissue was homogenized in TME buffer and centrifuged to 207 

generate the crude membrane fraction.  Protein concentrations were determined using the Bradford 208 

method (Bio-Rad). Membranes (10-μg protein/sample) were incubated in TME buffer with 209 

[3H]CP55,940 (0.25, 0.5, 1.25, or 2.5 nM) in the absence or presence of AM251 (10 μM) to assess total 210 

and nonspecific binding, respectively. Bmax (maximal binding site density) and Kd (binding affinity) were 211 

calculated by nonlinear curve fitting to the single site Michaelis–Menten equation using GraphPad 212 

Prism as described previously (Lee and Hill, 2013; Berger et al., 2018). 213 

Radiotelemetry Recordings  214 

Rats (N=8) were anesthetized with an isoflurane/oxygen vapor mixture (isoflurane 5% induction, 1-3% 215 

maintenance) and a 1-cm midline vertical incision was made inferior to the xyphoid space. Sterile 216 

radiotelemetry transmitters (Starr Life Sciences Corp., Oakmont, PA; PTD 4000) were inserted under 217 

the muscular layer and sutured in place using absorbable 4-0 silk sutures. The muscle layer was closed 218 

with 5-0 vicryl suture, and the skin was closed with non-absorbable wax-coated 4-0 silk suture. Rats 219 

received meloxicam (2 mg/kg, sc) for 3 days for post-operative pain management. After at least five 220 

days of recovery, rats were randomly assigned to treatment groups and trained to nosepoke for 221 

CANTHC, CANCBD, or VEH vapor on an FR-1 schedule of reinforcement. Radiotelemetry transmissions 222 

indexing locomotor activity and body temperature were collected daily during one-hour self-223 

administration sessions over the final 10 days of self-administration by Respironics ER-4000 receiver 224 

plates placed under the chambers. 225 

Metabolic Phenotyping 226 

A subset of rats (N=17) was housed individually in metabolic cages (dimensions = L 18“ x W 9.5” x H 227 

8.1”) (Promethion, Sable Systems International) over the final 10 days of FR/PR self-administration 228 
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training, during which feeding behavior, water intake, energy expenditure, physical activity and 229 

respiratory quotient (RQ) were monitored. Cages included a ceiling-mounted food hopper (3-mg 230 

resolution) and a water spigot connected to load cells (MM-1, Sable Systems International) for food and 231 

water intake monitoring, respectively. Ad libitum access to the food hopper and water were allowed 232 

throughout the study. X- and Y-axis (horizontal plane) photoelectric beam motion detectors were 233 

positioned around each cage to assess ambulatory activity. In addition to total distance travelled, bouts 234 

of inactivity lasting longer than 15 s but less than 60 s were tabulated and averaged for each hour. 235 

Respiratory gases were measured with an integrated fuel cell oxygen analyzer, spectrophotometric 236 

CO2 analyzer, and capacitive water vapor partial pressure analyzer (GA3m1, Sable Systems 237 

International). The Promethion system uses a pull-mode, negative pressure system. The multi-channel 238 

mass flow generator measures and controls air flow (FR8-1, Sable Systems International). The 239 

incurrent flow rate was set at 2000 mL/min. Water vapor was continuously measured and 240 

its dilution effect on O2 and CO2 was compensated for mathematically in the analysis (Lighton and 241 

Turner, 2008). RQ was calculated as the ratio of CO2 production to O2 consumption. Energy 242 

expenditure (i.e., the number of calories burned) was calculated using the Weir equation: Kcal/h = 60 ∗ 243 

(0.003941 ∗ VO2 + 0.001106 ∗ VCO2) (Weir, 1949). Data were acquired using MetaScreen v. 2.2.8, the 244 

raw data obtained were processed using ExpeData v. 1.8.2 (Sable Systems International), and Macros 245 

10 and 13 were used for data organization and transformation. Each day, rats were weighed, 246 

transferred to individual holding cages, and transported to the vapor self-administration system 247 

between 11h00 and 14h00. Daily values are averaged for active and inactive phases excluding the 248 

period encompassing transportation and self-administration training.   249 

CB1R Antagonism  250 

Rats (N=16) were trained to self-administer vaporized CANTHC or CANCBD (400 mg/ml) under an FR-1 251 

schedule over 26 daily sessions. Rats received mock IP injections on the two days prior to testing the 252 

effects of systemic CB1R antagonism on training days 16, 21, and 26. One hour before testing, rats 253 

received AM251 (1 or 3 mg/kg, IP) or VEH using a counterbalanced within-subjects design. Additional 254 
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training sessions were conducted between test sessions to re-establish stable responding. All data 255 

were converted to a percent change score relative to the previous mock injection day.  256 

Elevated Plus Maze Test 257 

The elevated plus maze (EPM) apparatus consisted of a raised Plexiglas platform (28.5 inches high) 258 

with two open exposed arms and two darker enclosed arms of equal length (21.5 inches/arm) (Med 259 

Associates Inc., St. Albans, VT). The floors were made of clear Plexiglas and the walls of both closed 260 

arms were black. Twenty-four hours after their final FR-1 self-administration session, rats (N=37) were 261 

individually placed in the center of the maze and allowed to freely explore the maze for 5 min. All tests 262 

were run in dim lighting (~10 lux), and behaviors were recorded with Noldus Ethovision XT behavioral 263 

tracking software. The number of entries and percent time spent in the open and closed arms, and 264 

distance traveled in the open arms of the EPM were compared across groups. The frequency of risk 265 

assessment behaviors (i.e., head-dips, stretch-attend postures, and rearing) was also scored manually 266 

by trained research assistants blinded to treatment conditions as described previously (Henricks et al., 267 

