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A B S T R A C T   

Passive aerosol exposure to Δ9-tetrahydrocannabinol (THC) in laboratory animals results in faster onset of action 
and less extensive liver metabolism compared to most other administration routes and might thus provide an 
ecologically relevant model of human cannabis inhalation. Previous studies have, however, overlooked the 
possibility that rodents, as obligate nose breathers, may accumulate aerosolized THC in the nasal cavity, from 
where the drug might directly diffuse to the brain. To test this, we administered THC (ten 5-s puffs of 100 mg/mL 
of THC) to adolescent (31-day-old) Sprague-Dawley rats of both sexes. We used liquid chromatography/tandem 
mass spectrometry to quantify the drug and its first-pass metabolites – 11-hydroxy-Δ9-THC (11-OH-THC) and 11- 
nor-9-carboxy-Δ9-THC (11-COOH-THC) – in nasal mucosa, lungs, plasma, and brain (olfactory bulb and cere-
bellum) at various time points after exposure. Apparent maximal THC concentration and area under the curve 
were ~5 times higher in nasal mucosa than in lungs and 50–80 times higher than in plasma. Concentrations of 
11-OH-THC were also greater in nasal mucosa and lungs than other tissues, whereas 11-COOH-THC was 
consistently undetectable. Experiments with microsomal preparations confirmed local metabolism of THC into 
11-OH-THC (not 11-COOH-THC) in nasal mucosa and lungs. Finally, whole-body exposure to THC deposited 
substantial amounts of THC (~150 mg/g) on fur but suppressed post-exposure grooming in rats of both sexes. 
The results indicate that THC absorption and metabolism in nasal mucosa and lungs, but probably not gastro-
intestinal tract, contribute to the pharmacological effects of aerosolized THC in male and female rats.   

1. Introduction 

A substantial fraction of teenagers and young adults use cannabis on 
a regular basis. For example, in 2021 almost 6% of 12th graders in the 
USA reported using cannabis daily [1]. These data raise concern because 
human longitudinal studies have linked habitual cannabis use in 
adolescence to persistent deficits in executive functioning, impulse 
control, and cognition [2,3] which might be attributable to impaired 
prefrontal cortical development [4-6]. Animal experiments support 
these findings, showing that repeated adolescent administration of the 

intoxicating constituent of cannabis, Δ9-tetrahydrocannabinol (THC), 
produces dysregulations in synaptic plasticity, memory, and affect 
which persist until adulthood [7]. 

Smoking and ‘vaping’ (using either e-cigarettes or vaporizers) are the 
most frequent means of cannabis consumption in people of all ages, 
including adolescents [8]. By contrast, animal studies generally rely on 
the intraperitoneal route of administration, which is practical, repro-
ducible, and elicits in rodents pharmacokinetic and pharmacodynamic 
responses that are in various ways comparable to those seen in cannabis 
smokers [9-12]. For example, intraperitoneal administration of 5 mg/kg 
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THC produced, in adolescent and adult male mice, maximal circulating 
concentrations of the drug that were similar to those previously reported 
for adult human users [10,11]. Nevertheless, to capture more closely the 
human experience, preclinical researchers are increasingly turning to 
aerosol (often referred to as ‘vapor’) administration as a potential 
alternative to intraperitoneal injection [13-19]. This effort is primarily 
motivated by the assumption that, like smoking or vaping, passive 
aerosol exposure would result in absorption of THC through the lungs, 
and thus in faster onset of drug action, less extensive first-pass liver 
metabolism, and distinct psychoactive effects, relative to intraperitoneal 
administration. Indeed, comparative studies identified significant dif-
ferences in drug distribution and pharmacodynamics between the two 
routes. For example, in adult rats inhalation produced hypothermia of 
equal magnitude but shorter duration [17], as well as greater initial 
brain THC concentration than intraperitoneal injection [14]. Further-
more, it was shown that rats self-administer an aerosolized cannabis 
extract [20] or a THC/cannabidiol combination [21] in operant 
behavioral tests, suggesting that this mode of THC delivery may be 
useful to investigate the drug’s reinforcing properties. 

However, there are noteworthy differences between cannabis vaping 
in humans and aerosol exposure in rodents. Even in operant behavioral 
settings, passive inhalation does not engage the same biomechanical and 
interoceptive processes involved in voluntary vaping or smoking. 
Moreover, unlike humans, mice and rats are obligate nasal breathers 
[22]. For this reason, a substantial fraction of THC-containing aerosol 
particles breathed in by the animals may remain trapped in the nasal 
mucosa, from where the compound might be rapidly absorbed into the 
brain [23]—a phenomenon that would not be expected to occur 
significantly during direct oral inhalation by humans. 

To begin examining how the biomechanics of rodent breathing might 
influence the distribution of inhaled THC, in the present study we 
exposed male and female adolescent rats to a THC aerosol [13] and 
measured the concentrations of the drug and its main cytochrome P450 
metabolites – 11-hydroxy-Δ9-THC (11-OH-THC) and 11-nor-9-carbox-
y-Δ9-THC (11-COOH-THC) – in nasal mucosa, lungs, and two brain 
structures (olfactory bulb and cerebellum). Because rodents routinely 
lick their fur during grooming [24,25], we also quantified THC depos-
ited on the animals’ fur, and grooming behavior. The results show that 
(i) the rat nasal mucosa effectively traps aerosolized THC and transforms 
it into its bioactive metabolite, 11-OH-THC (but not into inactive 
11-COOH-THC); (ii) THC also accumulates in lungs, where is metabo-
lized into 11-OH-THC; and (iii) aerosolized THC accumulates on fur, but 
this is accompanied by a marked suppression of body licking and 
washing and is thus unlikely to contribute to the drug’s acute pharma-
cological effects. 

