UC Irvine
UC Irvine Previously Published Works

Title

Comparative Pharmacokinetics of A9-Tetrahydrocannabinol in Adolescent and Adult Male and

Female Rats

Permalink

|https://escholarship.orgc/item/‘ﬁ82 1 2bg

Journal

Cannabis and Cannabinoid Research, 7(6)

ISSN
2578-5125

Authors

Torrens, Alexa
Roy, Pritam

Lin, Lin

Publication Date
2022-12-01

DOI
10.1089/can.2021.0205

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/478212bk
https://escholarship.org/uc/item/478212bk#author
https://escholarship.org
http://www.cdlib.org/

Cannabis and Cannabinoid Research
Volume 7, Number 6, 2022 Open camera or QR reader and

© Mary Ann Liebert, Inc. scan code to access this article
DOI: 10.1089/can.2021.0205 and other resources online.

Comparative Pharmacokinetics
of A®-Tetrahydrocannabinol in Adolescent
and Adult Male and Female Rats

Alexa Torrens,' Pritam Roy,” Lin Lin,' Cindy Vu,' Dakota Grimes," Victoria C. Inshishian,? Johanna S. Montesinos,
-1,56,%

Faizy Ahmed," Stephen V. Mahler®> Marylin A. Huestis,* Aditi Das,” and Daniele Piomelli

Abstract

Introduction: Studies in rodent models have shown that adolescent exposure to A°-THC, the psychotropic con-
stituent of cannabis, produces long-lasting alterations in brain function and behavior. However, our understand-
ing of how age and sex might influence the distribution and metabolism of THC in laboratory rodents is still
incomplete. In the present report, we provide a comparative analysis of the pharmacokinetic (PK) properties
of THC in adolescent and adult rats of both sexes, and outline several dissimilarities across these groups.
Materials and Methods: A single (acute) or 2-week daily (subchronic) administration of THC (0.5 or 5 mg/kg,
acute; 5mg/kg, subchronic; intraperitoneal) was given to adolescent (33-day-old, acute; 30-44-day-old, sub-
chronic) and young adult (70-day-old, acute only) male and female rats. THC and its first-pass metabolites—
11-hydroxy-A’-THC (11-OH-THC) and 11-nor-9-carboxy-A°-THC (11-COOH-THC)—were quantified in plasma
and brain tissue using a selective isotope-dilution liquid chromatography/tandem mass spectrometry assay.
Changes in body temperature were measured using abdominally implanted microchips. Biotransformation of
THC to its metabolites using freshly prepared liver microsomes was assessed.

Results: At the acute 5 mg/kg dose, maximal plasma concentrations of THC were twice as high in adult than in
adolescent rats. Conversely, in adults, brain concentrations and brain-to-plasma ratios for THC were substantially
lower (25-50%) than those measured in adolescents. Similarly, plasma and brain concentrations of THC metab-
olites were higher in adolescent male rats compared with adult males. Interestingly, plasma and brain concen-
trations of the psychoactive THC metabolite 11-OH-THC were twofold to sevenfold higher in female animals of
both ages compared with males. Moreover, liver microsomes from adolescent males and adolescent and adult
females converted THC to 11-OH-THC twice as fast as adult male microsomes. A dose-dependent hypothermic
response to THC was observed in females with 0.5 and 5 mg/kg THC, whereas only the highest dose elicited a
response in males. Finally, subchronic administration of THC during adolescence did not significantly affect the
drug’s PK profile.

Conclusions: The results reveal the existence of multiple age and sex differences in the distribution and meta-
bolism of THC in rats, which might influence the pharmacological response to the drug.

Keywords: A’-tetrahydrocannabinol; cannabis; pharmacokinetics; liquid chromatography/tandem mass
spectrometry
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Introduction

During human adolescence, the continuing maturation
of prefrontal cortical networks drives profound
changes in emotion, cognition, and motivation.”?
Because of these transformations, teenage years are a
time of great sensitivity to environmental insults and
of enhanced vulnerability to the persistent effects of
psychoactive substances such as cannabis.>* Evidence
suggests that initiation of cannabis use peaks at this
time and decreases after the age of 25, and that
adolescence-onset use heightens the risk for continued
use later in life.”