2017; Berger et al., 2018).  268 

Extinction Training and Cue-Induced Reinstatement 269 

Rats (N=35) were trained to self-administer CANTHC, CANCBD, or VEH under an FR-1 schedule over 19 270 

daily sessions. Rats then underwent daily one-hour extinction training sessions during which nosepoke 271 

responses had no programmed consequences. Extinction training continued until rats reached the 272 

extinction criterion (i.e., ≥ seven extinction training sessions with ≥50% decrease in active nosepoke 273 

responses during the final two sessions). Rats were then tested for cue-induced reinstatement of 274 

extinguished drug-seeking behavior. During the one-hour test session, active nosepoke responses 275 

resulted in cue light presentations without vapor delivery. 276 

Experimental Design and Statistical Analyses 277 

Studies described herein were conducted as separate experiments using different cohorts of rats. Data 278 

pertaining to schedules of reinforcement, CB1R binding, tissue cannabinoid concentration, and 279 

metabolic phenotyping were collected in the same cohort using second generation vaporizers. Data 280 
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pertaining to extinction, cue-induced reinstatement, radiotelemetry, and anxiety-like behavior were 281 

collected in the same cohort using first generation vaporizers. Data pertaining to plasma cannabinoid 282 

concentration and CB1R antagonism were each collected in separate cohorts using first generation 283 

vaporizers. Vapor deliveries, active and inactive responses, trials to extinction, nosepoke 284 

discrimination, body weight, within-session locomotor activity, food intake, water intake, lounge time, 285 

locomotor activity, energy expenditure, respiratory quotient, and EPM data were compared across 286 

groups using one-way or mixed factorial analyses of variance (ANOVA) with treatment group (CANTHC, 287 

CANCBD, VEH) as the between-subjects factor and time (day, reinforcement schedule, 15-min bin, 288 

light/dark phase) as the within-subjects factor. Nosepoke discrimination was calculated based on a 289 

formula used in Spencer et al. (2018): nosepoke discrimination index = (active nosepokes – inactive 290 

nosepokes)/(active nosepokes + inactive nosepokes), where 0 indicated no discrimination between 291 

active and inactive operanda, 1 indicated complete preference for the active operandum, and -1 292 

indicated complete preference for inactive operandum. A discrimination index of ≥ 0.33 is equivalent to 293 

2:1 active:inactive nosepokes. Effects of AM251 were analyzed using separate repeated-measures 294 

one-way ANOVAs. Significant effects were further probed using Tukey or Bonferroni post-hoc tests. 295 

Vapor delivery and plasma cannabinoid concentrations were correlated using Pearson’s correlation 296 

coefficient (r). Alpha was set at .05. Effect sizes are reported as η . 297 

  298 
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RESULTS 299 

THC-Rich Cannabis Vapor Supports Stable Rates of Self-Administration 300 

A mixed-factorial ANOVA conducted with reinforcement schedule as the within-subjects factor 301 

(averaged over all FR days for each schedule) revealed main effects of treatment (F(2,27)=22.20, 302 

p<.0001, η =.62) and schedule (F(2,54)=48.37, p<.0001, η =.62) on active responding, as well as a 303 

significant treatment x schedule interaction (F(4,54)=9.36, p<.0001, η =.41) (Fig. 1C, colored symbols). 304 

Tukey’s post-hoc tests indicated that CANTHC elicited more active responses than CANCBD on FR-1 305 

(p=.02), FR-2 (p<.0001), and FR-4 (p<.0001) schedules, and more active responses than VEH on FR-2 306 

(p=.0008) and FR-4 (p<.0001) schedules. A mixed-factorial ANOVA also revealed a main effect of 307 

treatment on inactive responding (F(2,27)=6.49, p=.005, η =.32), but no effect of schedule (F(2,54)=2.79, 308 

p=.07, η =.09) or treatment x schedule interaction (F(4,54)=1.39, p=.25, η =.09) (Fig. 1C, open 309 

symbols). Tukey’s post-hoc tests indicated that CANCBD elicited fewer inactive responses than CANTHC 310 

(p=.02) and VEH (p=.01), irrespective of reinforcement schedule.  311 

The majority of active responding occurred during the first 15 min of the session under each 312 

reinforcement schedule (main effect of bin: F(3,81)=48.1-86.6, p’s<.0001, η =.64-.76). Significant 313 

treatment x bin interactions were observed for each reinforcement schedule (F(6,81)=5.82-9.05, 314 

p’s<.0001, η =.30-.40), and Tukey’s post-hoc tests indicated that CANTHC elicited more active 315 

responses than CANCBD during the first, second, and fourth bins (all p’s ≤.02) and elicited more active 316 

responses than VEH and CANCBD during each bin under FR-2 and FR-4 schedules (all p’s ≤.03). 317 

Conversely, CANCBD elicited fewer active responses than VEH during the first 15-min bin under each 318 

reinforcement schedule (all p’s ≤.04). There were also main effects of treatment (F(2,27)=4.84-5.58, 319 

p’s≤.02, η =.26-.29) and bin (F(3,81)=17.6-26.4, p’s<.0001, η =.39-.49) on the number of inactive 320 

responses made, as well as significant treatment x bin interactions for each reinforcement schedule 321 

