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tetrahydrocannabinol (THC) vapor inhalation in rats
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Michael A. Taffe1

1Department of Neuroscience; The Scripps Research Institute; La Jolla, CA, USA

2La Jolla Alcohol Research, Inc; La Jolla, CA, USA

Abstract

Rationale: A reduced effect of a given dose of Δ9-tetrahydrocannabinol (THC) emerges with 

repeated exposure to the drug. This tolerance can vary depending on THC dose, exposure 

chronicity and the behavioral or physiological measure of interest. A novel THC inhalation system 

based on e-cigarette technology has been recently shown to produce the hypothermic and 

antinociceptive effects of THC in rats.

Objective: To determine if tolerance to these effects can be produced with repeated vapor 

inhalation.

Methods: Groups of male and female Wistar rats were exposed to 30 minutes of inhalation of the 

propylene glycol (PG) vehicle or THC (200 mg/mL in PG) two or three times per day for four 

days. Rectal temperature changes and nociception were assessed after the first exposure on the 

first and fourth days of repeated inhalation.

Results: Female, but not male, rats developed tolerance to the hypothermic and antinociceptive 

effects of THC after four days of twice-daily THC vapor inhalation. Thrice daily inhalation for 

four days resulted in tolerance in both male and female rats. The plasma THC levels reached after 

a 30 minute inhalation session did not differ between the male and female rats.

Conclusions: Repeated daily THC inhalation induces tolerance in female and male rats, 

providing further validation of the vapor inhalation method for preclinical studies.
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1. Introduction

Human cannabis consumers are increasingly using e-cigarette type devices filled with 

cannabis extracts to administer an active dose of Δ9-tetrahydrocannabinol (THC) and other 

constuents (Mammen et al., 2016; Morean et al., 2015; Morean et al., 2017). Recent 

epidemiological data show that 5% of 12th grade students have vaped cannabis at least once 

in the past month and 10% in the past year (Miech et al., 2018). This has spurred interest in 

the development of pre-clinical models which are capable of a similar route of drug 

administration in laboratory rodents. Recent studies showed that intrapulmonary delivery of 

THC using an e-cigarette based system results in a robust and dose-dependent hypothermia 

and antinociception in male and female rats (Javadi-Paydar et al., 2017; Nguyen et al., 

2016b) and a similar approach produces hypothermia in mice following inhalation exposure 

to synthetic cannabinoid agonists (Lefever et al., 2017). Such systems also induce locomotor 

stimulation after inhalation of methamphetamine, mephedrone or 3,4-

methylenedioxypyrovalerone (Nguyen et al., 2016a) and can produce escalated self-

administration of sufentanil to the point of dependence (Vendruscolo et al., 2017). These 

prior studies of cannabinoid inhalation focused on the acute effects of THC and did not 

attempt to provide any evidence of plasticity (i.e., tolerance or sensitization) of the 

cannabinoid-typical behavioral or physiological effects that result. It has been well 

established that repeated exposure to THC via parenteral injection produces tolerance to the 

acute effects in laboratory animals such as mice (Anderson et al., 1975; Fan et al., 1994), 

rats (Jarbe, 1978; Taylor and Fennessy, 1978; Wiley and Burston, 2014) or monkeys 

(Ginsburg et al., 2014; Smith et al., 1983; Winsauer et al., 2011). Thus it is of significant 

interest to determine if repeated exposure to THC via e-cigarette type inhalation is capable 

of producing tolerance in rats to further validate this model.

A substantial and sustained decrease in body temperature, and a reduction in sensitivity to a 

noxious stimulus (antinociception), are two major indicators of cannabinoid-like activity in 

laboratory rodents (Wiley et al., 2014). These measures have been shown to be consistently 

affected by the inhalation of THC via e-cigarette type technology in both rat sexes (Javadi-

Paydar et al., 2018; Nguyen et al., 2016b). This study was therefore designed to determine if 

the body temperature response to, and antinociceptive effects of, the inhalation of THC via 

e-cigarette type technology are attenuated by repeated daily exposure in male or female rats. 

As humans increasingly ingest THC via e-cigarette technology it has become increasingly 

important to develop translational pre-clinical models that are capable of evaluating the 

consequences of this route of administration. This study of THC-induced tolerance to the 

effects of THC inhalation is therefore a critical advance.

