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ABSTRACT 

 
We investigated the pharmacokinetic properties of Δ9-tetrahydrocannabinol (Δ9-THC), the main 

psychoactive constituent of cannabis, in adolescent and adult male mice. The drug was 

administered at logarithmically ascending doses (0.5, 1.6 and 5 mg/kg, intraperitoneal) to pubertal 

adolescent (37-day old) and adult (70-day old) mice. Δ9-THC and its first-pass metabolites – 11-

hydroxy-Δ9-THC (11-OH-THC) and 11-nor-9-carboxy-Δ9-THC (11-COOH-THC) – were quantified 

in plasma, brain and white adipose tissue (WAT) using a validated isotope-dilution liquid 

chromatography/tandem mass spectrometry assay. '9-THC (5 mg/kg) reached 50% higher 

circulating concentration in adolescent than in adult mice. A similar age-dependent difference was 

observed in WAT. Conversely, 40% to 60% lower brain concentrations and brain-to-plasma ratios 

for '9-THC and 50% to 70% higher brain concentrations for '9-THC metabolites were measured 

in adolescent relative to adult animals. Liver microsomes from adolescent mice converted '9-THC 

into 11-COOH-THC twice as fast as adult microsomes. Moreover, the brain of adolescent mice 

contained higher mRNA levels of the multi-drug transporter Abcg2, which may extrude '9-THC 

from the brain, and higher mRNA levels of claudin-5, a protein that contributes to blood-brain 

barrier integrity. Finally, administration of '9-THC (5 mg/kg) reduced spontaneous locomotor 

activity in adult, but not adolescent animals. The results reveal the existence of multiple 

differences in the distribution and metabolism of Δ9-THC between adolescent and adult male 

mice, which might influence the pharmacological response to the drug. 
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SIGNIFICANCE STATEMENT  
 
Animal studies suggest that adolescent exposure to Δ9-tetrahydrocannabinol (Δ9-THC), the 

intoxicating constituent of cannabis, causes persistent changes in brain function. These studies 

generally overlooked the impact that age-dependent changes in the distribution and metabolism 

of the drug might exert on its pharmacological effects. This report provides a comparative analysis 

of the pharmacokinetic properties of Δ9-THC in adolescent and adult male mice, and outlines 

multiple functionally significant dissimilarities in the distribution and metabolism of Δ9-THC 

between these two age groups.    
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INTRODUCTION 
 
As with other psychoactive drugs, cannabis use typically starts in early teenage years and 

progressively increases throughout adolescence: in 2018, 35.7% of 12th graders in American 

schools tried the drug at least once (Johnston et al., 2019). Teenagers use cannabis more than 

any other recreational substance and many also experiment with novel synthetic cannabinoids 

(Johnston et al., 2019). Furthermore, the growing diffusion of medical cannabis-derived products 

– for example, for childhood epilepsy and autism symptoms – is exposing new groups of young 

people to the drug. These trends are of particular concern within a social context in which 

broadening acceptance and legislative changes fuel financial interests that can potentially 

override public health and safety concerns (Piomelli, 2015; Kalant, 2015).  

Brain networks controlling human emotion and cognition are still actively developing during 

adolescence (Spear, 2000; Steinberg, 2005), and this plastic state makes them particularly 

sensitive to disruption by cannabinoid agents and other insults (Lubman et al., 2015). Indeed, 

there is an overall consensus across epidemiological surveys that adolescent-onset use of 

cannabis is associated with impairments in cognition and affect that continue into adulthood even 

after use of the drug has stopped (Schweinsburg et al., 2008). Supporting a causal link between 

cannabis use and changes in brain function, studies showed that exposing adolescent mice and 

rats to the psychotropic constituent of cannabis, Δ9-tetrahydrocannabinol (Δ9-THC), or one of its 

synthetic mimics causes persistent dysregulations in affect, memory and reward-seeking 

behavior (for review, see Rubino and Parolaro, 2016). Despite their mechanistic value, these 

animal experiments generally discounted the possible pharmacodynamic consequences of age-

related changes in the absorption, distribution and metabolism of Δ9-THC. Such changes are to 

be expected, however. Indeed, the scientific literature offers substantial evidence for 

developmental regulation of xenobiotic metabolism via the hepatic cytochrome P450 (CYP450) 

system (Sadler et al., 2016), plasma protein binding activity (Sethi et al., 2016) and blood-brain 

barrier (BBB) function (Goodall et al., 2018). These parameters are critical to the disposition of 
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Δ9-THC, a hydrophobic substance that avidly binds to serum albumin (Wahlqvist et al., 1970; 

Fanali et al., 2011), undergoes extensive first-pass liver metabolism (for review, see Huestis, 

2007; Lucas et al., 2018) (Supplementary Fig. 1), and must enter the brain to produce its 

characteristic intoxicating effects.   