(F(6,81)=6.26-9.47, p’s≤.0001, η =.32-.41). Tukey’s post-hoc tests revealed significant differences in 322 

inactive responding during the first 15-min bin, with VEH>CANTHC>CANCBD (all p’s ≤.02). During the 323 

second 15-min bin under the FR-4 schedule, CANTHC elicited significantly more inactive responses than 324 
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CANCBD (p=.01) and VEH (p=.04), but no differences were observed between CANCBD and VEH for this 325 

bin or any other bin.   326 

Stable rates of vapor delivery were achieved under each reinforcement schedule, as indicated by a lack 327 

of effect of day over the final three days under each schedule (Fig. 1D). A mixed-factorial ANOVA 328 

revealed main effects of treatment (F(2,27)=18.99, p<.0001, η =.58) and schedule (F(2,54)=19.01, 329 

p<.0001, η =.41) on the number of vapor deliveries earned, as well as a significant treatment x 330 

schedule interaction (F(4,54)=4.83, p=.002, η =.26) (Fig. 1D, colored symbols). CANTHC elicited more 331 

vapor deliveries than CANCBD on FR-1, FR-2, and FR-4 schedules, and more vapor deliveries than VEH 332 

on FR-2 and FR-4 schedules (Tukey: all p’s<.0001). There were also main effects of treatment 333 

(F(2,27)=8.72-22.0, p’s<.001, η =.39-.62) and bin (F(3,81)=53.6-224.7, p’s<.0001, η =.67-.89), and 334 

significant treatment x bin interactions (F(6,81)=6.79-12.3, p’s<.0001, η =.67-.89) at each reinforcement 335 

schedule (Figs. 1E-G). Tukey’s post-hoc tests indicated that CANTHC elicited more vapor deliveries than 336 

CANCBD during each bin under all reinforcement schedules (all p’s≤.03), and elicited more vapor 337 

deliveries than VEH during each bin under FR-2 and FR-4 schedules (all p’s≤.001). CANCBD elicited 338 

fewer vapor deliveries than VEH during for first 15-min bin under the FR-1 schedule (p<.0001).  339 

One-sample t-tests revealed that the average nosepoke discrimination index was significantly above 340 

0.33 for CANTHC (t(20)=4.39, p<.001) and CANCBD (t(20)=8.77, p<.001), but not for VEH. Thus, only the 341 

cannabis vapor self-administering groups obtained active to inactive responding ratios that were greater 342 

than 2:1. A mixed-factorial ANOVA revealed main effects of treatment (F(2,27)=8.33, p=.002, η =.38) and 343 

reinforcement schedule (F(2,54)=20.9, p<.0001, η =.44) on response discrimination, but no treatment x 344 

schedule interaction (F(4,54)=.15, p=.96) (Fig. 1H). Tukey’s post-hoc tests indicated that discrimination 345 

was significantly better under FR-2 and FR-4 schedules relative to FR-1 (p’s <.05) and that CANCBD 346 

elicited better discrimination for the active operandum than VEH (p=.001, Fig. 1H).  347 

 348 

 349 
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THC-Rich Cannabis Vapor Exhibits Motivational Properties 350 

Cumulative responding under the PR schedule was analyzed using a mixed-factorial ANOVA that 351 

revealed main effects of treatment (F(2,27)=4.94, p=.02, η =.27) and time (F(11,297)=32.0, p<.0001, 352 η =.54), as well as a significant treatment x time interaction (F(22,297)=4.58, p<.0001, η =.25) (Fig. 2A). 353 

Bonferroni post-hoc tests correcting for multiple comparisons indicated that CANTHC produced higher 354 

cumulative responding compared to VEH from 105-180 min (all p’s≤.03) and compared to CANCBD from 355 

135-180 min (all p’s≤.02) (Fig. 2A). A one-way ANOVA indicated that CANTHC also elicited higher break 356 

points than VEH (F(2,27)=7.17, p=.001, η =.34; Tukey post-hoc p=.001) and a trend for higher break 357 

points than CANCBD (Tukey post-hoc p=.058, Fig. 2B). Moreover, a one-way ANOVA indicated that 358 

CANTHC elicited shorter latencies to re-initiate responding following vapor deliveries compared to VEH 359 

and CANCBD (F(2,27)=5.01, p=.01, η =.27; Tukey: p’s≤.04, Fig. 2C). Importantly, responding for CANCBD 360 

was not significantly different from VEH on any endpoint measured during the PR challenge. 361 

Cannabis Vapor Self-Administration Produces Biologically Relevant Increases in Plasma THC 362 

and CBD Concentrations  363 

The number of CANTHC vapor deliveries (200 or 400 mg/ml) measured during the one-hour self-364 

administration session in a separate cohort of rats positively correlated with the concentration of THC 365 

measured in plasma immediately post session (CANTHC-200: r =.51, p=.03; CANTHC-400: r =.86, p<.001; 366 

Fig. 3A). A similar relationship was observed with the number of CANCBD vapor deliveries and the 367 

plasma concentration of CBD immediately post-session (CANCBD-200: r =.58, p=.01; CANCBD-400: r =.51, 368 

p=.18; Fig. 3B). Brain tissue concentrations of THC and CBD were measured 24 hr after the PR test 369 

session from Experiment 1. Independent samples t-tests revealed that brain THC concentrations were 370 

not significantly different between CANTHC and CANCBD groups (t(20)=.77, p=.45, η =.03; Fig. 3C). 371 

However, brain tissue concentrations of CBD were higher in the CANCBD group compared to the 372 

CANTHC group (t(20)=2.24, p=.04, η =.20, Fig. 3D).  373 

 374 

 375 
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CANTHC Self-Administration Alters Hippocampal CB1 Receptor Binding  376 

CB1R radioligand binding assays were conducted on hippocampal tissue taken from the same brains 377 

from Experiment 1 (i.e., 24 hr after the final PR session). Planned t-test comparisons between CANTHC 378 

and VEH groups revealed that CANTHC self-administration significantly reduced CB1R maximal binding 379 

site density (Bmax; t(6)=2.90, p=.03, ᶯ2=.58, Fig. 3E) without altering CB1R binding affinity (KD; t(6)=.53, 380 

p=.61, ᶯ2=.05, Fig. 3F) compared to VEH, whereas CANCBD did not significantly alter CB1R binding site 381 

density (t(6)=1.31, p=.24, ᶯ2=.22, Fig. 3E) or binding affinity (t(6)=1.12, p=.31, η =.17, Fig. 3F) when 382 

measured 24 hr after the final vapor self-administration session. 383 

CANTHC Vapor Self-Administration Alters Physical Activity and Daily Food Intake 384 