2. Materials and methods 

2.1. Chemicals and solvents 

[2H3]-THC, [2H3]− 11-OH-THC, and [2H3]− 11-COOH-THC were 
purchased from Cerilliant (Round Rock, TX). THC was from Cayman 
Chemicals (Ann Arbor, MI), or the NIDA Drug Supply Program. All 
analytical solvents were of the highest grade and were obtained from 
Honeywell (Muskegon, MI) or Sigma-Aldrich (Saint Louis, MO). Formic 
acid was from Thermo Fisher (Houston, TX). 

2.2. Animal subjects 

Adolescent (post-natal day, PND, at arrival: 23, 30–70 g) male and 
female Wistar rats were purchased from Charles River (Wilmington, 
MA). They were housed in same-sex groups of 4 and were allowed to 
acclimate for 7 days before experiments. Housing rooms were main-
tained on a 12-h reverse light/dark cycle (lights off at 6:30 AM) under 
controlled conditions of temperature (20 ± 2 ◦C) and relative humidity 
(55–60%). Food and water were available ad libitum. All procedures 

were approved by the Institutional Animal Care and Use Committee at 
the University of California, Irvine, and carried out in strict accordance 
with the National Institutes of Health guidelines for the care and use of 
experimental animals. 

2.3. Aerosol equipment 

The equipment was designed and manufactured by La Jolla Alcohol 
Research Inc. (LJARI; San Diego, CA) and were controlled by MedPC 
hardware and software. LJARI aerosol generators were fourth genera-
tion, model 0004–100 W, which rapidly heated the stainless-steel coil in 
the tanks at 61.1 W, 0.4 Ω, to 232.2 ◦C during the 5 s puff deliveries. 
Chambers consisted of a 52.7 × 58.4 × 48.8 cm clear, air-tight acrylic 
box, capable of holding four 22.9 × 21.0 × 43.8 cm clear plastic tub 
cages with wire tops. Two ports delivered aerosol into the chamber at 
the upper and lower levels and four outlet ports allowed a vacuum pump 
(1.42 psi air compressor) to pull air and aerosol out of the chamber at a 
steady rate of 1 L/min (achieved via a regulator and flow gauge), 
resulting in clearing of aerosol from the chamber approximately 3 min 
after completion of a puff. Exhaust was filtered through a Whatman 
HEPA-CAP filter and routed to a fume hood for safe clearance. 

2.4. Aerosol THC administration 

This was carried out as described previously [13]. THC in ethanol 
was obtained from the National Institute on Drug Abuse Drug Distri-
bution Program. The solvent was evaporated under N2, and THC was 
dissolved in propylene glycol (100 mg/mL) with heat (37 ◦C) and son-
ication (15 min). Vaporizer tanks (Smok TFV8 Baby) were filled with 
3–4 mL of the THC solution immediately before testing. On PND31, 2–3 
animals were placed in pairs with familiar cagemates into tub cages with 
bedding, on the lower shelf of the larger aerosol containment chambers. 
They received 30 min of THC vapor exposure consisting of ten 5-s puffs 
every 175 s. Approximately 5 min after the 30 min session, PK animals 
were removed and returned to their home cages, and those for grooming 
evaluation were placed alone into behavioral testing chambers, and 
were video recorded for 2 h. PK rats were disorientated and decapitated 
without anesthetic to avoid any interference with isoflurane at various 
timepoints after exposure (5, 15, 60 min; n = 4 per timepoint), trunk 
blood was collected into 4 mL polypropylene plastic tubes containing 
spray-coated potassium-EDTA (K2-EDTA) and centrifuged at 500×g at 
4 ◦C for 10 min. Plasma was collected and centrifuged again at 2000×g 
at 4 ◦C for 10 min to remove any trace of residual cells and transferred 
into polypropylene tubes. After decapitation, their brains were quickly 
removed, and olfactory bulb and cerebellum samples were dissected 
rapidly. Nasal mucosa were collected after removing dorsal bone ante-
rior to the olfactory bulbs and lung samples were collected. The dorsum 
of each rat was shaved and approximately 300 mg of fur was collected. 
All tissue samples were immediately frozen on dry ice, and stored at 
− 80 ◦C until analyses. 

2.5. Intranasal THC administration 

THC was prepared shortly before use as described above (see Section 
2.4). Adolescent rats of both sexes were lightly anesthetized with iso-
flurane and held by the scruff with the nose positioned to facilitate 
dosing. A single dose of THC (5 mg/kg; half dose per nostril; n = 4 per 
sex) was administered intranasally with a Hamilton syringe (Microliter 
#705). The animals were euthanized by decapitation 35 min later. 
Trunk blood was collected into spray-coated potassium-EDTA (K2- 
EDTA) tubes, and plasma was harvested by centrifugation at 1450 x g at 
4 ◦C for 15 min. Brains were removed, and olfactory bulb, cerebellum, 
nasal mucosa, and lung samples were collected, frozen and stored as 
described above. 
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2.6. Intraperitoneal THC administration 

THC was prepared shortly before experiments as described in Section 
2.4. Adolescent rats of both sexes were given a single intraperitoneal 
injection of 5 mg/kg THC (n = 4 per sex). They were euthanized by 
decapitation 35 min after injection. Trunk blood, nasal mucosa, lungs, 
and brain were processed as described above. All samples were frozen on 
dry ice and stored at − 80 ◦C until analyses. 

2.7. Microsome preparation 

Microsomes were prepared as previously described [26], with minor 
modifications, from naïve adolescent male and female rats (PND 31). 
Nasal mucosa and lung tissue were weighed and homogenized in 
extraction buffer (20%, w/v; 10 mM Tris pH 7.5, 250 mM sucrose, 1 mM 
phenylmethylsulfonyl fluoride, protease inhibitor cocktail, Nacalai 
Tesque, Kyoto, Japan cat no.: 04080–11). The homogenates were 
centrifuged at 3000×g at 4 ◦C for 20 min. Supernatants were collected 
and centrifuged twice for 20 min at 10,000×g at 4 ◦C. The supernatants 
from the second centrifugation were centrifuged again for 90 min at 
100,000×g at 4 ◦C. The microsome pellets were resuspended in 0.5 mL 
buffer (50 mM Tris pH 7.5, 20% glycerol, 1 mM dithiothreitol, 1 mM 
EDTA). Protein concentrations were measured using the bicinchoninic 
acid assay. 