To fill this knowledge gap, in the present study we carried out a comparative analysis of the 

pharmacokinetic (PK) properties of Δ9-THC in pubertal adolescent (37 day-old) and adult (70 day-

old) male mice. We administered the drug by intraperitoneal (IP) injection, the most common route 

used in animal models, and quantified Δ9-THC and its main CYP450 metabolites [11-hydroxy-Δ9-

THC (11-OH-THC) and 11-nor-9-carboxy-Δ9-THC (11-COOH-THC)] in plasma, brain and white 

adipose tissue (WAT) using an isotope-dilution liquid chromatography/tandem mass spectrometry 

(LC-MS/MS) assay validated following Food and Drug Administration guidelines (Vozella et al., 

2019). Additionally, we measured (i) the conversion of Δ9-THC into 11-OH-THC and 11-COOH-

THC by liver microsomal fractions; (ii) the transcription in brain of multi-drug transporters, Abcb1 

and Abcg2, which are thought to extrude '9-THC from the brain (Leishmann et al., 2018), and of 

claudin-5, a tight-junction protein involved in BBB integrity (Greene et al., 2019); and (iii) the 

effects of Δ9-THC (5 mg/kg) on spontaneous locomotor activity. The results reveal the existence 

of significant dissimilarities in the distribution and metabolism of Δ9-THC between adolescent and 

adult mice, which might influence wide-ranging pharmacological responses to the drug. 
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MATERIALS AND METHODS 
 
Chemicals and solvents 

[2H3]-'9-THC, [2H3]-11-OH-THC, and [2H3]-11-COOH-THC were purchased from Cerilliant (Round 

Rock, TX). '9-THC was from Cayman Chemicals (Ann Arbor, MI).  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).  

 

Animals 

Adolescent (post-natal day, PND, at arrival: 25-30, 15-20 g) and adult (PND ≥ 60, 20-25 g) male 

C57BL/6 mice were obtained from Charles River (Wilmington, MA). They were housed in groups 

of 4 and were allowed to acclimate for at least 3 days before experiments. Housing rooms were 

maintained on a 12-h light/12-h dark cycle (lights on 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 (protocol number AUP 18-053) 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.  

 

Pharmacokinetic experiments 

We dissolved '9-THC (Cayman) in a vehicle consisting of Tween80/saline (5:95, v/v) (Burston et 

al., 2010) and administered it at ascending dosages (0.5, 1.6 or 5 mg/kg) by intraperitoneal (IP) 

injection to pubertal adolescent (PND 37) or adult (PND 70) mice in an injection volume of 10 

mL/kg. Mice were anesthetized with isoflurane at various time points (15, 30, 60, 120, 240 and 

480 min) after injection of one of the '9-THC doses, blood (approximately 0.5 mL) was collected 

by cardiac puncture into ethylenediamine-tetraacetic acid (EDTA)-rinsed syringes and transferred 

into 1 mL polypropylene plastic tubes containing spray-coated potassium-EDTA (K2-EDTA). 
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Plasma was prepared by centrifugation at 1450×g at 4°C for 15 min, and transferred into 

polypropylene tubes, which were immediately frozen and stored at -80oC. Analyses were 

conducted within one week or less of sample collection. The animals were euthanized by 

decapitation and their brains were quickly removed and bisected mid-sagittally on an ice-cold 

glass plate. Epididymal white adipose tissue (WAT) was collected and rinsed in cold saline. All 

tissue samples were frozen on dry ice and stored at -80°C until analyses.  

 

Sample preparation  

Plasma (0.1 mL) was transferred into 8 mL glass vials (Thermo Fisher) and proteins were 

precipitated by addition of 0.5 mL ice-cold acetonitrile containing 1% formic acid and the following 

internal standards (ISTD): [2H3]-'9-THC, [2H3]-11-OH-THC, and [2H3]-11-COOH-THC, 50 pmol 

each. Half-brains were homogenized in 5 mL ice-cold acetonitrile containing 1% formic acid. The 

homogenates (1 mL) were collected and spiked with 50 pmol ISTD. Epididymal WAT (20-30 mg) 

was homogenized in 1 mL of ice-cold acetonitrile containing 1% formic acid and 50 pmol ISTD. 

Plasma, brain, and WAT 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 Technologies, Santa Clara, CA) and eluted under 

vacuum (3–5 mmHg). For brain and WAT fractionation, EMR cartridges were pre-washed with 

water/acetonitrile (1:4, v/v). No pretreatment 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 vacuum pressure was increased gradually to 10 mmHg to ensure maximal 

analyte recovery. Eluates were dried under N2 and reconstituted in 0.1 mL of methanol containing 
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0.1% formic acid. Samples were transferred to deactivated glass inserts (0.2 mL) placed inside 

amber glass vials (2 mL; Agilent Technologies). 

 

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

A representative LC-MS/MS tracing is illustrated in Supplementary Figure 2. LC separations were 

carried out using a 1200 series LC system (Agilent Technologies), consisting of a binary pump, 

degasser, thermostated 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 Pm, 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 PL. 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 quantified by 

multiple reaction monitoring (MRM) of the following transitions: '9-THC 315.2 > 193.0 m/z, [2H3]-

'9-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, we further verified the identity of '9-THC by monitoring the transition 315.2 > 135.0 

m/z (Supplementary Fig. 2). 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 (Vozella et al., 2019). 
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The MassHunter software (Agilent Technologies) was used for instrument control, data 

acquisition, and data analysis.  