Radiotelemetry recordings were taken over the final 10 days of FR-1 self-administration (D10-19) using 385 

a separate cohort of rats. A mixed-factorial ANOVA revealed a main effect of treatment (F(2,5)=5.97, 386 

p=.047, η =.70), with CANTHC significantly reducing within-session locomotor activity relative to VEH 387 

(Tukey: p<.05; Fig. 4A). There was no effect of day (F(9,45)=1.64, p=.13, η =.25) or treatment x day 388 

interaction (F(18,45)=1.09, p=.39, η =.30). The number of vapor deliveries negatively correlated with 389 

locomotor activity on days 13, 16, and 18 (r’s =.73-98; p’s<.05)].  390 

Metabolic phenotyping of a subset of rats from Experiment 1 was conducted over the final 10 days of 391 

self-administration. When time spent inactive was measured daily during the first three hours post-392 

vapor exposure, a mixed-factorial ANOVA revealed main effects of treatment (F(2,14)=10.2, p=.002, 393 η =.59) and time (F(2,28)=51.2, p<.0001, η =.79), but no significant interaction (F(4,28)=1.37, p=.27, 394 η =.16). Tukey’s post-hoc tests indicated that CANTHC increased inactivity relative to CANCBD and VEH 395 

(p’s<.05; Fig. 4B). When cumulative daily inactivity time was calculated and averaged over the final 10 396 

days, a one-way ANOVA revealed a main effect of treatment (F(2,14)=8.0, p=.005, η =.53), with CANTHC 397 

self-administration resulting in more daily inactivity time compared to VEH (Tukey: p<.05; Fig. 4C).  As 398 

expected, there was a main effect of light/dark phase on the average distance travelled per day 399 

(F(1,14)=166, p<.0001, η =.92), but no effect of treatment (F(2,14)=2.79, p=.10, η =.28) or treatment x 400 

phase interaction (F(2,14)=1.82, p=.20, η =.21) (Fig. 4D). A one-way ANOVA indicated a main effect of 401 
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treatment on total daily food intake (F(2,14)=5.73, p=.02, η =.42) with CANTHC increasing mean food 402 

intake over the last 10 days of training relative to VEH and CANCBD, (Tukey: both p’s<.03; Fig. 4E). A 403 

one-way ANOVA also revealed a main effect of day on weight gain (F(13,169)=80.8, p<.0001, η =.86), but 404 

there was no effect of treatment (F(2,13)=1.11, p=.36, η =.15) or treatment x day interaction (F(26,169)=.88, 405 

p=.64, η =.12), which indicates that neither CANTHC nor CANCBD significantly altered body weight gain. 406 

Pearson correlation analyses examining associations between hourly/daily food intake and average 407 

vapor deliveries earned over the last 10 days did not reveal any significant relationships between these 408 

variables. O2 consumption (VO2) and CO2 consumption (VCO2) differed according to phase 409 

(F(1,14)=98.8-140.00, p’s<.001, η =.88-.91) and treatment (F(1,14)=4.04-4.49, p’s=.03, η =.22-.24), with 410 

CANTHC producing higher VO2 and VCO2 values compared to CANCBD when averaged over the final 10 411 

days (Tukey: p’s<.05; Figs. 4F-G). A mixed-factorial ANOVA assessing energy expenditure also 412 

revealed main effects of phase (F(1,14)=179.00, p<.001, η =.93) and treatment (F(2,14)=5.17, p=.021, η  413 

=.42), but no phase x treatment interaction (F(2,14)=.28, p=.76) (Fig. 4H). Tukey’s post-hoc tests 414 

revealed that CANTHC increased energy expenditure compared to both VEH and CANCBD (both p’s<.05; 415 

Fig. 4H). Total food and water intake were higher during the active vs. inactive phase (F(1,14)=25.0-166, 416 

p’s<.001, η =.64-.92) but did not differ according to treatment, and there were no effects of phase or 417 

treatment on respiratory quotients (RQ).   418 

The Reinforcing Effects of Vaporized CANTHC Require CB1 Receptor Stimulation 419 

Systemic CB1R antagonism differentially impaired the reinforcing effects of vaporized CANTHC and 420 

CANCBD. Baseline active responding and vapor deliveries were not statistically different between 421 

conditions, and VEH treatment did not alter these measures relative to mock injection. Repeated 422 

measures ANOVAs revealed a main effect of AM251 treatment on active responding (F(2,14)=6.05, 423 

p=.01, η =.46) and vapor deliveries earned (F(2,14)=7.44, p=.01, η =.52), with the 1 and 3 mg/kg dose of 424 

AM251 decreasing CANTHC-reinforced active responses (Tukey: p’s=.04 and .02, respectively) and 425 

vapor deliveries (Tukey: p’s=.03 and .01, respectively) relative to baseline (Figs. 5A-B). In contrast, 426 

there was no effect of AM251 treatment on CANCBD-reinforced active responding (F(2,14)=1.17, p=.34, 427 
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η =.14; Fig. 5C) or the number of CANCBD vapor deliveries earned (F(2,14)=2.11, p=.16, η =.23; Fig. 428 

5D). AM251 treatment did not significantly alter inactive responding for CANTHC (F(2,14)=.05, p=.95) or 429 