2.8. THC metabolism in nasal mucosa and lung microsomes 

Microsomes (1 μg protein) were combined in a solution of potassium 
phosphate (0.1 M, pH 7.4) containing rat cytochrome P450 reductase 
(0.2 μM). After preincubation with THC (40 μM, 5 min, 37 ◦C), reactions 
were initiated by adding 10 mM NADPH (0.1 mL,1 mM final) and 
allowed to proceed at 37 ◦C for 30 min, at which point they were 
quenched with an equal volume of ethyl acetate. Extractions were per-
formed as previously reported [27]. Briefly, the quenched reactions 
were stirred thoroughly, centrifuged for 5 min at 1800×g at 4 ◦C, and 
the organic layers were transferred into clean tubes. Fresh ethyl acetate 
was added, and the cycle was repeated twice for a total of 3 extractions. 
After drying down the organic layer in a rotary evaporator, extracts were 
resuspended in 95% ethanol (0.1 mL) and shipped overnight on dry ice 
for LC/MS-MS analysis. 

2.9. Liquid chromatography/tandem mass spectrometry (LC/MS-MS) 
analyses 

2.9.1. Sample Preparation 
Plasma (0.1 mL) was transferred into 8 mL glass vials (Thermo 

Fisher, catalog no.: B7999–3) and proteins were precipitated by addition 
of 0.5 mL of ice-cold acetonitrile containing 1% formic acid and the 
following internal standards (ISTD): [2H3]-THC, [2H3]− 11-OH-THC, 
and [2H3]− 11-COOH-THC, 50 pmol each. Lung, olfactory bulb, cere-
bellum, nasal mucosa and fur (20–25 mg) were homogenized using the 
Precellys CK-14 soft tissue homogenizing kit (Bertin Corp., Rockville, 
MD) in a Precellys Evolution apparatus (Bertin) at 4 ◦C on pre-set setting 
#4 (6500 RPM x 20 s x 2) in 0.5 mL of ice-cold acetonitrile containing 
1% formic acid and 50 pmol ISTD. Plasma and tissue samples were 
stirred vigorously for 30 s and centrifuged at 2800×g at 4 ◦C for 15 min. 
After centrifugation, the supernatants were loaded onto Captiva- 
Enhanced Matrix Removal (EMR)-Lipid cartridges (Agilent Technolo-
gies, Santa Clara, CA) and eluted under positive pressure (3–5 mmHg, 1 
drop/5 s; Agilent Technologies). For tissue fractionation, EMR car-
tridges were pre-washed with water/acetonitrile (1:4, v/v). No pre-
treatment was necessary for plasma fractionation. Tissue pellets were 
rinsed with water/acetonitrile (1:4, v/v; 0.2 mL), stirred for 30 s, and 
centrifuged at 2800×g at 4 ◦C for 15 min. The supernatants were 
collected, transferred onto EMR cartridges, eluted, and pooled with the 
first eluate. The cartridges were washed again with water/acetonitrile 

(1:4, v/v; 0.2 mL), and pressure was increased gradually to 10 mmHg (1 
drop/sec) to ensure maximal analyte recovery. Eluates were dried under 
N2 and reconstituted in 0.1 mL of methanol containing 0.1% formic 
acid. Samples were transferred to deactivated glass inserts (0.2 mL) 
placed inside amber glass vials (2 mL; Agilent Technologies). 

2.9.2. LC/MS-MS Conditions 
LC separations were carried out using a 1200 series LC system 

(Agilent Technologies), consisting of a binary pump, degasser, thermo-
stated autosampler and column compartment coupled to a 6410B triple 
quadrupole mass spectrometric detector (MSD; Agilent Technologies). 
Analytes were separated on an Eclipse XDB C18 column (1.8 µm, 3.0 ×
50.0 mm; Agilent Technologies). The mobile phase consisted of water 
containing 0.1% formic acid as solvent A and methanol containing 0.1% 
formic acid as solvent B. The flow rate was 1.0 mL/min. The gradient 
conditions were as follows: starting 75% B to 89% B in 3.0 min, changed 
to 95% B at 3.01 min, and maintained till 4.5 min to remove any 
strongly retained materials from the column. Equilibration time was 
2.5 min. The column temperature was maintained at 40 ◦C and the 
autosampler at 9 ◦C. The total analysis time, including re-equilibrium, 
was 7 min. The injection volume was 5 μL. To prevent carry over, the 
needle was washed in the autosampler port for 30 s before each injection 
using a wash solution consisting of 10% acetone in water/methanol/ 
isopropanol/acetonitrile (1:1:1:1, v/v). The MS was operated in the 
positive electrospray ionization (ESI) mode, and analytes were quanti-
fied by multiple reaction monitoring (MRM) of the following transitions: 
THC 315.2 > 193.0 m/z, [2H3]-THC 318.2 > 196.1 m/z, 11-OH-THC 
331.2 > 313.1 m/z, [2H3]− 11-OH-THC 334.2 > 316.1 m/z, 11-COOH- 
THC 345.2 > 299.2 m/z, [2H3]− 11-COOH-THC 348.2 > 302.2 m/z. In 
select experiments, the identity of THC was further verified by moni-
toring the transition 315.2 > 135.0 m/z. The capillary voltage was set at 
3500 V. The source temperature was 300 ◦C and gas flow was set at 
12.0 L/min. Nebulizer pressure was set at 40 psi. Collision energy and 
fragmentation voltage were set for each analyte as reported [28]. The 
MassHunter software (Agilent Technologies) was used for instrument 
control, data acquisition, and data analysis. 