2. Methods

2.1. Subjects

Male (N=16) and female (N=16) Wistar (Charles River, New York) rats were housed in 

humidity and temperature-controlled (23±2 °C) vivaria on 12:12 hour light:dark cycles. Rats 

had ad libitum access to food and water in their home cages and all experiments were 

performed in the rats’ scotophase. Rats entered the laboratory at 10-11 weeks of age. All 
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procedures were conducted under protocols approved by the Institutional Animal Care and 

Use Committee of The Scripps Research Institute.

2.2 Drugs

Δ9-tetrahydrocannabinol (THC) was administered by vapor inhalation with doses described 

by the concentration in the propylene glycol (PG) vehicle and duration of inhalation. THC 

was supplied in ethanolic solution (50-200 mg/mL); the ethanol was evaporated off prior to 

dissolving the THC in the PG vehicle. The THC was provided by the U.S. National Institute 

on Drug Abuse and PG was obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.3 Inhalation Apparatus

Sealed exposure chambers for the first study were modified from a 254mm X 267mm X 

381mm Allentown, Inc (Allentown, NJ) rat cage to regulate airflow and the delivery of 

vaporized drug to rats as has been previously described (Nguyen et al, 2016a; Nguyen et al, 

2016b). An e-vape controller (Model SSV-1; La Jolla Alcohol Research, Inc, La Jolla, CA, 

USA) was triggered to deliver the scheduled series of four 10 second puffs every 5 minutes 

from Protank 3 Atomizer (Kanger Tech; Shenzhen Kanger Technology Co.,LTD; Fuyong 

Town, Shenzhen, China) e-cigarette cartridges by MedPC IV software (Med Associates, St. 

Albans, VT USA).

Sealed exposure chambers (152mm X 178 mm X 330 mm) for the second study were 

manufactured by LJARI. An e-vape controller (Model SSV-3; 58.0 watts; La Jolla Alcohol 

Research, Inc, La Jolla, CA, USA) was scheduled to deliver 6 second puffs every five 

minutes from a Smok Baby Beast Brother TFV8 sub-ohm tank (fitted with the V8 X-Baby 

M2 0.25 ohm coil). The parameters for the second generation apparatus were selected to 

produce similar acute effects of THC inhlation as the first study based on pilot and other 

ongoing studies. The volume of vehicle used was ~0.5 mL per 30 minute session with no 

differences attributable to delivery apparatus or the presence/absence of THC in the PG.

The chamber air for both apparatuses was vacuum-controlled by a chamber exhaust valve 

(i.e., a “pull” system) to flow room ambient air through an intake valve at ~2-3 L per minute. 

This functioned to ensure that vapor entered the chamber on each device-triggered event. 

The vapor stream was integrated with the ambient air stream once triggered. The vapor 

cloud cleared from the chamber by 4 minutes after the puff delivery.

2.4 Body Temperature

The body temperature was determined by rectal measurement with a lubricated thermistor 

(VWR Traceable™ Digital Thermometer) as previously described (Gilpin et al., 2011).

2.5 Nociception Assay

Tail-withdrawal antinociception was assessed using a water bath (Bransonic® CPXH 

Ultrasonic Baths, Danbury, CT) maintained at 52°C. The latency to withdraw the tail was 

measured using a stopwatch, and a cutoff of 15 seconds was used to avoid any possible 

tissue damage (Wakley and Craft, 2011; Wakley et al, 2014). Tail-withdrawal was assessed 

35, 60 and 120 minutes after the initiation of inhalation for the first study and 35 minutes 
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after the start of inhalation for the second study. The person performing the assay was 

blinded to the treatment condition for a given subject.

2.6. Plasma THC Analysis

Blood samples were collected (~500 ul) via jugular needle insertion under anesthesia with 

an isoflurane/oxygen vapor mixture (isoflurane 5% induction, 1-3% maintenance) 35 

minutes post-initiation of vapor inhalation. Plasma THC content was quantified using fast 

liquid chromatography/mass spectrometry (LC/MS) adapted from (Irimia et al., 2015; 

Lacroix and Saussereau, 2012; Nguyen et al., 2017). 5 μL of plasma were mixed with 50 μL 

of deuterated internal standard (100 ng/mL CBD-d3 and THC-d3; Cerilliant), and 

cannabinoids were extracted into 300 μL acetonitrile and 600 μL of chloroform and then 

dried. Samples were reconstituted in 100 μL of an acetonitrile/methanol/water (2:1:1) 

mixture. Separation was performed on an Agilent LC1100 using an Eclipse XDB-C18 

column (3.5um, 2.1mm x 100mm) using gradient elution with water and methanol, both 

with 0.2 % formic acid (300 μL/min; 73-90%). Cannabinoids were quantified using an 

Agilent MSD6140 single quadrupole using electrospray ionization and selected ion 

monitoring [CBD (m/z=315.2), CBD-d3 (m/z=318.3), THC (m/z=315.2) and THC-d3 (m/

z=318.3)]. Calibration curves were conducted for each assay at a concentration range of 

0-200 ng/mL and observed correlation coefficients were 0.999.