CANCBD (F(2,14)=1.98, p=.18).  430 

Acute Withdrawal from Cannabis Vapor Does Not Elicit Anxiety-Like Behavior 431 

Behaviors in the EPM were measured 24 hr after the final vapor self-administration session, and one-432 

way ANOVAs indicated that neither CANTHC nor CANCBD history altered the percentage of time spent in 433 

the open arms of the EPM (F(2,34)=.53, p=.48, η =.03), the number of open arm entries made 434 

(F(2,34)=1.12, p=.34, η =.06), the number of rearing events (F(2,34)=.12, p=.89, η =.007), or the frequency 435 

of stretch-attend postures (F(2,34)=2.90, p=.07, η =.15) (see Table 2 for descriptive statistics).  436 

Removal of Cannabis Vapor Reinforcement Elicits an Extinction Burst 437 

Rates of vapor self-administration did not differ between groups on the final self-administration day 438 

(F(2,32)=3.1, p=.06, η =.16) (Fig. 6A). A mixed factorial ANOVA examining effects of treatment on active 439 

responding on the last day of self-administration relative to the first day of extinction revealed a main 440 

effect of day (F(1,32)=27.1, p<.0001, η =.46) and a significant treatment x day interaction (F(2,32)=3.47, 441 

p=.04, η =.17). Bonferroni post-hoc tests indicated that removal of CANTHC or CANCBD increased active 442 

responding on the first extinction day relative to the last self-administration day (both p’s<.005), 443 

whereas removal of VEH did not alter active responses (Fig. 6A). A mixed factorial ANOVA conducted 444 

over the first seven extinction days revealed a main effect of day (F(6,192)=7.40, p<.0001, η =.33) and a 445 

significant treatment x day interaction (F(12,192)=1.95, p=.03, η =.11). Bonferroni post-hoc tests indicated 446 

that removal of CANTHC elicited more active responses than VEH on extinction days 1-3 (all p’s≤.03). 447 

There was also a significant treatment x day interaction for inactive responding (F(12,192)=3.13, p=.0004, 448 η =.16), such that removal of CANCBD elicited fewer inactive responses than removal of VEH on day 6 449 

(Bonferroni: p=.044) and fewer than removal of CANTHC on day 4 (Bonferroni: p=.004) (Fig. 6A). 450 

Interestingly, removal of CANCBD increased the number of sessions rats needed to reach the extinction 451 

criterion compared to CANTHC (F(2,32)=4.09, p=.03, η =.20, Tukey post-hoc p=.03, Fig. 6B). 452 
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 453 

CANTHC- or CANCBD-Paired Stimuli Elicit Reinstatement of Cannabis Vapor-Seeking Behavior  454 

A mixed factorial ANOVA examining vapor cue-induced active responding revealed that response-455 

contingent presentation of either the CANTHC- or the CANCBD-paired (but not the VEH-paired) light cue 456 

increased active responses at test relative to the last extinction training day (interaction: F(2,32)=3.14, 457 

p=.05, η =.18; Bonferroni post-hoc p’s<.05; Fig. 6C). Response-contingent cue presentation also 458 

altered inactive responding over the final extinction and reinstatement test days (F(2,32)=3.34, p=.05, 459 η =.17), with CANCBD rats making fewer inactive responses than VEH rats irrespective of cue 460 

presentation (p=.04). Planned comparison t-tests examining effects of CANTHC and CANCBD on cue-461 

induced active responding relative to VEH indicated that the CANTHC-paired cue elicited more active 462 

responses than the VEH-paired cue (t(22)=2.11, p=.05, η =.16) (Fig. 6C). There were no differences 463 

between CANCBD and VEH for cue-induced active responding (t(20)=1.14, p=.27), and no significant 464 

differences in inactive responding between CANTHC and VEH (t(22)=.13, p=.90) or CANCBD and VEH 465 

(t(20)=1.42, p=.17) groups. 466 

 467 

  468 
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DISCUSSION 469 

Obstacles in establishing a model of cannabis use that closely mimics the human experience have 470 

limited our ability to study the neural mechanisms and impact of cannabis use (Melis et al., 2017; 471 

McLaughlin, 2018). In the current study, we present evidence supporting the feasibility of a novel 472 

preclinical model of cannabis self-administration that employs response-contingent delivery of 473 

vaporized cannabis extracts. Our findings indicate that THC-dominant cannabis vapor (CANTHC) has 474 

reinforcing properties. Despite variability in rates of self-administration, both cannabis self-administering 475 

groups exhibited stable rates of responding and demonstrated robust discrimination between active and 476 

inactive operanda. Although all rats show increased responding early in the session, responding for 477 

CANTHC was significantly higher than VEH and CANCBD during this time, which is consistent with a 478 

preserved loading dose phenomenon. Importantly, active responding was highest for CANTHC, and only 479 

the CANTHC self-administering group defended the number of vapor deliveries earned under more 480 

demanding schedules of reinforcement. Finally, CANTHC elicited higher break points under the PR 481 

reinforcement schedule and supported the acquisition of conditioned motivational effects by an initially 482 

neutral environmental stimulus. These findings support previous efforts demonstrating the feasibility of 483 

vapor self-administration for other drugs of abuse, such as opioids (Jaffe et al., 1989; Weinhold et al., 484 

1993; Vendruscolo et al., 2018). To our knowledge however, this is the first evidence supporting vapor 485 

self-administration as a viable means to investigate cannabis-seeking behavior.  486 

The validity of this model is further strengthened by our findings that response-contingent delivery of 487 

vaporized cannabis extracts produced behavioral and physiological changes that are consistent with 488 

studies in rodents using passive THC delivery, as well as observations from human cannabis users. 489 