2.10. Grooming behavior 

After being removed from aerosol exposure chambers following 
30 min exposure to vacuum only (naïve), vehicle vapor, or THC vapor, 
rats were placed into 43 × 43 × 30.5 cm locomotor testing boxes 
without bedding, in a dimly lit room, for 2 h. Grooming behavior was 
recorded via infrared cameras from above and quantified manually by a 
blinded observer using Noldus Observer software. Total time spent 
grooming the head and face was quantified, as was duration of body/ 
flank licking that typically occurs thereafter during normal grooming. 

3. Statistical analyses 

Differences in apparent maximal concentration (apparent Cmax) and 
area under the curve (AUC) for each tissue compared to nasal mucosa 
were analyzed using one-way analysis of variance (ANOVA) with Dun-
nett’s post hoc test. All other data were analyzed using two-way ANOVA 
with Bonferroni or Tukey post hoc tests where appropriate. Differences 
between groups were considered statistically significant at values of 
P < 0.05. 

4. Results 

4.1. Aerosolized THC accumulates in nasal mucosa 

Adolescent (PND 31) male and female rats were either exposed to a 
THC aerosol (100 mg/mL) for 30 min or were given a single intraperi-
toneal injection of THC (5 mg/kg). The concentrations of THC, 11-OH- 
THC and 11-COOH-THC in nasal mucosa, lungs, plasma, olfactory 
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bulb, and cerebellum were measured 5, 15 or 60 min after THC 
administration using a previously reported LC/MS-MS method [limit of 
quantification (LOQ) for THC and its metabolites: 1.0 pmol/mL] [9,12, 
28]. Fig. 1 shows the maximal concentrations attained by THC (apparent 
Cmax) in nasal mucosa, lungs, plasma, olfactory bulb and cerebellum 
5 min after removing the animals from the aerosol chamber or 35 min 
after intraperitoneal administration. This time point was selected to 
match the start of behavioral testing which, in this protocol, is initiated 
5 min after THC exposure. Aerosol exposure yielded higher THC con-
centrations in nasal mucosa, lungs, olfactory bulb and cerebellum than 
did intraperitoneal administration (Fig. 1 and Table 1). For example, the 
apparent Cmax of THC in nasal mucosa of male animals after aerosol 
administration was approximately ~1000 times higher after aerosol 
than intraperitoneal administration (29,998 ± 12,660 pmol/g, mean 
± SEM vs 21 ± 6 pmol/g; P < 0.001; Table 1). 11-OH-THC concentra-
tions followed a similar pattern in both male and female animals 
(Table 1). By contrast, THC concentrations in plasma were similar with 
the two routes (Fig. 1 and Table 1). 

The concentration-time profiles of THC in surveyed tissues after 
aerosol administration are illustrated in Fig. 2, which includes the 5-min 
aerosol timepoints reported in Fig. 1. Table 2 lists apparent Cmax values 
for THC as well as the time at which apparent Cmax was reached 
(apparent Tmax), apparent half-life time of elimination (apparent t1/2), 
and AUC for the 60-min interval examined in the study. These param-
eters offer critical insights into the maximal level of systemic exposure to 
THC (apparent Cmax and AUC) and the temporal trajectory of such 
exposure (apparent Tmax and t1/2). In rats of both sexes, the apparent 
Cmax for THC was ~80 times higher in nasal mucosa than plasma, and 
~5 times higher in nasal mucosa than lungs. In females, for example, the 
apparent Cmax was 19,175 ± 293 pmol/g in nasal mucosa compared to 
349 ± 38 pmol/mL in plasma (P < 0.01) and 4168 ± 502 pmol/g in 
lungs (P < 0.05) (Table 2). Only one statistically detectable sexual 
dimorphism was observed: male rats had higher THC concentration at 
5 min in lungs compared to females (6881 ± 1026 vs 4168 ± 502 pmol/ 
g, P < 0.01, Fig. 2B, Table 2); the AUC was nearly double but not sta-
tistically different between the two groups (91,689 ± 18,654 vs 51,805 

Fig. 1. THC concentrations in nasal mucosa, lungs, and plasma of adolescent male rats (A) and female rats (B) after passive exposure to a THC aerosol (100 mg/mL, 
) or intraperitoneal administration (5 mg/kg, ). Tissues were collected 5 min after a 30-min aerosol exposure or 35 min after intraperitoneal injection. Bars 

represent mean ± SEM, n = 3–4 animals. * **P < 0.001, * ** *P < 0.0001, significant difference compared to aerosol administration, two-way ANOVA. 

Table 1 
Apparent maximal concentration (Cmax) for THC and 11-OH-THC in nasal mucosa, lung, plasma, olfactory bulb and cerebellum of adolescent (PND 31) male and female 
rats after 30-min aerosol exposure to a THC aerosol (100 mg/mL) or 35 min after intraperitoneal (IP) administration (5 mg/kg). Data are presented as means 
± standard error of the mean, n = 3–4. * **P < 0.001, * ** *P < 0.0001 (significant effect compared to aerosol administration), #P < 0.05, ## P < 0.001 (significant 
sex effect), two-way ANOVA.  