2.6. Data Analysis

Data (rectal temperature, tail-withdrawal latency) were analyzed with two-way Analysis of 

Variance (ANOVA) including repeated measures factors for the Drug treatment and Time 

Post-Initiation (Experiment 1 only) and a between-groups factor of Sex. Any significant 

main effects were followed with post-hoc analysis using the Tukey (multi-level 

comparisons) or Sidak (two-level comparisons) procedures. All analysis used Prism 7 for 

Windows (v. 7.03; GraphPad Software, Inc, San Diego CA).

2.7. Experiments

2.7.1. Experiment 1 (Twice-daily THC vapor inhalation)—The initial study was 

conducted in groups of male (N=8; 17 weeks of age at start of this study) and female (N=8; 

17 weeks of age) Wistar rats. Inhalation sessions were 30 minutes in duration with four 10 

second vapor puffs delivered every 5 minutes with a 5.25 h interval between session 

initiations on each repeated-exposure day. The THC concentration was 200 mg/ml in this 

study. These animals had been initially evaluated with parenteral injection of THC (0, 10, 

20, 20 mg/kg i.p.) in the stated (ascending) order with 2-3 day intervals between test days 

completed six weeks prior to the start of the chronic vapor inhalation experiment (not 

shown). For the repeated dosing, rats were exposed to vapor inhalation for 4 sequential days 

with twice-daily sessions (4 h interval between session initiations each day). Animals were 

evaluated for temperature and nociceptive responses after one PG-inhalation session ~4 

weeks after repeated dosing. Temperature and antinociceptive effects of THC inhalation 

were assessed starting ~35 min after the start of inhalation on the first and seventh sessions.

2.7.2. Experiment 2 (Thrice-daily THC vapor inhalation)—The second study was 

conducted with groups of experimentally naive female and male rats (N=8 per group) aged 
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14 weeks at the start of the experiments. The main goal was to use a more intensive THC 

regimen to determine if that was sufficient to induce tolerance in the males, after the failure 

to observe tolerance in Experiment 1. Conceptually, any of several changes to the dosing 

might suffice to increase the intensity of THC exposure, including an increase in THC 

concentration in the PG, lengthening the duration of each exposure session, decreasing the 

inter-session interval, increasing the number of sessions per day or a combination of these 

factors. Changing one variable by increasing to three sessions per day was selected for 

evaluation as a reflection of a human population that uses cannabis multiple times per day. 

Rats first received a baseline temperature / nociception assessment without any inhalation 

treatment. Next, rats were assessed after PG inhalation and then after the 1st and 10th 

exposures during the THC regimen of four days with thrice-daily inhalation (3 h interval 

between session initiations on each day). Inhalation sessions were 30 minutes in duration 

with 1 six second vapor puff of THC (200 mg/ml) delivered every 5 minutes.

2.7.3 Experiment 3 (Plasma THC levels)—This study was conducted in the second 

groups of male and female rats that were exposed to repeated THC three times-daily 

sessions in Experiment 2. Blood was withdrawn ~35 min after the start of inhalation of THC 

(200 mg/mL), i.e., 5 minutes after the final vapor delivery of the session. Blood collections 

were conducted seven days (N= 4 per group) or 17 days (N=4 per group) after the last 

session of the repeated-dosing experiment. Two different intervals after chronic exposure 

were chosen to detect any substantial lasting THC amounts, if present, a week after repeated 

dosing.

3. Results

3.1 Experiment 1 (Twice-daily THC vapor inhalation)

The inhalation of THC (200 mg/mL in the PG; 30 minute exposure) reduced body 

temperature and increased tail-withdrawal latency in male and female rats (Figure 1 A, B). 

Statistical analysis of female rectal temperature confirmed significant effects of Time [F (3, 

21) = 19.85; P<0.0001], Drug treatment condition [F (2, 14) = 58.15; P<0.0001] and the 

interaction of factors [F (6, 42) = 14.08; P<0.0001]. The Tukey post-hoc test confirmed that 

rectal temperature was significantly lower after the first THC session compared with the PG 

session (30-120 minutes post-initiation) or with the seventh THC session (30-60 minutes 

post-initiation), and lower after the seventh THC session relative to vehicle (30 minutes). 