Despite differences in peak intoxication times due to inherent variability in the patterns of responding, 490 

our data indicate that the number of CANTHC and CANCBD vapor deliveries obtained positively correlated 491 

with THC and CBD plasma concentrations immediately after the session. Self-administered CANTHC 492 

reliably reduced locomotor activity during the session and increased the duration of inactivity in the 493 

metabolic chambers during the first 2 hours following the self-administration session, which is 494 
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congruent with recent studies employing passive THC vapor delivery (Nguyen et al., 2016). CANTHC 495 

also increased daily food intake and energy expenditure. These data mirror observations of increased 496 

caloric intake and energy expenditure of chronic cannabis users (Smit and Crespo, 2001; Rodondi et 497 

al., 2006; Le Strat and Le Foll, 2011; Meier et al., 2019). Moreover, CB1R binding was significantly 498 

reduced in the hippocampus 24 hours after the final self-administration in CANTHC rats compared to 499 

VEH rats, which is in line with studies in human cannabis users (Ceccarini et al., 2015) and rodents 500 

repeatedly injected with THC (Romero et al., 1997; Silva et al., 2015; Farquhar et al., 2019; Kruse et 501 

al., 2019). Notably, biologically relevant THC and CBD concentrations were observed in brain tissue 24 502 

hours after the final self-administration session, which may account for the lack of abstinence-induced 503 

anxiety-like behavior observed in this study. Brain CBD concentrations were higher than brain THC 504 

concentrations, probably due to the long half-life of CBD (i.e., 24-48 hr; Millar et al., 2018). THC tissue 505 

concentration was low but detectable, and similar in both CANTHC and CANCBD rats. CBD inhibits the 506 

cytochrome P450 family of liver enzymes that are responsible for THC metabolism (Zendulka et al., 507 

2016). Thus, comparable brain THC concentrations following CANTHC and CANCBD regimens might 508 

reflect greater CBD-mediated inhibition of THC metabolism in the CANCBD group. This possibility will 509 

need to be systematically evaluated in future studies. 510 

The vapor self-administration procedure likely facilitated volitional cannabis exposure. It has been well 511 

documented for other drugs of abuse that control over drug administration profoundly alters the 512 

subjective effects of drug intake, as well as the associated neurochemical responses (Stefański et al., 513 

1999; 2007; Donny et al., 2000). Following passive intravenous THC administration, humans report 514 

aversive effects that are most often caused by the dose and rate of infusion (Carbuto et al., 2012). 515 

These factors likely also influence the feasibility of intravenous self-administration in rodents. Notably, 516 

we used cannabis extracts containing THC, CBD, and other naturally-occurring phytocannabinoids, 517 

which could also mitigate the aversive effects of high-dose THC exposure (Russo and Guy, 2006). 518 

Notably, CBD facilitates intravenous THC self-administration in rodents (Spencer et al., 2018 [but see 519 

Wakeford et al., 2017]) and offsets some of the pharmacological and behavioral effects of THC in 520 

humans (Morgan et al., 2010) and rodents (Englund et al., 2013). Furthermore, a passive THC+CBD 521 
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vapor pre-exposure regimen facilitates the acquisition of intravenous THC+CBD self-administration 522 

(Spencer et al., 2018). However, it is unknown whether CBD is required for self-administration of 523 

vaporized THC. It should be noted that difficulties in establishing intravenous THC self-administration 524 

may be due more to differences in dosing, procedures, and species, rather than the presence of 525 

particular phytocannabinoids per se (see Panlilio et al., 2010 for review). Thus, future studies should 526 

test both whole cannabis extracts, as well as isolated constituents in combination to evaluate 527 

interactions between THC, CBD, and other phytocannabinoids. 528 

THC and CBD concentrations vary widely across commercially available cannabis products. As such, it 529 

will be important to study the extent to which modifying cannabinoid constituent concentrations alters 530 

the propensity for self-administration. In the current study, we compared responding for two different 531 

cannabis extracts and observed key differences between their effects. First, CANTHC, but not CANCBD, 532 

elicited significant reinforcing effects as indicated by augmented operant responding upon increases in 533 

schedule demand. Second, CANTHC had greater motivational effects as indicated by higher breakpoints 534 

and a reduced latency to initiate responding following vapor delivery compared to CANCBD. Although 535 

both CANTHC and CANCBD self-administration regimens were sufficient to increase drug seeking upon 536 

the removal of the reinforcer (i.e., extinction) or in the presence of vapor-associated cues (i.e., 537 

reinstatement) relative to responding during the last self-administration session and relative to the 538 

absence of cues, respectively, only the CANTHC regimen elicited response rates above that of the VEH 539 

group. Thus, CANTHC vapor has greater reinforcing properties and stronger conditioned motivational 540 

effects than CANCBD and VEH vapor.  541 

Interestingly, the CANCBD regimen produced the strongest discrimination between active and inactive 542 

operanda despite reduced rates of responding. Furthermore, CANCBD elicited drug-seeking behavior 543 

that was more resistant to extinction, as indicated by a larger number of sessions required to reach 544 

extinction criterion relative to CANTHC. Detectable brain concentrations of THC and a CBD-mediated 545 

decrease in the aversive properties of THC likely reconcile these findings with studies indicating a lack 546 

of CBD-mediated reinforcement (Haney et al., 2016; Viudez-Martinez et al., 2019). Additionally, CBD 547 
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enhances the efficacy of THC to produce discriminative stimulus effects in rhesus monkeys (McMahon, 548 

2016). Thus, the high concentration of CBD in the CANCBD extract may have augmented the 549 

discriminative effects of THC, resulting in more persistent, inflexible drug seeking. If this is the case, 550 

then high-CBD cannabis products that also contain THC may still have abuse liability concerns akin to 551 

more THC-dominant products. More rigorous interrogation into effects of vaporized CBD will 552 

undoubtedly provide insight into potential reinforcing properties of CBD in the presence and absence of 553 