Tissue Sex Aerosol IP 

THC 
(pmol/mL or g) 

11-OH-THC 
(pmol/mL or g) 

THC 
(pmol/mL or g) 

11-OH-THC 
(pmol/mL or g) 

Nasal mucosa Male 29,998 ± 12,660 1184 ± 300 21 ± 6 * ** 4 ± 1 * ** * 
Female 19,175 ± 293 986 ± 168 33 ± 14 * ** * 15 ± 9 * ** * 

Lung Male 6881 ± 1026 174 ± 22 200 ± 29 22 ± 7 
Female 4168 ± 502## 199 ± 17 459 ± 203 * ** * 121 ± 62# 

Plasma Male 279 ± 17 17 ± 2 287 ± 74 5 ± 2 
Female 349 ± 38 32 ± 7## 347 ± 116 30 ± 12 

Olfactory Bulb Male 464 ± 86 63 ± 4 47 ± 17 9 ± 3 
Female 303 ± 8 111 ± 22# 67 ± 26 36 ± 20 

Cerebellum Male 331 ± 36 72 ± 7 86 ± 33 16 ± 5 
Female 221 ± 26 142 ± 9## 149 ± 65 85 ± 46  
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± 7543 pmol/min/mg, P > 0.05, Table 1). Thus, irrespective of sex, 
aerosol delivery resulted in substantially higher THC concentrations in 
nasal mucosa and lungs than in any other tissue included in the survey. 

4.2. Aerosolized THC is metabolized to 11-OH-THC in nasal mucosa 

Fig. 3 depicts the concentration-time profiles of the psychoactive 
THC metabolite, 11-OH-THC. As shown in a previous study with aero-
solized THC [13], the concentrations of 11-COOH-THC were below the 
LOQ of our LC/MS-MS assay. As seen with THC, the apparent Cmax for 
11-OH-THC was, for both sexes, substantially higher in nasal mucosa 
than other sampled tissues. For example, in male rats, apparent Cmax and 
AUC were 5–6 times higher in nasal mucosa than in lungs (1239 ± 231 
vs 247 ± 42 pmol/g, P < 0.01; AUC: 58,227 ± 19,133 vs 8825 ± 1731 
pmol/min/g, P < 0.05, Table 3). There were no detectable sex 

differences in 11-OH-THC concentrations in nasal mucosa or lungs 
(Fig. 3A and B, Table 3). However, compared to males, female animals 
exhibited significantly higher apparent Cmax for 11-OH-THC in plasma, 
olfactory bulb, and cerebellum (38 ± 5 vs 17 ± 2 pmol/mL, plasma, 
P < 0.01; 188 ± 43 vs 87 ± 41 pmol/g, olfactory bulb, P < 0.05; 186 
± 30 vs 91 ± 27 pmol/g, cerebellum, P < 0.01). 

4.3. Nasal mucosa and lung microsomes metabolize THC in vitro 

We also assessed whether microsomes prepared from nasal mucosa 
and lung tissue of naïve adolescent male and female rats metabolize 
THC. Both preparations converted THC into 11-OH-THC, whereas 11- 
COOH-THC was undetectable. The rate of 11-OH-THC production was 
3 times higher in lung than nasal mucosa microsomes (0.10 ± 0.01 vs 
0.03 ± 0.006 pmol/min/mg, males; 0.12 ± 0.02 vs 0.03 ± 0.009 pmol/ 

Fig. 2. Concentrations of THC in nasal mucosa (A), lungs (B), plasma (C), olfactory bulb (D) and cerebellum (E) of adolescent male ( ) and female ( ) rats after 
passive exposure to a THC aerosol (100 mg/mL). The exposure lasted 30 min and tissues were collected 5, 15 and 60 min later. Symbols represent mean ± SEM, 
n = 3–4 animals. * *P < 0.01, significant sex-difference, two-way ANOVA. 

Table 2 
Apparent maximal concentration (Cmax), time at which apparent maximal concentration was reached (Tmax), area under the curve (AUC) and apparent half-life of 
elimination (t1/2) for THC in nasal mucosa, lung, plasma, olfactory bulb and cerebellum of adolescent (PND 31) male and female rats after 30-min aerosol exposure to a 
THC aerosol (100 mg/mL). Data are represented as means ± standard error of the mean, n = 3–4. *P < 0.05, * *P < 0.01, * **P < 0.001 (significant tissue effect 
compared to nasal mucosa), one-way ANOVA; #P < 0.05, ##P < 0.01 (significant sex effect), two-way ANOVA.  

Tissue Male Female 

Cmax 

(pmol/mL or g) 
AUC 
(pmol•min/mL or g) 

Tmax 

(min) 
t1/2 (min) Cmax 

(pmol/mL or g) 
AUC 
(pmol•min/mL or g) 

Tmax 

(min) 
t1/2 (min) 

Nasal mucosa 29,998 ± 12,660 578,266 ± 230,738  5 3.9 ± 0.2 19,175 ± 293 613,129 ± 317,513  5 3.9 ± 0.0 
Lung 6881 ± 1026 * 91,689 ± 18,654 *  5 4.4 ± 0.1 4168 ± 502 * **,## 51,805 ± 7543 *  5 4.6 ± 0.1 
Plasma 279 ± 17 * * 9148 ± 1537 * *  5 8.5 ± 0.5 349 ± 38 * ** 7080 ± 1151 *  5 6.9 ± 0.2# 

Olfactory Bulb 464 ± 86 * * 14,356 ± 3099 * *  5 6.3 ± 0.3 303 ± 82 * ** 10,348 ± 2261 *  5 7.2 ± 0.3 
Cerebellum 331 ± 36 * * 16,557 ± 4935 * *  5 NA 246 ± 60 * ** 11,195 ± 2781 *  60 NA  

A. Torrens et al.                                                                                                                                                                                                                                 



Pharmacological Research 187 (2023) 106600

6

min/mg, females; P < 0.01, Fig. 4). Confirming in vivo data, nasal 
mucosal microsomes from male and female animals did not differ in 
their ability to transform THC into 11-OH-THC (Fig. 4). 

4.4. Distribution and metabolism of intranasally administered THC 

Next, to determine whether THC in nasal mucosa might reach the 
brain and other organs, we infused the drug intranasally (5 mg/kg) and 
quantified its concentrations in nasal mucosa, lungs, plasma, olfactory 
bulb, and cerebellum 35 min later (to match the protocol of previous 
experiments). As expected, we found that nasal mucosa contained sub-
stantial amounts of THC and, to a lesser extent, 11-OH-THC (Fig. 5A, C). 
Additionally, significant concentrations of the drug and its bioactive 
metabolite were detected in all other tissues included in the survey 
(Fig. 5B, D). 