 

Liver microsome preparation 

Microsomes were prepared as described (McDougle et al., 2014) with minor modifications. Briefly, 

mouse livers 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 (BCA) assay. 

 

'9-THC metabolism in liver microsomes 

Microsomes (1 Pg protein) were combined in a solution of potassium phosphate (0.1 M, pH 7.4) 

and rat cytochrome P450 reductase (0.2 μM). After a 5 min, 37°C preincubation with '9-THC (40 

μM, final concentration of DMSO was 1.2%), 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 performed as previously reported (Huff et 

al., 2019). Briefly, the quenched reactions were vortexed 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 acetonitrile (0.1 mL) and 11-OH-THC 

and 11-COOH-THC were quantified by LC-MS/MS using a 5500 QTRAP LC-MS/MS system 
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(Sciex, Framingham, MA) connected to a 1200 series LC system (Agilent Technologies, Santa 

Clara, CA), which included a degasser, an autosampler, and a binary pump. The LC separation 

was performed on an Agilent Eclipse XDB-C18 column (4.6 × 150 mm, 5 μm) with mobile phase 

A (0.1% formic acid in water) and mobile phase B (0.1% formic acid in acetonitrile). The flow rate 

was 0.4 mL/min and the linear gradient was as follows: 0-2 min, 90% A; 10-23 min, 5% A; 24-31 

min, 90% A. The autosampler was set at 5°C and the injection volume was 10 μL. Mass spectra 

were acquired under positive (ion spray voltage 5500 V) ESI. The source temperature was 450°C. 

The curtain gas, ion source gas 1, and ion source gas 2 were 32, 65, and 50 psi, respectively. 

MRM was used for quantitation: '9-THC 315.2 > 193.0 m/z; 11-OH-THC 331.2 > 331.2 m/z; 11-

COOH-THC 345.2 > 327.2 m/z. Internal standard was [2H9]-'9-THC (324.2 > 202.1 m/z). Software 

Analyst 1.6.2 was used for data acquisition and analysis. 

 

RT-PCR analyses 

Total RNA was prepared from brain tissue of adolescent (PND 37) and adult (PND 70) male mice 

using an Ambion PureLink RNA minikit (Life Technologies, Carlsbad, CA) as directed by the 

supplier. Samples were treated with DNase (PureLink DNase, Life Technologies) and cDNA 

synthesis was carried out using Applied Biosystems High Capacity cDNA Reverse Transcription 

Kit (Thermofisher) according to the manufacturer’s protocol using purified RNA (2 µg). First-strand 

cDNA was amplified using the QuantiFast SYBR Green PCR Kit (Qiagen, Hilden, Germany), 

fluorogenic probes, and oligonucleotide primers. Copy numbers of cDNA targets were quantified 

at the point during cycling when the PCR product was first detected. Gene-specific primers for 

mouse ATP-binding cassette (ABC) transporters, P-glycoprotein (Abcb1, F: 5’-

CCCGGCTCACAGATGATGTT-3’ and R: 5’-TTCCAGCCACGGGTAAATCC-3’) and breast 

cancer resistance protein (Abcg2, F: 5’-CAGCAAGGAAAGATCCAAAGGG-3’ and R: 5’-

CACAACGTCATCTTGAACCACA-3’), and integral membrane protein, claudin-5 (Cldn5, F: 5’-
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TGACTGCCTTCCTGGACCACAA-3’ and R: 5’-CATACACCTTGCACTGCATGTGC-3’), were 

purchased from Life Technologies. Quantitative PCR was performed in 96-well PCR plates and 

run at 95°C for 10 min, followed by 40 cycles, each cycle consisting of 15 s at 95°C and 1 min at 

60°C, using a Stratagene Mx 3000P (Agilent). The BestKeeper software (Pfaffl et al., 2004) was 

used to determine expression stability and geometric mean of different housekeeping genes 

(Gapdh and Actin-b). ΔCt values were calculated by subtracting the Ct value of the geometric 

mean of these housekeeping genes from the Ct value for the genes of interest. The relative 

quantity of the genes of interest was calculated by the expression 2^-ΔΔCt. Results are reported 

as fold induction over control. 

 

Motor activity 

Animals were habituated to the test cages for 3 days prior to trial. Adult and adolescent mice were 

injected IP with vehicle (saline, 0.9%) or '9-THC (5 mg/kg) and motor activity was recorded using 

an automated system (TSE Technical & Scientific Equipment GmbH, Bad Homburg, Germany) 

starting at 9:00 AM and lasting for 6 h, the first 2 h of activity were analyzed. The system consisted 

of cages equipped with an activity-detecting frame with 6x2 infrared sensors in the XY-plane (56 

mm apart on the long axis, 140 mm apart on the short) and 4 sensors in the Z plane (56 mm 

apart). The XY plane the recorded horizontal position of the animal and the Z plane detected 

rearing and jumps (vertical activity). Each sensor consisted of a transmitting and receiving 

component arranged at right angles. Sensors scanned sequentially at a rate of 56 Hz to determine 

the coordinates of each animal. Each sensor interruption was registered as a “beam break”. The 

data were analyzed as average number of beam breaks per 30 min. 