THC (Javadi-Paydar et al., 2018; 2019).  554 

The reinforcing properties of cannabis vapor self-administration require CB1R stimulation, as our data 555 

indicate that rates of CANTHC- (but not CANCBD-) reinforced responding were decreased following acute 556 

AM251 administration. This is consistent with studies in non-human primates indicating that CB1R 557 

blockade selectively attenuates THC reinforcement without altering cocaine- or food-reinforced 558 

responding (Tanda et al., 2000; Schindler et al., 2016). AM251 administration may have also induced a 559 

state of precipitated withdrawal that could have influenced responding. Although we did not find 560 

evidence for spontaneous withdrawal in the EPM, precipitated withdrawal has been more reliably 561 

observed in THC-treated rodents (Cook et al., 1998; Licthman et al., 2001) and non-human primates 562 

(Stewart and McMahon, 2010). Thus, future studies should examine whether CB1R antagonism causes 563 

precipitated withdrawal in this model. 564 

Although the use of whole-plant cannabis extracts more accurately models human consumption, this 565 

approach does introduce additional sources of variability. For instance, although concentrations of 566 

some primary phytocannabinoids were provided in the NIDA certificate of analysis, we were only 567 

provided with details on a subset of phytocannabinoids and did not perform additional onsite analytics. 568 

We also used two different vaporizers/vapor delivery regimens and multiple batches of extracts for 569 

these experiments. Thus, the vapor quantity administered per puff and the concentration of 570 

phytocannabinoids present in these extracts may have varied slightly between experiments. However, 571 

despite these added sources of variability, the data from these experiments are remarkably consistent 572 

in demonstrating the reinforcing effects of vaporized cannabis delivery. Nevertheless, more rigorous 573 
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investigation into cannabis vapor dosing parameters and kinetics is needed to better inform future 574 

studies using this approach.       575 

Altogether, findings from the present study strongly support the utility of a response-contingent vapor 576 

delivery protocol as a means to model cannabis use and further examine the neurobiological 577 

mechanisms underlying cannabis-seeking behavior. Ultimately, this model will permit finer interrogation 578 

of the effects of cannabis on the brain and behavior and help to identify causal factors that increase the 579 

susceptibility for developing cannabis use disorders.   580 

 581 
582 
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FIGURE CAPTIONS 747 

Figure 1.  Cannabis vapor supports stable rates of active responding in male rats.  (A) Schematic 748 

illustration of the vapor self-administration apparatus, (adapted from Fuchs et al., 2018), and (B) real-749 

life depiction of a Long Evans rat responding for cannabis vapor (not from the current experiments). (C) 750 

Mean active (colored symbols) and inactive (open symbols) nosepoke responding for vapor containing 751 

high concentrations of THC (CANTHC), CBD (CANCBD), or vehicle (VEH) across increasing fixed ratio 752 

schedules of reinforcement. (D) Mean number of CANTHC, CANCBD, or VEH vapor deliveries earned 753 

across increasing fixed ratio schedules of reinforcement. (E-G) Mean number of vapor deliveries 754 

earned organized by 15 min bins within (E) FR-1, (F) FR-2, and (G) FR-4 schedules of reinforcement. 755 

(H) Nosepoke operanda discrimination index for CANTHC, CANCBD, and VEH vapor across increasing 756 

fixed schedules of reinforcement. The dotted line represents a discrimination index of 0.33, which 757 

indicates a 2:1 rate of active:inactive nosepoke responding. n=7-12/group, p ≤ .05. * denotes significant 758 

differences between CANTHC and VEH groups. # denotes significant differences between CANTHC and 759 

CANCBD groups. † denotes significant differences between CANCBD and VEH groups.  760 

 761 

Figure 2. Vaporized delivery of THC-dominant cannabis extracts exhibits motivational 762 

properties.  (A) Mean cumulative number of active responses for CANTHC, CANCBD, and VEH vapor 763 

during a 180 min progressive ratio challenge. Data are tallied and organized into 15 min bins. (B) Mean 764 

break points for CANTHC, CANCBD, and VEH vapor during the progressive ratio challenge (defined as an 765 

absence of active nosepoke responding for period of 15 min. (C) Mean latency to initiate active 766 

nosepoke responding for CANTHC, CANCBD, or VEH vapor relative to the immediately preceding vapor 767 

delivery. n=7-12/group, p ≤ .05. * denotes significant differences between CANTHC and VEH groups. # 768 

denotes significant differences between CANTHC and CANCBD groups. 769 

 770 

Figure 3.  Cannabis vapor self-administration produces physiologically relevant cannabinoid 771 

concentrations and alterations in CB1R binding. Correlations between the number of cannabis 772 

vapor deliveries (200 or 400 mg/ml) earned and plasma concentrations of (A) THC (CANTHC-200: r = .51, 773 
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p = .03; CANTHC-400: r = .86, p < .001) and (B) CBD (CANCBD-200: r = .58, p = .01; CANCBD-400: r = .51, p = 774 

.18) at the end of the 1-hr self-administration session (n=8-17/group). Brain tissue concentration of (C) 775 

THC and (D) CBD measured 24 hours after the final self-administration session in rats trained to self-776 

administer CANTHC or CANCBD vapor (n=11/group). (E) Hippocampal CB1R binding site density 777 

(pmol/mg protein) and (F) CB1R binding affinity (nM) in rats trained to self-administer CANTHC, CANCBD, 778 

or VEH. Tissue was analyzed 24 hr after the final self-administration session. n=4/group, p ≤ .05, * 779 

denotes significant differences between CANTHC and VEH groups. # denotes significant differences 780 

between CANTHC and CANCBD groups. 781 

 782 

Figure 4. Self-administration of THC-rich cannabis vapor produces locomotor and metabolic 783 

alterations. (A) Radiotelemetry recordings of within-session locomotor activity (counts/min) over the 784 

final 10 days of self-administration in a subset of CANTHC, CANCBD, and VEH self-administering rats 785 