Statistical analysis of the male rectal temperature similarly confirmed main effects of Time 

[F (3, 21) = 6.96; P<0.005], Drug treatment condition [F (2, 14) = 20.91; P<0.0001] and the 

interaction of factors [F (6, 42) = 4.69; P<0.005]. In this case the Tukey post-hoc analysis 

confirmed that rectal temperature was significantly lower after the first (30-60 minutes post-

initiation) and seventh (30-240 minutes post-initiation) THC sessions compared with the PG 

session but did not significantly differ between the two THC sessions.

THC inhalation also increased tail-withdrawal latencies in both male and female groups 

(Figure 1 C, D). The analysis of the female withdrawal latencies confirmed significant 

effects of Time [F (3, 21) = 10.79; P<0.0005], Drug treatment condition [F (2, 14) = 10.5; 

P<0.005] and the interaction of factors [F (6, 42) = 2.51; P<0.05]. The Tukey post-hoc 
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confirmed that withdrawal latency was longer in the first THC session compared with the 

PG session (30-120 minutes post-initiation) or the seventh THC session (30 minutes post-

initiation) and shorter after PG inhalation relative to the seventh THC session (120-240 

minutes). Analysis of the male rat tail-withdrawal latency confirmed main effects of time [F 

(3, 21) = 6.13; P<0.005] and drug treatment condition [F (2, 14) = 4.6; P<0.05] but not of 

the interaction. The Tukey post-hoc on the marginal means confirmed that withdrawal 

latency was significantly longer in the seventh THC session compared with vehicle but did 

not differ between the first and seventh THC sessions.

An analysis of the tail-withdrawal latencies 30 minutes after initiation of inhalation across 

sex confirmed a significant effect of Drug treatment condition [F (2, 28) = 3.95; P<0.05], but 

not of Sex or of the interaction of factors. The post-hoc test of the marginal means confirmed 

that latency was increased after the first THC exposure compared with the PG exposure.

An analysis of the rectal temperature 30 minutes after initiation of inhalation across sex 

confirmed significant effects of Sex [F (1, 14) = 11.68; P<0.005], of Drug treatment 

condition [F (2, 28) = 122.5; P<0.0001] and of the interaction of factors [F (2, 28) = 24.01; 

P<0.0001]. The post-hoc test confirmed that body temperature differed across sexes for all 

three sessions. The post-hoc also confirmed that female rat temperature in all three 

conditions differed significantly from each other. Male rat temperature was significantly 

lower than in the PG condition after each THC condition, which did not differ from each 

other.

3.2 Experiment 2 (Thrice-daily THC inhalation)

THC inhalation decreased body temperature in both male and female groups (Figure 2 A). 

The analysis confirmed significant effects of Sex [F (1, 14) = 10.16; P<0.01], Drug 

treatment condition [F (3, 42) = 394.6; P<0.0001] and the interaction of factors [F (3, 42) = 

13.53; P<0.0001]. The post-hoc test confimed that temperature was significantly lower than 

baseline or PG temperature after each THC condition in both groups. The post-hoc test 

further confirmed there was a significant attenuation of the hypothermia after THC session 

10 versus session 1 for each group and also a sex difference after the first and tenth THC 

inhalation sessions.

THC inhalation increased antinociception in both male and female groups (Figure 2 B) but 

there was a significant attenuation of this effect after repeated THC exposure. The analysis 

confirmed significant effect of Drug treatment condition [F (3, 42) = 62.4; P<0.0001], but 

not of sex or the interaction of factors. The post-hoc test confirmed that tail-withdrawal 

latency was higher after the first THC inhalation compared to all other treatment conditions 

in each group.

3.3 Experiment 3 (Pharmacokinetics)

The mean plasma levels achieved five minutes after the end of a 30 minute session of 

inhalation were similar for female (303 ng/mL; SEM 37.4) and male (362 ng/mL; SEM 

52.5) rats with one significant outlier male contributing to the mean difference (Figure 3). 

The unpaired t-test did not confirm any differences between the groups. There were no 

consistent differences associated with the timing of the blood sampling experiment relative 
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to the chronic exposure days (two-way ANOVA not significant). Thus, if there was residual 

THC in the animals, these levels were negligilble compared to the magnitude of the effect of 

the acute dosing.