 

Analyses of PK data 
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We analyzed PK data using a non-compartmental model (Gabrielsson and Weiner, 2012). 

Maximal concentration (Cmax) and area under the curve (AUC) were measured using GraphPad 

Prism 8 (La Jolla, CA) and other PK parameters (elimination rate constant (Oz), clearance (CL), 

volume of distribution (VD), and half-life time of elimination (t1/2)) were determined as described 

(Gabrielsson and Weiner, 2012). In regards to CL and VD calculations, the following equations 

were used: CL = dose/AUC; VD = CL/Oz. Times at which the maximal concentrations were reached 

(Tmax) were determined by visual inspection of averaged data.     

 

Statistical analyses 

Data were analyzed using GraphPad Prism 8 by either Student’s unpaired t-test or two-way 

analysis of variance (ANOVA) with Bonferroni post hoc analysis. Outliers were determined using 

Grubbs’ outlier test. Differences between groups were considered statistically significant at P < 

0.05. 
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RESULTS 
 
Pharmacokinetic profile of '9-THC in mouse plasma 

Figure 1A-C shows the plasma PK profiles for '9-THC and its two main first-pass metabolites, 11-

OH-THC and 11-COOH-THC, in adult (PND 70) male mice after IP administration of 

logarithmically ascending doses of '9-THC (0.5, 1.6 or 5 mg/kg). Table 1 reports the peak 

concentration (Cmax) in plasma, the area under the curve (AUC), the time at which Cmax was 

attained (Tmax) and the half-life time (t1/2) of elimination for each of the three compounds. At the 5 

mg/kg dose, '9-THC reached a Cmax of 631 r 64 pmol/mL (198 r 20 ng/mL, mean r SEM) with a 

Tmax of 30 min. Maximal plasma concentrations of 11-OH-THC and 11-COOH-THC were 65 r 6 

pmol/mL and 260 r 18 pmol/mL, respectively, and were also reached 30 min after injection. 

Plasma t1/2 values for '9-THC were comparable across dosages (109 r 7 min at 5 mg/kg, 108 r 

18 min at 1.6 mg/kg, and 92 r 10 min at 0.5 mg/kg). The apparent volume of distribution (VD) of 

'9-THC in adult mice, calculated using a non-compartmental pharmacokinetic model (Gabrielsson 

and Weiner, 2012), was 808 r 83 mL (Oz = 0.005 r 0.0004), and the clearance (CL) was 4.4 r  0.2 

mL/min.  

Similar plasma PK profiles were observed in pubertal adolescent (PND 37) mice, with some 

notable exceptions (Fig. 1D-F and Table 1). At the 5 mg/kg dose, the Cmax for '9-THC was 76% 

higher in adolescents than in adults. Moreover, at the 5 and 0.5 mg/kg doses, plasma Cmax and 

AUC values for '9-THC metabolites were greater than the corresponding concentrations in adult 

mice. For example, after injection of 5 mg/kg '9-THC, the Cmax for 11-COOH-THC was 2.5 times 

higher in adolescents than in adults (654 r 22 vs 260 r 18 pmol/mL). At the same dose, the 

plasma Tmax for '9-THC occurred earlier in adolescent (15 min) than in adult (30 min) animals, 

and elimination was faster (t1/2 = 75 r 9 vs 109 r 7 min). The VD of '9-THC in adolescents was 

442 r 54 mL (Oz = 0.008 r 0.001), and the CL was 3.6 r 0.1 mL/min, and both were lower (P < 
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0.05) than the corresponding values in adults, providing a possible explanation for the higher peak 

concentrations of '9-THC in plasma, compared to adults.  

 

Pharmacokinetic profile of '9-THC in brain 

The PK profiles of '9-THC and its metabolites in the brain of adult mice are illustrated in Figure 

2A-C. Key PK parameters are reported in Table 2. At 5 mg/kg, the Cmax for '9-THC was 1126 r 

110 pmol/g, the Tmax was 120 min and the t1/2 of elimination was 119 r 9 min. Of note, the brain-

to-plasma ratio of '9-THC was relatively low (1.9 r 0.4) (Table 3), but consistent with values 

previously reported in the literature (Watanabe et al., 1980; Spiro et al., 2012). 11-OH-THC and 

11-COOH-THC reached Cmax values of 339 r  49 and 89 r  6 pmol/g, respectively, both at a Tmax 

of 120 min (Table 2). The brain-to-plasma ratios for 11-OH-THC and 11-COOH-THC were 6.4 r 

0.9 and 0.4 r 0.04, respectively (Table 3).   

Comparing the data in Figure 2A and Figure 2D show that, at the 5 mg/kg dose, brain Cmax for '9-

THC was 55% higher in adult than in adolescent mice. The AUC was also 38% higher in the older 

group (Table 2). Conversely, Cmax and AUC values for '9-THC metabolites were either lower or 

showed trends to be lower in adult animals. Lastly, the brain-to-plasma ratios for '9-THC and its 

metabolites were higher in adults than in adolescents (Table 3). In sum, the findings suggest that 

adolescent mice treated with '9-THC attain lower peak brain concentrations of the non-

metabolized drug, but higher brain concentrations of its metabolites, relative to adults. This finding 

is suggestive of age-dependent changes in the ability of '9-THC and its metabolites to access the 

brain, and raises the intriguing possibility that the drug might undergo local metabolism within the 

central nervous system. 