4.5. Aerosolized THC deposits on fur 

Finally, we asked whether aerosolized THC might deposit on the rats’ 
fur, where it could be ingested during grooming. We found that sub-
micromolar amounts of the drug accumulate on dorsal fur of male and 
female animals (513,298 ± 123,289 pmol/g, males; 437,231 ± 53,312 
pmol/g, females) (Fig. 6). To assess whether THC deposited on fur might 
be ingested by licking, and thus absorbed through the buccal or oral 
route, we placed male and female rats in aerosol containment chambers 
and exposed them for 30 min to vehicle, THC, or no aerosol (vacuum 
only, naïve). At the end of the exposure period, we recorded duration of 
self-grooming for 2 h (Fig. 7). Both sex and aerosol treatment condition 
impacted total grooming duration (main effects of sex: F3,24 = 21, 
P < 0.0001; and treatment: F2,24 = 21, P < 0.0001), though males and 
females did not differ in head grooming after any treatment. However, 

Fig. 3. Concentrations of 11-OH-THC in nasal mucosa (A), lungs (B), plasma (C), olfactory bulb (D) and cerebellum (E) of adolescent male ( ) and female ( ) rats 
after passive exposure to a THC aerosol (100 mg/mL). The exposure lasted 30 min and tissues were collected 5, 15 and 60 min later. Symbols represent mean ± SEM, 
n = 3–4. *P < 0.05, * *P < 0.01, significant sex-difference, two-way ANOVA. 

Table 3 
Apparent maximal concentration (Cmax), time at which apparent maximal concentration was reached (Tmax) and area under the curve (AUC) for 11-OH-THC in nasal 
mucosa, lung, plasma, olfactory bulb and cerebellum of adolescent (PND 31) male and female rats after 30-min aerosol exposure to a THC aerosol (100 mg/mL). Data 
are represented as means ± standard error of the mean, n = 3–4. *P < 0.05, * *P < 0.01, * **P < 0.001 (significant tissue effect compared to nasal mucosa), one-way 
ANOVA; #P < 0.05, ##P < 0.01 (significant sex effect), two-way ANOVA.  

Tissue Male Female 

Cmax 

(pmol/mL or g) 
AUC 
(pmol•min/mL or g) 

Tmax 

(min) 
Cmax 

(pmol/mL or g) 
AUC 
(pmol•min/mL or g) 

(min) 

Nasal mucosa 1239 ± 231 58,227 ± 19,133  15 1591 ± 506 54,987 ± 23,995  15 
Lung 247 ± 42 * ** 8825 ± 1731 * *  60 199 ± 16 * * 8520 ± 2686 *  5 
Plasma 17 ± 2 * ** 627 ± 280 * **  5 38 ± 5##, * * 1213 ± 195 *  5 
Olfactory Bulb 87 ± 41 * ** 3728 ± 1610 * *  60 188 ± 43#, * 7712 ± 1770 *  60 
Cerebellum 91 ± 27 * ** 4167 ± 1105 * *  60 186 ± 30##, * 8174 ± 1257 *  60  
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vehicle vapor induced large increases in body (flank) grooming in fe-
males that were contrasted by a decrease of body grooming in males 
(P < 0.0001, females; P < 0.05 males). Aerosolized THC markedly 
suppressed grooming in both sexes relative to vehicle and naïve animals, 
with a significant suppression of body licking (P < 0.001), and a trend 
toward suppression of head grooming. Relative to vehicle-exposed rats, 
THC significantly suppressed body grooming in females (P < 0.001), 
and only trended toward suppressing all grooming for both sexes. 

5. Discussion 

This study examined potential routes through which THC might be 
absorbed in adolescent male and female rats following aerosol (“vapor”) 
delivery. Addressing this issue is important to interpret experimental 
data obtained with this increasingly popular route of administration, 
because accumulation in the nasal cavity would enable a lipophilic drug 
such as THC to enter the brain through the cribriform plate, in addition 
to being absorbed via the lungs [29]. Nasal absorption is expected to 
result in faster onset of action and greater initial brain concentration 
than lung absorption alone, the primary route through which THC 
reaches the circulation in cannabis smokers. 

The first finding of our study is that, irrespective of sex, the rat nasal 
mucosa captures substantial amounts of aerosolized THC. After a 30-min 
exposure, average concentrations of the drug were approximately 5 
times higher in mucosal tissue than in lungs and 80 times higher than in 
plasma. A direct comparison with intraperitoneal administration high-
lighted the ability of aerosol exposure to deliver THC to the nasal mu-
cosa, as well as to the lungs. The large amount of THC found in these two 
organs suggests that absorption may take place via both routes. Con-
firming this possibility, we found that intranasal infusion delivered THC 
to the brain, though less effectively than inhalation. The findings are 
consistent with prior reports, which have shown that aerosol THC 
exposure results in shorter onset of action and greater initial concen-
trations in brain, compared to the intraperitoneal and subcutaneous 
routes [14,30]. The fast kinetics of nasal and pulmonary absorption 
might also contribute to why rats self-administer aerosols of THC-rich 

Fig. 4. Rate of production of 11-OH-THC from THC in nasal mucosa and lung 
microsomes from naïve adolescent male ( ) and female ( ) rats. 11-COOH- 
THC was below the limit of detection in both tissues. Data are shown as 
pmol/min/mg of protein. Bars represent mean ± SEM, n = 4. * *P < 0.01, 
significant difference compared to nasal mucosa, two-way ANOVA. 