4. Discussion

This study is the first to show that repeated inhalation of THC vapor, using an e-cigarette 

based delivery system, induces tolerance to hypothermia and antinociception in both male 

and female rats. Significant tolerance was observed following the 7th session of a twice daily 

regimen in female rats only in the first experiment, and after the 10th session of the t.i.d. 

regimen in male and female rats in the second experiment. These behavioral results were 

produced by an acute exposure that produces similar plasma THC leves across male and 

female animals, as evidenced by Figure 3 and our prior publication (Javadi-Paydar et al., 

2018), thus the difference was not attributable to a difference in the individual per-exposure 

dose. These studies thus demonstrate conditions under which tolerance to the 

thermoregulatory and antinociceptive effects of vapor inhalation of THC can be produced, 

further validating the model for investigations of the effects of inhaled THC exposure.

The development of tolerance to THC depends on dose, frequency of exposure and the 

behavioral or physiological endpoint that is under investigation. One interesting outcome of 

the study is that tolerance to antinociceptive and thermoregulatory effects of THC inhalation 

are not necessarily the same in magnitude. In both experiments the relative effect on 

antinociceptive responses was greater. Thus the primary importance of these data are the 

demonstration that tolerance can be produced. It has been previously demonstrated that THC 

exposure approximately once per week does not cause significant tolerance in rats (Borgen 

and Davis, 1973; Javadi-Paydar et al., 2017; Taffe et al., 2015) or monkeys (Taffe, 2012; 

Wright et al., 2013a; Wright et al., 2013b). A number of publications show, alternately, that 

a four to ten day regimen of once or twice daily injection of THC (Delatte et al., 2002; 

Kwilasz and Negus, 2012; Marusich et al., 2015; Moore et al., 2010; Wakley et al., 2014; 

Wiley and Burston, 2014; Winsauer et al., 2015), or CB1 full agonists (De Vry et al., 2004), 

produces tolerance on a variety of measures affected by acute THC. Likewise, tolerance to 

the effects of inhalation of marijuana smoke was observed after the 13th of every other day 

exposure (Fried, 1976) in rats but once daily marijuana smoke exposure for two weeks (M-

F) did not induce cross tolerance to the locomotor suppressive effects of the endogenous 

cannabinoid anandamide (Bruijnzeel et al., 2016). One limitation to the present study is that 

the temperature and nociception were only assessed on the first and fourth days, a design 

selected from the prior literature using 4 days of twice-daily injection to model tolerance. A 

future step would be to determine if female rats develop tolerance more rapidly than do 

males.

Prior work has shown that female mice develop tolerance to locomotor stimulant effects of 

THC (i.p.) under conditions under which males do not (Wiley, 2003) and that female rats 

develop a greater degree of nociceptive tolerance to THC even when the repeated dose is 

only 71% as large as the male dose (Wakley et al., 2014). Thus an interpretation of the 

outcome of the present study that male rats may require a more intensive exposure regimen 

(or a higher dose) to develop tolerance is consistent with prior findings. As one minor 
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caveat, it is possible that the limited number of i.p. doses administered to the Experiment 1 

animals prior to the vapor studies affected the male and female groups differently, thereby 

affecting their development of tolerance under repeated dosing. Consistency of the present 

results with prior literature, however, makes this an unlikely interpretation. Relatedly, there 

was a sex difference in temperature after vehicle inhalation in Experiment 1, but not 

Experiment 2. This sex difference was present from the very first experiment in these 

animals (i.e., a baseline measurement prior to any drug treatment) thus it is unlikely it 

contributed strongly to the lack of tolerance.

Despite the piloting of conditions to produce similar effects on temperature and nociception 

with the second generation apparatus in Experiment 2, the range of blood levels of THC 

from 303 ng/mL in the female group to 362 (319 with one outlier removed) ng/mL in the 

male group was higher than the 137 ng/mL found by Javadi-Paydar et al. (Javadi-Paydar et 

al., 2018) using the first generation equipment and 30 min of inhalation of THC (200 mg/

mL). In this study, the magnitude of hypothermia and antinociception on the first exposure 

to THC was slightly greater in Experiment 2 than in Experiment 1 and this may therefore 

confirm a difference in plasma THC achieved using the two sets of apparatus. Differences 

include the e-cigarette atomizer/cartridge, the controller wattage and a smaller chamber 

volume. Future studies could be directed at experiments to further refine critical parameters 

for controlling the delivered dose of THC. Nevertheless, the magnitude of tolerance in the 

female rats was, if anything, slightly lesser in Experiment 2 which may reflect the higher 

probe dose rather than a difference in the development of tolerance per se.