  

Pharmacokinetic profile of '9-THC in WAT 
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Figure 3 shows the PK profiles of '9-THC and its first-pass metabolites in epididymal WAT. PK 

parameters are reported in Table 4.  In adult mice, injection of 5 mg/kg '9-THC produced a Cmax 

of 134 r 16 nmol/g (1.34 x 105 pmol/g) at a Tmax of 30 min (Fig. 3A). The Cmax for 11-OH-THC was 

2 r 0.2 nmol/g (at Tmax 30 min) and the Cmax for 11-COOH-THC was 0.1 r 0.01 nmol/g (at Tmax 

120 min) (Fig. 3B, C). Because '9-THC concentrations in WAT remained virtually unchanged for 

the entire duration of the experiment (8 hours), t1/2 values could not be calculated. The WAT-to-

plasma ratio for '9-THC was 200.9 r 7.9, more than 100 times higher than the brain-to-plasma 

ratio, while the corresponding values for 11-OH-THC and 11-COOH-THC were 29.7 r 3.8 and 0.4 

r 0.02, respectively (Table 3), a striking confirmation that adipose tissue serves as a depot for '9-

THC and its metabolites (Kreuz and Axelrod, 1973).  

In WAT of adolescent mice, Cmax and AUC values for '9-THC were 81% and 61% higher, 

respectively, than in adults at the 5 mg/kg dose. The Cmax for 11-COOH-THC was greater in 

adolescents than in adults at 5 mg/kg, whereas no statistically detectable differences were seen 

with 11-COOH-THC at lower '9-THC doses or with 11-OH-THC at any '9-THC dose. Inconsistent 

variations were observed in Tmax, which, depending on dose and analyte, could be higher, lower 

or unchanged between the two age groups (Table 4). Of note, the WAT-to-plasma ratio for '9-

THC was comparable in younger and older animals, whereas lower ratios were seen in the former 

group for both 11-OH-THC and 11-COOH-THC (Table 3). Overall, the results are indicative of a 

more pronounced accumulation of '9-THC per unit weight of WAT in adolescent mice, compared 

to adults.  

 

'9-THC metabolism in liver microsomes 

The different plasma profiles of 11-COOH-THC in adolescent and adult mice raise the possibility 

that '9-THC may undergo age-related changes in first-pass metabolism (Fig. 1 and Table 1). To 

test this, we measured the sequential transformation of '9-THC into 11-OH-THC and 11-COOH-
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THC (Supplementary Fig. 1) by liver microsomes. In microsomal preparations from adolescent 

mice, '9-THC was converted into 11-COOH-THC at a rate of 0.012 r 0.003 pmol/min/mg, which 

was approximately twice as rapid as the rate measured in adult microsomes (0.006 r 0.002 

pmol/min/mg) (Fig. 4A). By contrast, the biotransformation of '9-THC into 11-OH-THC was 

somewhat slower in adolescents compared to adults (adolescents: 1.5 r 0.19 pmol/min/mg; 

adults: 1.9 r 0.05 pmol/min/mg) (Fig. 4B). These findings are consistent with the hypothesis that 

adolescent mice metabolize '9-THC into 11-COOH-THC more effectively than adults do.  

 

ABC-transporter and claudin-5 mRNA levels in brain 

The brain-to-plasma ratio for '9-THC was lower in adolescent mice (Table 3), suggesting that the 

ability of the drug to access the brain may change with age. To begin testing this hypothesis, we 

quantified mRNA levels of breast cancer resistance protein (Abcg2) and P-glycoprotein (Abcb1), 

two ATP-binding cassette (ABC) transporters present that are thought to extrude '9-THC across 

the BBB (Spiro et al., 2012). Extracts of adolescent brain tissue contained P < 0.5 higher levels 

of Abcg2 transcript, compared to adult tissue (Fig 5A). By contrast, Abcb1 mRNA levels were 

similar in the two age groups (Fig. 5B). We also measured transcription of claudin-5 (Cldn5), a 

tight junction protein that contributes to BBB structure (Nitta et al., 2003), and found that its mRNA 

levels were P < 0.5 higher in adolescent than in adult brain (Fig. 5C). Thus, alterations in the 

expression of structural and functional constituents of the BBB might account for the lower '9-

THC concentrations observed in the brain of adolescent mice.  

 

Motor effects of '9-THC in adolescent and adult mice 

A comparative pharmacodynamic evaluation of adolescent versus adult mice is beyond the scope 

of the present study. However, a testable prediction from the PK data presented above is that 

adolescents might be less sensitive than adults to the effects of '9-THC. To test this, we 
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administered vehicle (saline, 0.9%) or '9-THC (5 mg/kg) to groups of adolescent and adult male 

mice (n = 10 per group) and measured locomotor activity in a familiar environment for the following 

2 hours. The results, illustrated in Fig. 6, suggest that '9-THC caused a rapid and short-lived 

decrease in locomotor activity in adult, but not adolescent male mice. This finding supports the 

possibility, suggested by our PK studies, that the central nervous system of adolescent mice is 

partially protected from the pharmacological effects of '9-THC.   