Importantly, there is evidence that high levels of can-
nabis exposure during adolescence may be associated
with higher rates of negative psychiatric, cognitive,
and socioeconomic outcomes in adulthood.® Sup-
porting a causal link between these events, preclinical
studies have shown that treating adolescent mice or
rats with the psychotropic constituent of cannabis,
Ag—tetrahydrocannabinol (THC) or one of its synthe-
tic mimics, causes persistent dysregulations of affect,
memory, and reward-seeking behavior.”

The influence that age, sex, and species differences
exert on the pharmacokinetic (PK) properties of THC
is still incompletely understood. To begin to fill this
knowledge gap, in a previous report we conducted a
comparative PK characterization of THC in adolescent
and adult male mice.® Two key results emerged from
this study. We first found that adolescent male mice
preferentially metabolize THC into its inactive metab-
olite 11-nor-9-carboxy-A9-THC (11-COOH-THCQ), and
second that the brain of adolescent male mice is partly
protected against THC by heightened expression of
two blood-brain barrier proteins: claudin-5 and ATP-
Binding Cassette Subfamily G Member 2 (Abcg2).®

A reasonable, although unexpected, interpretation of
these findings is that male mice might be less sensitive
to the psychoactive effects of THC in adolescence than
they are in adulthood. Can this result be translated to
teenage human cannabis users? Ethical boundaries pre-
clude answering this question, but one achievable step
is to assess whether a similar protection might occur in
a larger rodent species such as the rat, which is fre-
quently used to evaluate the PK properties of preclini-
cal drug candidates.

In the present study, we determined the PK profile
of THC in adolescent (33-day-old) and young adult
(70-day-old) male and female rats. We administered
the drug by intraperitoneal (IP) injection, a route
commonly used in studies conducted on adolescent
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rodents, and quantified THC and its main cytochrome
P50 (CYP,s50) metabolites, 1 1—hydroxy—A9—THC (11-OH-
THC) and 11-COOH-THC, in plasma and brain using
a sensitive and selective liquid chromatography/tandem
mass spectrometry (LC-MS/MS) assay. The PK results
were integrated with pharmacodynamic data (THC-
induced hypothermia) and in vitro measurements of
THC metabolism in liver microsomes. Finally, we
asked whether subchronic administration of THC dur-
ing adolescence might influence the drug’s PK profile.

Materials and Methods

Chemicals and solvents

[ H;]-THC,[* H5]-11-OH-THC, and [* H;]-11-COOH-
THC were purchased from Cerilliant (Round Rock, TX,
USA). THC was from Cayman Chemicals (Ann Arbor,
MI, USA). All analytical solvents were of the highest
grade, and were obtained from Honeywell (Muskegon,
MI, USA) or Sigma-Aldrich (Saint Louis, MO, USA).
Formic acid was from Thermo Fisher (Houston,
TX, USA).

Animals

Adolescent (postnatal day [PND], at arrival: 21-22;
30-70g) and adult (PND 60, 100-250g) male and
female Long-Evans rats were purchased from Charles
River (Wilmington, MA, USA). They were housed in
same-sex groups of 4 and were allowed to acclimate
for at least 7 days before experiments. Housing
rooms were maintained on a 12-h light/12-h dark
cycle (lights on at 6:30 AM) under controlled condi-
tions of temperature (20°C+2°C) and relative hu-
midity (55-60%). Food and water were available
ad libitum. All procedures were approved by the Insti-
tutional Animal Care and Use Committee at the Uni-
versity of California, Irvine, and carried out in strict
accordance with the National Institutes of Health
guidelines for the care and use of experimental animals.

PK experiments

PK analyses were performed as described before®” with
minor modifications. Briefly, we dissolved THC in a ve-
hicle consisting of Tween80/saline (5:95, v/v)'? and ad-
ministered it at a dose of 0.5 or 5 mg/kg by IP injection
to adolescent (PND 33) or young adult (PND 70) rats
in an injection volume of 0.5mL/kg. A separate set of
adolescent male and female rats received a daily injec-
tion of 5 mg/kg THC or vehicle (Tween80/saline, 5:95)
from PND 30 to 43 and, on PND 44, were given one
additional injection of 5 mg/kg THC.
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The animals were anesthetized with isoflurane at var-
ious time points after injection (15, 30, 60, 120, 240, and
480 min; n=4 per time point), blood was collected by
cardiac puncture into ethylenediaminetetraacetic acid
(EDTA)-rinsed syringes and transferred into 1mL
polypropylene plastic tubes containing spray-coated
potassium-EDTA (K,-EDTA). Plasma was prepared
by centrifugation at 1450x g at 4°C for 15min, and
transferred into polypropylene tubes. The animals
were decapitated and their brains were quickly re-
moved. All tissue samples were immediately frozen on
dry ice and stored at —80°C until analyses.