Overall this work further confirms the efficacy of a new electronic-cigarette based method of 

delivering THC to rats. Since humans are increasingly using e-cigarettes to use cannabis 

extracts, it is necessary to develop pre-clinical models for evaluation of the effects of THC 

(and other cannabinoids) with this route of administration. This study confirms that 

tolerance to the hypothermic and antinociceptive effects of THC can be produced with this 

method. Thus, this method offers excellent face and construct validity for the investigation 

of the consequences of vapor inhaled THC.

Acknowledgements:

This work was supported by USPHS grants R01 DA035482 (Taffe, PI), R44 DA041967 (Cole, PI) and R01 
DA042595 (Cheer, PI). The National Institutes of Health / NIDA had no direct influence on the design, conduct, 
analysis or decision to publication of the findings. LJARI likewise did not influence the study designs, the data 
analysis or the decision to publish findings. The authors are grateful to Shawn M. Aarde for significant 
contributions to the invention and initial validation of the vapor inhalation method and to Mr. Howard Britton for 
prototyping inhalation equipment. An earlier version of this manuscript was posted in pre-print form (Nguyen et al., 
2017). This is manuscript #29555 from The Scripps Research Institute.

Abbreviations:

PG propylene glycol

THC Δ9tetrahydrocannabinol

Nguyen et al. Page 8

Pharmacol Biochem Behav. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References:

Anderson PF, Jackson DM, Chesher GB, Malor R, 1975 Tolerance to the effect of delta9-
tetrahydrocannabinol in mice on intestinal motility, temperature and locomotor activity. 
Psychopharmacologia 43(1), 31–36. [PubMed: 1161992] 

Borgen LA, Davis WM, 1973 Vehicle and route of administration as parameters affecting operant 
behavioral effects of 9 -tetrahydrocannabinol. J Pharm Sci 62(3), 479–480. [PubMed: 4691712] 

Bruijnzeel AW, Qi X, Guzhva LV, Wall S, Deng JV, Gold MS, Febo M, Setlow B, 2016 Behavioral 
Characterization of the Effects of Cannabis Smoke and Anandamide in Rats. PloS one 11(4), 
e0153327. [PubMed: 27065006] 

De Vry J, Jentzsch KR, Kuhl E, Eckel G, 2004 Behavioral effects of cannabinoids show differential 
sensitivity to cannabinoid receptor blockade and tolerance development. Behav Pharmacol 15(1), 1–
12. [PubMed: 15075621] 

Delatte MS, Winsauer PJ, Moerschbaecher JM, 2002 Tolerance to the disruptive effects of Delta(9)-
THC on learning in rats. Pharmacol Biochem Behav 74(1), 129–140. [PubMed: 12376160] 

Fan F, Compton DR, Ward S, Melvin L, Martin BR, 1994 Development of cross-tolerance between 
delta 9-tetrahydrocannabinol, CP 55,940 and WIN 55,212. J Pharmacol Exp Ther 271(3), 1383–
1390. [PubMed: 7996450] 

Fried PA, 1976 Cross-tolerance between inhaled cannabis and intraperitoneal injections of delta9-
THC. Pharmacol Biochem Behav 4(6), 635–638. [PubMed: 981280] 

Gilpin NW, Wright MJ Jr., Dickinson G, Vandewater SA, Price JU, Taffe MA, 2011 Influences of 
activity wheel access on the body temperature response to MDMA and methamphetamine. 
Pharmacol Biochem Behav 99(3), 295–300. [PubMed: 21605589] 

Ginsburg BC, Hruba L, Zaki A, Javors MA, McMahon LR, 2014 Blood levels do not predict 
behavioral or physiological effects of Delta(9)-tetrahydrocannabinol in rhesus monkeys with 
different patterns of exposure. Drug Alcohol Depend 139, 1–8. [PubMed: 24703610] 

Irimia C, Polis IY, Stouffer D, Parsons LH, 2015 Persistent effects of chronic Delta9-THC exposure on 
motor impulsivity in rats. Psychopharmacology (Berl) 232(16), 3033–3043. [PubMed: 25925779] 

Jarbe TU, 1978 delta9-Tetrahydrocannabinol: tolerance after noncontingent exposure in rats. Arch Int 
Pharmacodyn Ther 231(1), 49–56. [PubMed: 637625] 

Javadi-Paydar M, Nguyen JD, Grant Y, Vandewater SA, Cole M, Taffe MA, 2017 Effects Of Δ9-THC 
And Cannabidiol Vapor Inhalation In Male And Female Rats. bioRxiv doi: 10.1101/128173.