  

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 28, 2020 as DOI: 10.1124/jpet.120.265892

 at A
SPE

T
 Journals on A

pril 16, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 265892 
 

 19 

DISCUSSION 
 
The long-term consequences of '9-THC exposure during adolescence have been the object of 

many animal studies (for a recent review, see Rubino and Parolaro, 2016), but the question of 

whether the PK properties of the drug might change in the transition from adolescence to 

adulthood was not systematically addressed. Filling this gap is important, however, to understand 

whether age-dependent changes in the pharmacological response to '9-THC may result solely 

from developmental alterations in endocannabinoid signaling – for example, in the number of 

cannabinoid receptors or intrinsic activity of the endocannabinoid system – or might also involve 

adjustments in the distribution, biotransformation and elimination of the drug. In the present report, 

we assessed the PK behavior of '9-THC and its two primary first-pass metabolites, 11-OH-THC 

and 11-COOH-THC, following IP administration in adolescent and adult male mice. The results 

identify multiple dissimilarities in the distribution and metabolism of Δ9-THC between the two age 

groups, including potentially relevant differences in peak drug concentrations in plasma and brain, 

brain-to-plasma ratio, and CYP450-mediated metabolism. These results may have wide-ranging 

implications for the interpretation of mouse adolescent Δ9-THC exposure studies.     

In the present report, we selected the IP route of administration for two reasons: first, it’s the route 

most frequently used in animal studies and, second, it represents a realistic compromise between 

experimental feasibility and human relevance. In fact, our results show that IP injection results in 

substantial and reproducible tissue concentrations of Δ9-THC in both adolescent and adult mice, 

and produces peaks in plasma concentrations that are quantitatively comparable to those 

observed in adult non-medical cannabis smokers (Huestis, 2007). For example, the data reported 

in Table 1 show that the Cmax for '9-THC after administration of a 5 mg/kg dose in adult mice (198 

r 20 ng/mL at 30 min) is similar to the Cmax measured in the blood of persons who smoked one 

cannabis cigarette containing |34 mg of '9-THC (162 r 34 ng/mL at | 8 min) (Huestis and Cone, 

2004). Such exposure levels are known to be associated with psychotropic activity in humans 
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(Huestis and Cone, 2004; Cooper and Haney, 2009) as well as in rodents (Pertwee, 2008) and, 

in the present study, yielded micromolar concentrations of '9-THC in the brain (1126 r 110 

pmol/g, | 1.1 PM), which are likely to fully engage cannabinoid receptors (Pertwee, 2008).  

At the 5 mg/kg dose, the peak plasma concentrations (Cmax) of '9-THC, 11-OH-THC and 11-

COOH-THC were all substantially greater in adolescent than in adult mice (Table 1): '9-THC Cmax 

was 76% higher, 11-OH-THC 83% higher, and 11-COOH-THC 152% higher. The AUC for 11-

COOH-THC was almost twice as large in adolescents as it was in adults (Table 1). Higher Cmax 

and AUC values may be consequent to a weaker diversion toward WAT, whose total mass rises 

as mice become adults, as also suggested by the lower VD measured in the adolescent group. 

Irrespective of its origin, greater '9-THC availability might account for the higher 11-OH-THC and 

11-COOH-THC concentrations measured in adolescent plasma. Two findings suggest, however, 

that accrued metabolism might also contribute. First, adolescents eliminated '9-THC at a faster 

rate than adults did: the plasma t1/2 was shorter in the younger group. Second, experiments with 

liver microsomes – where the majority of '9-THC biotransformation is thought to occur 

(Christensen et al., 1971; Agurell et al., 1986; Watanabe et al.,1993) – show that the conversion 

of '9-THC into the inactive metabolite 11-COOH-THC was faster in adolescents (Fig. 5), a result 

consistent with the known trajectory of CYP450 expression in the developing liver (Sadler et al., 

2016).  

Since plasma concentrations of '9-THC were higher in adolescent than in adult mice, we expected 

to find a parallel dissimilarity in the brain. This prediction turned out to be incorrect. In fact, Cmax, 

AUC and brain-to-plasma ratio for '9-THC (5 mg/kg) were substantially lower in adolescent 

animals (Tables 2 and 3). The brain-to-plasma ratio for '9-THC was 1.9 r 0.4 in adults, which is 

consistent with values reported in the literature (Watanabe et al., 1980; Spiro et al., 2012), but 

only 0.8 r 0.1 in adolescents. Similarly, the brain Cmax for '9-THC was 1126r 110 pmol/g in adults 
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and 725 r 60 pmol/g in adolescents. Supporting these results, pharmacological experiments 

showed that '9-THC (5 mg/kg) lowered spontaneous locomotor activity in adult, but not 

adolescent mice (Fig. 6). These findings raised the possibility that mechanisms might exist in 

adolescents which limit the entry of '9-THC into the central nervous system. As an initial test of 