Fig. 5. Concentrations of THC (top) and 11-OH-THC (bottom) in nasal mucosa (A, C) or lungs, plasma, olfactory bulb, and cerebellum (B, D) of adolescent male ( ) 
and female ( ) rats after intranasal infusion of THC (5 mg/kg). To match the aerosol exposure protocol, tissues were collected 35 min after administration. Symbols 
represent mean ± SEM, n = 4. 
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cannabis extracts in a response-contingent setting [20,21]. 
Another noteworthy finding is that nasal mucosa tissue converts 

inhaled THC into the highly psychoactive metabolite 11-OH-THC. This 
finding is novel, but not completely unexpected. Previous research 
showed that rat nasal mucosa and lungs express various cytochrome P450 
isoforms [31,32] which catalyze this reaction [33-35]. THC biotrans-
formation in nasal mucosa is likely to be functionally relevant because 
the maximal concentrations reached by 11-OH-THC in the nasal cavity 
were sizeable (double-digit micromolar) and approximately 80 times 
higher than those found in plasma. Of note, the ratios of 11-OH-THC to 
THC (AUC11-OH-THC/AUCTHC) found in plasma and brain are comparable 
to those previously reported for intraperitoneal injection. For example, 
in males, plasma 11-OH-THC/THC ratios are: aerosol (100 mg/mL), 
0.07 ± 0.005; intraperitoneal (0.5 mg/kg), 0.07 ± 0.01; and intraperi-
toneal (5 mg/kg) 0.10 ± 0.01 [11]. The findings thus suggest that 
aerosolized THC undergoes significant metabolism in both nose and 
lungs. Interestingly, however, in these two tissues THC biotransforma-
tion seemingly stops with 11-OH-THC and does not proceed to the 
inactive product 11-COOH-THC. Nasal mucosa and lungs thus appear to 
differ from liver, which readily converts THC into both 11-OH-THC and 
11-COOH-THC [36]. This discrepancy might be attributed to possible, 
but as-yet unidentified, tissue-selective differences in alcohol dehydro-
genase and aldehyde dehydrogenase activities [37,38], which oxidize 
11-OH-THC into 11-COOH-THC. Supporting the possibility that aero-
solized THC bypasses liver metabolism, 11-COOH-THC was also 

undetectable in plasma and brain. 
In rodents and humans, the conversion of THC into 11-OH-THC is 

sexually dimorphic, with adult females showing higher rates of con-
version compared to adult males [9,39]. However, in nasal mucosa or 
lungs of adolescent rats, we found no sex difference in the apparent Cmax 
and AUC of 11-OH-THC, or in the rate at which this compound is pro-
duced from THC. By contrast, as anticipated from previous studies [9,11, 
13], significantly higher apparent Cmax and AUC for 11-OH-THC were 
observed in female plasma and brain, compared to males. It appears 
therefore that nasal mucosa and lungs – which, as the present results 
indicate, may be two major sites of THC absorption and biotransfor-
mation following aerosol administration – do not metabolize THC in a 
sexually dimorphic manner. 

We expected that THC would deposit on the fur of rats undergoing 
whole-body aerosol exposure but were surprised by the quantities we 
found. In animals of both sexes, the fur was covered with sub-milligram 
amounts of the drug (approximately 150 mg/g of fur). As this layer is 
accessible to licking during self-grooming in the rat [24,25], we asked 
whether THC might be absorbed through buccal or oral absorption after 
self-grooming. A study designed to explore this possibility showed, 
however, that rats exhibit little or no grooming behavior in the two 
hours following aerosol THC exposure, which might be due either to 
aversion to the organoleptic properties of THC or to a generally sedative 
effect of the drug [13]. It is thus unlikely that buccal or oral absorption 
contribute to the pharmacological effects of aerosolized THC, at least 
following acute administration. 

The study has several limitations. First, it was conducted on 
adolescent animals only. The fastest growing segment of cannabis users 
are persons 55 years and older [40], so adult animals of different age 
groups should be evaluated to determine potential age-related differ-
ences in aerosolized THC accumulation in lungs, nose, and fur. Second, 
concentrations of THC and its metabolites were only assessed in the 
60 min interval following the aerosol session. This protocol is standard 
in the field [13,14,17,19,41,42], but its selection prevented us from 
obtaining a complete pharmacokinetic profile of inhaled THC. Third, the 
preponderant quantities of THC found in nasal mucosa and lungs, 
compared to plasma, suggests that the drug reaches the brain through 
both nasal and pulmonary absorption after inhalation by rats. However, 
the exact contributions of these two routes were not fully investigated, 
and we note that although THC concentrations were higher in nasal 
mucosa than lungs, the substantially larger surface area of the latter 
likely supports greater and faster drug absorption. One last caveat is that 
variables such as the drug vehicle employed, and the duration/para-
meters of exposure may affect THC accumulation in nose, lungs, and fur. 

Despite these limitations, the present results demonstrate that the 
nasal mucosa of adolescent rats captures large amounts of THC, and 
effectively transforms it into the bioactive metabolite 11-OH-THC, 
resulting in nasal absorption of both psychoactive compounds. The 
findings also show that aerosolized THC accumulates on rat fur, though 
it is unlikely to be ingested at pharmacologically relevant levels due to a 
suppression of grooming behavior by the drug. These findings do not 
detract from the value of aerosol THC delivery as an experimental ani-
mal model, but they should be taken into consideration when inter-
preting the relevance such data to human vaping behavior. Further, we 
suggest that THC aerosol exposure may capture features of human 
second-hand cannabis exposure – especially in infants [43], who (like 
rats) are preferential nose breathers [44]. This hypothesis deserves 
further examination. 
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Fig. 6. THC deposits on the fur of adolescent male ( ) and female ( ) rats 
after passive exposure to THC aerosol. Fur was collected 60 min after removal 
of the animals from the aerosol chambers. Data are shown as pmol/g of fur. Bars 
represent mean ± SEM, n = 4. 