(n=2-3/group). (B) Home cage activity measured as total time spent inactive during the 3 hr 786 

immediately following CANTHC, CANCBD, or VEH vapor self-administration. (C) Total daily inactivity time 787 

in CANTHC, CANCBD, and VEH vapor self-administering rats. (D) Mean daily distance travelled in the 788 

home cage during the active and inactive phases in CANTHC, CANCBD, or VEH vapor self-administering 789 

rats. (E) Mean daily food consumption (g) in CANTHC, CANCBD, or VEH vapor self-administering rats. (F) 790 

Mean oxygen consumption (VO2) and (G) mean carbon dioxide consumption (VCO2) during the active 791 

and inactive phase in CANTHC, CANCBD, and VEH self-administering rats. (H) Mean energy expenditure 792 

(kcal/hr) during active and inactive phases of rats trained to self-administer CANTHC, CANCBD, or VEH 793 

vapor. All values are presented as averages over the final 10 days of self-administration training. n=5-794 

6/group, p ≤ .05, * denotes significant differences between CANTHC and VEH groups. # denotes 795 

significant differences between CANTHC and CANCBD groups. 796 

Figure 5. The reinforcing effects of vaporized CANTHC require CB1 receptor stimulation. Mean (A) 797 

active nosepoke responses for CANTHC and (B) CANTHC vapor deliveries following systemic 798 

administration of the CB1R antagonist AM251 (0, 1, or 3 mg/kg, ip). Mean (C) active nosepoke 799 
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responses for CANCBD and (D) CANCBD vapor deliveries following systemic administration of the CB1R 800 

antagonist AM251 (0, 1, or 3 mg/kg, ip). Data are depicted as a percentage of baseline from the 801 

preceding mock injection day. p ≤ .05. * denotes significant differences between CANTHC and VEH 802 

groups. # denotes significant differences between CANTHC and CANCBD groups.  803 

 804 

Figure 6. Cannabis vapor supports conditioned drug seeking in the absence of drug availability 805 

or in the presence of drug-related cues. (A) Active (colored symbols) and inactive (open symbols) 806 

responding for CANTHC, CANCBD, or VEH vapor on the final day of self-administration training (left) and 807 

during the first 7 days of extinction training (right). (B) Number of trials required to meet extinction 808 

criterion (i.e., ≥ 50% decrease in active nosepoke responses relative to the final self-administration day 809 

during the final two extinction sessions). (C) Number of nosepoke responses made on the active 810 

operanda for CANTHC, CANCBD, or VEH vapor on the final day of extinction (left) and during a cue-811 

induced reinstatement test (left). n=11-13/group, p ≤ .05. ‡ denotes significant difference in responding 812 

relative to the final day of (A) self-administration or (C) extinction training. * denotes significant 813 

differences between CANTHC and VEH groups. # denotes significant differences between CANTHC and 814 

CANCBD groups. † denotes significant differences between CANCBD and VEH groups. 815 

  816 
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 817 
Table 1. Assignment of Animals and Experimental Parameters. 818 

CANTHC = high THC concentration cannabis extract; CANCBD = high CBD concentration cannabis 819 
extract; VEH = 80%/20% propylene glycol/vegetable glycerin vehicle; SA = self-administration; GEN = 820 
generation; FR = fixed ratio schedule; PR = progressive ratio schedule; CB1R = cannabinoid type 1 821 
receptor. Doses for CANTHC and CANCBD are 400 mg/ml unless otherwise specified. Studies involving 822 
FR/PR responding, brain CB quantification, CB1R binding, and metabolic phenotyping were conducted 823 
in the same cohort of rats. Studies involving radiotelemetry, elevated plus maze testing, and 824 
extinction/reinstatement were conducted in the same cohort of rats. Studies involving plasma CB 825 
quantification and CB1R antagonism were each conducted in independent cohorts of rats that were not 826 
used for any other experiments. 827 
  828 

Procedure CANTHC (n) CANCBD (n) VEH (n) SA Days Vapor System 

FR/PR 11 12 7 22 2nd GEN 

Plasma CB 

Quantification 

400 mg/ml = 8 

200 mg/ml = 17 

400 mg/ml = 8 

200 mg/ml = 17 

 12-16 

  12-16 

1st GEN 

1st GEN 

Brain CB Quantification 11 11  19 2nd GEN 

CB1R Binding 4 4 4 22 2nd GEN 

Radiotelemetry 3 3 2 19 1st GEN 

Metabolic Phenotyping 6 6 5 22 2nd GEN 

CB1R Antagonism 8 8  27 1st GEN 

Elevated Plus Maze 13 13 11 19 1st GEN 

Extinction/Reinstatement 13 11 11 19 1st GEN 
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Table 2. Elevated Plus Maze Behavior Following Acute Forced Abstinence from Vapor. 829 

Treatment 

Group 
n % Open Arm Time 

Open Arm 

Entries 

Rearing 

Events 

Stretch-Attend 

Postures 

VEH 11 16.32 ± 4.86 3.09 ± 0.73 22.45 ± 1.20 10.93 ± 1.03 

CANTHC 13 11.04 ± 2.18 2.00 ± 0.35 22.55 ± 1.22 8.47 ± 0.71 

CANCBD 13 12.80 ± 4.19 3.07 ± 0.67 23.32 ± 1.62 8.15 ± 0.85 

 830 
VEH = vehicle, CANTHC = high THC cannabis extract; CANCBD = high CBD cannabis extract; %OAT = 831 
percent open arm time; OAE = open arm entries; SAP = stretch attend postures. Values for elevated 832 
plus maze measures represent mean ± SEM. 833 
 834 