this idea, we quantified mRNA levels of two multi-drug ABC transporters, Abcb1 and Abcg2, which 

were implicated in the removal of '9-THC from brain parenchyma (Spiro et al., 2012). We found 

that the transcription of Abcg2, but not Abcb1, was significantly higher in adolescent compared to 

adult mice (Fig. 5). A similar difference was seen with claudin-5, a protein that is involved in gap 

junction structure and BBB function (Nitta et al., 2003) and is down-regulated in adult mice 

following a single administration of '9-THC (3 mg/kg, IP) (Leishmann et al., 2018). Thus, 

developmental alterations in Abcg2 and Cldn5 transcription, and associated changes in 

blood/brain transfer function, might contribute to the differences in brain '9-THC concentration 

and pharmacodynamic response observed between adolescent and adult mice. Even though the 

brain access of '9-THC is detectably lower in adolescent than adult mice, the concentrations 

of '9-THC metabolites in the brain showed an opposite trend. For example, at the 1.58 and 5 

mg/kg doses of '9-THC, 11-COOH-THC levels were 40-70% higher in adolescents than in adults. 

Potential explanations for this intriguing finding might be the existence of age-dependent changes 

in either the transport of '9-THC metabolites across the BBB, and/or the metabolism of '9-THC 

in brain tissue. These explanations are non-exclusive, and testing them will require additional 

experimentation.  

The role of WAT as a reservoir for '9-THC is well established in the literature (Kreuz and Axelrod, 

1973; Rawitch et al., 1979; Johansson et al., 1989). Adipose cells can store this hydrophobic 

substance for weeks after a single injection (Kreuz and Axelrod, 1973) and can release it into the 

bloodstream when stimulated by lipolytic signals such as fasting or exercise (Gunasekaran et al., 

2009; Wong et al., 2013). Consistent with those data, we found that '9-THC (5 mg/kg) reached 
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sub-millimolar concentrations in WAT, and that such levels remained virtually unchanged for the 

following 8 hours (Fig. 4). Of note, the PK profile for '9-THC (5 mg/kg) in WAT displayed a unique 

bimodal shape that distinguished it from plasma and brain (Fig. 4). This might be due to the close 

anatomical proximity between injection sites in the peritoneum and epidydimal fat depots. It is 

possible, but remains to be demonstrated, that the first peak results from the direct diffusion of 

'9-THC from the peritoneal cavity into WAT, whereas the second occurs after the drug has 

entered the bloodstream. We noted several additional differences between adolescent and adult 

animals in the PK behavior of '9-THC in WAT. For example, depending upon the dose, Tmax could 

be longer, earlier or unchanged across age groups (Table 4). Despite these discrepancies, whose 

interpretation is unclear, the overall results are indicative of a greater accumulation of '9-THC and 

its metabolites per unit weight of adolescent WAT.  

The present report has several limitations, two of which are especially noteworthy. First, our 

experiments were restricted to male animals and did not address possible sexual dimorphisms in 

the PK properties of '9-THC. Previous research demonstrated the existence of sex-dependent 

differences in the biotransformation of '9-THC into 11-OH-THC in adolescent rats (Wiley and 

Burston, 2014) and similar dimorphisms are also likely to occur in mice. Indeed, a comparative 

survey of the PK properties of  '9-THC in male and female adolescent mice is currently underway 

in our laboratory. Second, cannabis extracts contain hundreds of chemical constituents, which 

may impact the PK properties of '9-THC. For instance, cannabidiol may inhibit '9-THC 

metabolism via CYP3A11 (Stout and Cimino, 2014) while some terpenoids (e.g., borneol) may 

alter blood-brain barrier permeability (Yin, 2017).  

In sum, our experiments reveal the existence of substantial differences in the distribution and 

metabolism of Δ9-THC between adolescent and adult male mice — a result with meaningful 

implications for the interpretation of studies comparing Δ9-THC effects in these two age groups. 

In particular, adolescent animals show higher peak concentrations of Δ9-THC in circulation, along 
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with more extensive CYP450-mediated metabolism and reduced entry of the drug into the brain. 

The developmental variations in Δ9-THC absorption and metabolism across the lifespan clearly 

deserve further study in both animal models and humans.   
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FOOTNOTES 
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This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 28, 2020 as DOI: 10.1124/jpet.120.265892

 at A
SPE

T
 Journals on A

pril 16, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 265892 
 

 32 

FIGURE LEGENDS 

Fig. 1. Plasma concentrations of '9-THC and its first-pass metabolites, 11-OH-THC and 11-

COOH-THC, after IP injection of '9-THC (5, 1.6, 0.5 mg/kg) in adult (A, B, C) or adolescent (D, 

E, F) mice. Symbols represent mean ± SD, n = 3 or 4 animals per data point, outliers removed 

using Grubb’s test for outliers.  

 

Fig. 2. Brain concentrations of '9-THC, 11-OH-THC and 11-COOH-THC, after IP injection of '9-

THC (5, 1.6, 0.5 mg/kg) in adult (A, B, C) or adolescent (D, E, F) mice. Symbols represent mean 

± SD, n = 3 or 4 animals per data point, outliers removed using Grubb’s test for outliers. 