Fig. 7. : Impacts of vehicle or THC vapor on grooming behavior of the head 
(unfilled symbols) or body (filled symbols) of adolescent male ( ) and female 
( ) rats after exposure to the chamber/vacuum only (naïve), vehicle vapor 
(VEH), or THC vapor (100 mg/mL). Bars represent mean ± SEM, n = 3 ani-
mals. *P < 0.05, * **P < 0.001, * ** *P < 0.0001, two-way ANOVA, not all 
statistics are shown for clarity. 
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[37] P. Julià, J. Farrés, X. Parés, Characterization of three isoenzymes of rat alcohol 
dehydrogenase. Tissue distribution and physical and enzymatic properties, Eur. J. 
Biochem. 162 (1) (1987) 179–189, https://doi.org/10.1111/j.1432-1033.1987. 
tb10559.x. 

[38] J.B. Morris, Uptake of acetaldehyde vapor and aldehyde dehydrogenase levels in 
the upper respiratory tracts of the mouse, rat, hamster, and guinea pig, Fundam. 
Appl. Toxicol.: Off. J. Soc. Toxicol. 35 (1) (1997) 91–100, https://doi.org/ 
10.1006/faat.1996.2263. 

[39] D.J. Sholler, J.C. Strickland, T.R. Spindle, E.M. Weerts, R. Vandrey, Sex differences 
in the acute effects of oral and vaporized cannabis among healthy adults, Addict. 
Biol. 26 (4) (2021), e12968, https://doi.org/10.1111/adb.12968. 

[40] C.J. Maxwell, B.M. Jesdale, K.L. Lapane, Recent trends in cannabis use in older 
Americans, Ann. Intern. Med. 174 (1) (2021) 133–135, https://doi.org/10.7326/ 
M20-0863. 

[41] J.L. Wiley, S.I. Taylor, J.A. Marusich, Δ9-Tetrahydrocannabinol discrimination: 
effects of route of administration in rats, Drug Alcohol Depend. 225 (2021), 
108827, https://doi.org/10.1016/j.drugalcdep.2021.108827. 

[42] J.D. Nguyen, Y. Grant, T.M. Kerr, A. Gutierrez, M. Cole, M.A. Taffe, Tolerance to 
hypothermic and antinoceptive effects of Δ9-tetrahydrocannabinol (THC) vapor 
inhalation in rats, Pharmacol., Biochem., Behav. 172 (2018) 33–38, https://doi. 
org/10.1016/j.pbb.2018.07.007. 

[43] L. Sangmo, T. Braune, B. Liu, L. Wang, L. Zhang, C.S. Sosnoff, B.C. Blount, K. 
M. Wilson, Secondhand marijuana exposure in a convenience sample of young 
children in New York City, Pediatr. Res. 89 (4) (2021) 905–910, https://doi.org/ 
10.1038/s41390-020-0958-7. 

[44] P.S. Bergeson, J.C. Shaw, Are infants really obligatory nasal breathers, Clin. 
Pediatr. 40 (10) (2001) 567–569, https://doi.org/10.1177/000992280104001006. 

A. Torrens et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.euroneuro.2017.10.037
https://doi.org/10.1016/j.euroneuro.2017.10.037
https://doi.org/10.1038/s41598-017-00516-x
https://doi.org/10.1038/s41598-017-00516-x
https://doi.org/10.1006/taap.1996.7975
https://doi.org/10.1006/taap.1996.7975
https://doi.org/10.1126/science.172.3979.165
http://refhub.elsevier.com/S1043-6618(22)00546-1/sbref28
http://refhub.elsevier.com/S1043-6618(22)00546-1/sbref28
http://refhub.elsevier.com/S1043-6618(22)00546-1/sbref28
http://refhub.elsevier.com/S1043-6618(22)00546-1/sbref28
https://doi.org/10.1016/0006-2952(93)90516-y
http://refhub.elsevier.com/S1043-6618(22)00546-1/sbref30
http://refhub.elsevier.com/S1043-6618(22)00546-1/sbref30
http://refhub.elsevier.com/S1043-6618(22)00546-1/sbref30
https://doi.org/10.1111/j.1432-1033.1987.tb10559.x
https://doi.org/10.1111/j.1432-1033.1987.tb10559.x
https://doi.org/10.1006/faat.1996.2263
https://doi.org/10.1006/faat.1996.2263
https://doi.org/10.1111/adb.12968
https://doi.org/10.7326/M20-0863
https://doi.org/10.7326/M20-0863
https://doi.org/10.1016/j.drugalcdep.2021.108827
https://doi.org/10.1016/j.pbb.2018.07.007
https://doi.org/10.1016/j.pbb.2018.07.007
https://doi.org/10.1038/s41390-020-0958-7
https://doi.org/10.1038/s41390-020-0958-7
https://doi.org/10.1177/000992280104001006

	Nasal accumulation and metabolism of Δ9-tetrahydrocannabinol following aerosol (‘vaping’) administration in an adolescent r ...
	1 Introduction
	2 Materials and methods
	2.1 Chemicals and solvents
	2.2 Animal subjects
	2.3 Aerosol equipment
	2.4 Aerosol THC administration
	2.5 Intranasal THC administration
	2.6 Intraperitoneal THC administration
	2.7 Microsome preparation
	2.8 THC metabolism in nasal mucosa and lung microsomes
	2.9 Liquid chromatography/tandem mass spectrometry (LC/MS-MS) analyses
	2.9.1 Sample Preparation
	2.9.2 LC/MS-MS Conditions

	2.10 Grooming behavior

	3 Statistical analyses
	4 Results
	4.1 Aerosolized THC accumulates in nasal mucosa
	4.2 Aerosolized THC is metabolized to 11-OH-THC in nasal mucosa
	4.3 Nasal mucosa and lung microsomes metabolize THC in vitro
	4.4 Distribution and metabolism of intranasally administered THC
	4.5 Aerosolized THC deposits on fur

	5 Discussion
	Funding
	CRediT authorship contribution statement
	Author Contributions
	Declaration of Competing Interest
	Data Availability
	References