Javadi-Paydar M, Nguyen JD, Kerr TM, Grant Y, Vandewater SA, Cole M, Taffe MA, 2018 Effects of 
Delta9-THC and cannabidiol vapor inhalation in male and female rats. Psychopharmacology 
(Berl) 6 16. doi: 10.1007/s00213-018-4946-0 [Epub ahead of print].

Kwilasz AJ, Negus SS, 2012 Dissociable effects of the cannabinoid receptor agonists Delta9-
tetrahydrocannabinol and CP55940 on pain-stimulated versus pain-depressed behavior in rats. J 
Pharmacol Exp Ther 343(2), 389–400. [PubMed: 22892341] 

Lacroix C, Saussereau E, 2012 Fast liquid chromatography/tandem mass spectrometry determination 
of cannabinoids in micro volume blood samples after dabsyl derivatization. J Chromatogr B 
Analyt Technol Biomed Life Sci 905, 85–95.

Lefever TW, Marusich JA, Thomas BF, Barrus DG, Peiper NC, Kevin RC, Wiley JL, 2017 Vaping 
Synthetic Cannabinoids: A Novel Preclinical Model of E-Cigarette Use in Mice. Substance Abuse: 
Research and Treatment 11(10.1177_1178221817701739.xml), 1178221817701739.

Mammen G, Rehm J, Rueda S, 2016 Vaporizing cannabis through e-cigarettes: Prevalence and socio-
demographic correlates among Ontario high school students. Can J Public Health 107(3), e337–
e338. [PubMed: 27763854] 

Marusich JA, Craft RM, Lefever TW, Wiley JL, 2015 The impact of gonadal hormones on cannabinoid 
dependence. Exp Clin Psychopharmacol 23(4), 206–216. [PubMed: 26237318] 

Miech RA, Johnston LD, O’Malley PM, Bachman JG, Schulenberg JE, Patrick ME, 2018 Monitoring 
the Future national survey results on drug use, 1975–2017. Volume I, Secondary school students 
Institute for Social Research, The University of Michigan, Ann Arbor, MI, p. 590.

Nguyen et al. Page 9

Pharmacol Biochem Behav. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Moore NL, Greenleaf AL, Acheson SK, Wilson WA, Swartzwelder HS, Kuhn CM, 2010 Role of 
cannabinoid receptor type 1 desensitization in greater tetrahydrocannabinol impairment of memory 
in adolescent rats. J Pharmacol Exp Ther 335(2), 294–301. [PubMed: 20668056] 

Morean ME, Kong G, Camenga DR, Cavallo DA, Krishnan-Sarin S, 2015 High School Students’ Use 
of Electronic Cigarettes to Vaporize Cannabis. Pediatrics 136(4), 611–616. [PubMed: 26347431] 

Morean ME, Lipshie N, Josephson M, Foster D, 2017 Predictors of Adult E-Cigarette Users 
Vaporizing Cannabis Using E-Cigarettes and Vape-Pens. Subst Use Misuse 52(8), 974–981. 
[PubMed: 28323498] 

Nguyen JD, Aarde SM, Cole M, Vandewater SA, Grant Y, Taffe MA, 2016a Locomotor Stimulant and 
Rewarding Effects of Inhaling Methamphetamine, MDPV, and Mephedrone via Electronic 
Cigarette-Type Technology. Neuropsychopharmacology 41(11), 2759–2771. [PubMed: 27277119] 

Nguyen JD, Aarde SM, Vandewater SA, Grant Y, Stouffer DG, Parsons LH, Cole M, Taffe MA, 2016b 
Inhaled delivery of Delta(9)-tetrahydrocannabinol (THC) to rats by e-cigarette vapor technology. 
Neuropharmacology 109, 112–120. [PubMed: 27256501] 

Nguyen JD, Creehan KM, Grant Y, Vandewater SA, Cole M, Taffe MA, 2017 Tolerance to 
hypothermic and antinoceptive effects of Δ9-tetrahydrocannabinol (THC) vapor inhalation in rats. 
BioRxiv doi: 10.1101/172759

Smith CG, Almirez RG, Berenberg J, Asch RH, 1983 Tolerance develops to the disruptive effects of 
delta 9- tetrahydrocannabinol on primate menstrual cycle. Science 219(4591), 1453–1455. 
[PubMed: 6298938] 

Taffe MA, 2012 Delta(9)Tetrahydrocannabinol impairs visuo-spatial associative learning and spatial 
working memory in rhesus macaques. J Psychopharmacol 26(10), 1299–1306. [PubMed: 
22526684] 