 

Fig. 3. White adipose tissue (WAT) concentrations of '9-THC, 11-OH-THC and 11-COOH-THC 

after IP injection of '9-THC (5, 1.6, 0.5 mg/kg) in adult (A, B, C) or adolescent (D, E, F) mice. 

Symbols represent mean ± SD, n = 3 or 4 animals per data point, outliers removed using Grubb’s 

test for outliers. 

 

Fig. 4. Rate of formation (pmol/min/mg) of 11-COOH-THC (left) and 11-OH-THC (right) in liver 

microsomes of adult (●) and adolescent (■) mice. Bars represent mean ± SD, P < 0.05, n = 4 

animals per data point, Student’s t-test.  

 

Fig. 5. mRNA levels (RQ, Arbitrary Units) of ABC-transporters, Abcg2 (left), Abcb1 (center) and 

claudin-5 (Cldn-5, right) in brain of adult (●) and adolescent (■) mice. Bars represent mean ± 

SD, P < 0.05, n = 11 or 12 animals per data point, Student’s t-test.  
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Fig. 6. Time-course of the effects of vehicle (saline, 0.9%; ●) or '9-THC (5 mg/kg; ■) 

administration on motor activity in adult (A) and adolescent (B) mice. Symbols represent mean ± 

SD, P < 0.05, n = 10 per group, two-way ANOVA.  
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Table 1. Maximal concentration (Cmax) in plasma, time at which maximal concentration was 

reached (Tmax), and half-life of elimination (t1/2) for '9-THC and its metabolites in adult and 

adolescent mice after IP injection of '9-THC (5, 1.6, 0.5 mg/kg). Data are represented as means 

of n = 4 animals per data point. The standard error of the mean was in all cases >20% and was 

omitted for clarity. *P < 0.5; **P < 0.01; ***P < 0.001. Student’s t-test.  
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Analyte 
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/m
L) 

T
m
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(m
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'
9-

TH
C

 

5  
631 

91602 
30 

109 
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86125 
15 

75* 

1.6  
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32020 
15 

108 
392 

18080* 
15 
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0.5  
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9041 
15 

92 
83 

6261 
15 
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11-O
H

-
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C

 

5  
65 
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1.6  
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15 
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70*** 

0.5 
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11-
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C

 

5  
260 

64731 
30 

203 
654**** 

126607* 
60 

159 

1.6  
94 

19977 
30 

253 
96 

20798 
60 

244 

0.5  
25 

6104 
60 

225 
41** 

7969 
30 

222 
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Table 2. Maximal concentration (Cmax) in brain, time at which maximal concentration was reached 

(Tmax), and half-life of elimination (t1/2) for '9-THC and its metabolites in adult and adolescent mice 

after IP injection of '9-THC (5, 1.6, 0.5 mg/kg). Data are represented as means of n = 4 animals 

per data point. The standard error of the mean was in all cases >20% and was omitted for clarity. 

*P < 0.5; **P < 0.01; ***P < 0.001. Student’s t-test.  
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Analyte 
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Table 3. Tissue-to-plasma ratio for '9-THC and its metabolites (11-OH-THC and 11-COOH-THC) 

in brain or white adipose tissue (WAT) from adolescent and adult mice after IP injection of '9-

THC (5 mg/kg). *P < 0.5; **P < 0.01; ***P < 0.001. Student’s t-test, n = 4 animals per data point.   

Analyte 
Dose 

'9-THC 

Brain:Plasma WAT:Plasma 

Adult Adolescent Adult Adolescent 

'9-THC 

5 mg/kg 

1.9 0.8* 200.9 242.5 

11-OH-THC 6.3 3.8* 29.7 19.6* 

11-COOH-THC 0.4 0.2** 0.4 0.2*** 
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Table 4. Maximal concentration (Cmax) in white adipose tissue (WAT), time at which maximal 

concentration was reached (Tmax), and half-life of elimination (t1/2) for '9-THC and its metabolites 

in adult and adolescent male mice after IP injection of '9-THC (5, 1.6, 0.5 mg/kg). Data are 

represented as means of n = 4 animals per data point. The standard error of the mean was in all 

cases >20% and was omitted for clarity. *P < 0.5; **P < 0.01; ***P < 0.001. Student’s t-test. 

 

Analyte 

Dose 

'9-THC 

(mg/kg) 

Adult Adolescent 

Cmax 

(nmol/g) 

AUC 

(nmol•min/g) 

Tmax 

(min) 

Cmax 

(nmol/g) 

AUC 

(nmol•min/g) 

Tmax 

(min) 

'9-

THC 

5  134 55291 30 242* 89246 30 

1.6  51 23509 60 75 29904 30 

0.5  18 6677 120 34 5863 120 

11-OH-

THC 

5  2 323 30 3 336 30 

1.6  0.6 91 60 1* 93 30 

0.5 0.2 25 60 0.1 14* 15 

11-

COOH-

THC 

5  0.1 25 120 0.2** 35 60 

1.6  0.03 6 60 0.05* 8 30 

0.5  0.01 3 60 0.01 1* 30 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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