Taffe MA, Creehan KM, Vandewater SA, 2015 Cannabidiol fails to reverse hypothermia or locomotor 
suppression induced by Delta(9) -tetrahydrocannabinol in Sprague-Dawley rats. Br J Pharmacol 
172(7), 1783–1791. [PubMed: 25425111] 

Taylor DA, Fennessy MR, 1978 Relationship between body temperature and brain monoamines during 
the development of tolerance to delat9-tetrahydrocannabinol in the rat. Psychopharmacology 
(Berl) 56(3), 279–285. [PubMed: 418435] 

Vendruscolo JCM, Tunstall BJ, Carmack SA, Schmeichel BE, Lowery-Gionta EG, Cole M, George O, 
Vandewater SA, Taffe MA, Koob GF, Vendruscolo LF, 2017 Compulsive-like sufentanil vapor 
self-administration in the rat. Neuropsychopharmacology in press.

Wakley AA, Wiley JL, Craft RM, 2014 Sex differences in antinociceptive tolerance to delta-9-
tetrahydrocannabinol in the rat. Drug Alcohol Depend 143, 22–28. [PubMed: 25131716] 

Wiley JL, 2003 Sex-dependent effects of delta 9-tetrahydrocannabinol on locomotor activity in mice. 
Neurosci Lett 352(2), 77–80. [PubMed: 14625027] 

Wiley JL, Burston JJ, 2014 Sex differences in Delta(9)-tetrahydrocannabinol metabolism and in vivo 
pharmacology following acute and repeated dosing in adolescent rats. Neurosci Lett 576, 51–55. 
[PubMed: 24909619] 

Wiley JL, Marusich JA, Huffman JW, 2014 Moving around the molecule: relationship between 
chemical structure and in vivo activity of synthetic cannabinoids. Life Sci 97(1), 55–63. [PubMed: 
24071522] 

Winsauer PJ, Filipeanu CM, Weed PF, Sutton JL, 2015 Hormonal status and age differentially affect 
tolerance to the disruptive effects of delta-9-tetrahydrocannabinol (Delta(9)-THC) on learning in 
female rats. Front Pharmacol 6, 133. [PubMed: 26191005] 

Winsauer PJ, Molina PE, Amedee AM, Filipeanu CM, McGoey RR, Troxclair DA, Walker EM, Birke 
LL, Stouwe CV, Howard JM, Leonard ST, Moerschbaecher JM, Lewis PB, 2011 Tolerance to 
chronic delta-9-tetrahydrocannabinol (Delta(9)-THC) in rhesus macaques infected with simian 
immunodeficiency virus. Exp Clin Psychopharmacol 19(2), 154–172. [PubMed: 21463073] 

Wright MJ Jr., Vandewater SA, Parsons LH, Taffe MA, 2013a Δ9Tetrahydrocannabinol impairs 
reversal learning but not extra-dimensional shifts in rhesus macaques. Neuroscience 235, 51–58. 
[PubMed: 23333671] 

Nguyen et al. Page 10

Pharmacol Biochem Behav. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Wright MJ Jr., Vandewater SA, Taffe MA, 2013b Cannabidiol attenuates deficits of visuospatial 
associative memory induced by Delta(9) tetrahydrocannabinol. Br J Pharmacol 170(7), 1365–
1373. [PubMed: 23550724] 

Nguyen et al. Page 11

Pharmacol Biochem Behav. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: 
Mean (N=8 per group; ±SEM) rectal temperature (A., B.) and tail-withdrawal latency (C., 

D.) for female and male rats after inhalation of the PG vehicle or THC (200 mg/mL) on the 

1st or 7th repeated session. Significant differences from the PG condition are indicated with * 

and from the first THC Session with #.
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Figure 2: 
Mean (N=8 per group; ±SEM) rectal temperature (upper panels) and tail-withdrawal latency 

(lower panels) for male and female rats under baseline conditions or after inhalation of the 

PG vehicle and then THC (200 mg/mL) on the 1st or 10th repeated session. Significant 

differences from the Baseline and PG condition are indicated with *, from the Baseline 

(only) by %, and from the first THC Session with #. A difference between the sexes is 

indicated with &.

Nguyen et al. Page 13

Pharmacol Biochem Behav. Author manuscript; available in PMC 2019 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: 
Mean (N=8 per group; ±SEM) plasma THC levels for male and female rats 35 minutes after 

the start of inhalation of THC (200 mg/mL). Grey symbols indicate the individuals assessed 

one week after the chronic regimen and black symbols indicate the individuals assessed 17 

days after the chronic regimen. Box plot depicting the median and quartiles; the bars 

indicate the range.
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