Sample preparation

Plasma (0.1 mL) was transferred into 8-mL glass vials
(Cat. No.: B7999-3; Thermo Fisher) and proteins
were precipitated by addition of 0.5 mL of ice-cold ace-
tonitrile containing 1% formic acid and the following
internal standards (ISTD):[* H;]-THC,[* H;]-11-OH-
THC, and [* H;]-11-COOH-THC, 50 pmol each.
Frozen whole brains were pulverized on dry ice. Ali-
quots of tissue (20-25 mg) were homogenized using
the Precellys CK-14 Soft Tissue Homogenizing Kit
(Bertin Corp., Rockville, MD, USA) in a Precellys
Evolution apparatus (Bertin) at 4°C on preset setting
#4 (6500 RPM % 20 sec X 2) in 0.5 mL of ice-cold ace-
tonitrile containing 1% formic acid and 50 pmol
ISTD. Plasma and brain samples were stirred vigor-
ously for 30sec and centrifuged at 2800x 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,
USA) and eluted under positive pressure (3-5 mmHg, 1
drop/5sec; Agilent Technologies). For brain fraction-
ation, EMR cartridges were prewashed 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; 0.2mL), stirred for
30sec, and centrifuged at 2800 x g at 4°C for 15 min.
The supernatants were collected, transferred onto
EMR cartridges, eluted, and pooled with the first elu-
ate. The cartridges were washed again with water/ace-
tonitrile (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 N, and
reconstituted in 0.1 mL of methanol containing 0.1%
formic acid. Samples were transferred to deactivated
glass inserts (0.2mL) placed inside amber glass vials
(2 mL; Agilent Technologies).
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Liquid chromatography/mass

spectrometry analyses

LC separations were carried out using a 1200 series LC
system (Agilent Technologies), consisting of a binary
pump, degasser, temperature-controlled autosampler
and column compartment coupled to a 6410B triple
quadrupole mass spectrometric detector (MSD; Agi-
lent Technologies). Analytes were separated on an
Eclipse XDB C18 column (1.8 um, 3.0 X 50.0 mm; Agi-
lent 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 until
45min 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, includ-
ing re-equilibrium, was 7 min. The injection volume
was 5 uL. To prevent carry over, the needle was washed
in the autosampler port for 30 sec 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 follow-
ing transitions: THC 315.2>193.0 m/z, [* H;]-THC
318.2>196.1 m/z, 11-OH-THC 331.2>313.1 m/z,
[*H5]-11-OH-THC 334.2>316.1 m/z, 11-COOH-
THC 345.2>299.2 m/z, and [* H;]-11-COOH-THC
348.2>302.2 m/z. The identity of THC, 11-OH-THC,
and 11-COOH-THC was verified by monitoring the
transitions 315.2>123.0 m/z, 331.2>105.0 m/z, and
345.2>299.2 m/z, respectively. 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 pres-
sure was set at 40 psi. Collision energy and fragmen-
tation voltage were set for each analyte as reported."’
The MassHunter software (Agilent Technologies) was
used for instrument control, data acquisition, and data
analysis.

Temperature measurements

We implanted temperature programmable microchips
(UCT-2112, 2.1 x 13 mm; Unified Information Devices,
Lake Villa, IL, USA) on PND 24 or 63 by IP injection.
Three days before testing, we injected 0.5 mL/kg of ve-
hicle (Tween80/saline, 5:95) once daily for 3 days, and
measured body temperature before and 15, 30, 60, 120,
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240, and 480 min after injection. The measurements
were averaged to establish baseline temperatures for
each animal. On PND 33 or 70, animals received an in-
jection of 0.5 or 5mg/kg THC and temperature was
measured before and after injection at the above-listed
time points.

Liver microsome preparation

Microsomes were prepared as described'? with minor
modifications from a separate set of naive male and fe-
male rats (PND 33 or 70). Briefly, rat livers were
weighed and homogenized in extraction buffer (20%,
w/v; 10mM tris pH 7.5, 250 mM sucrose, 1 mM phe-
nylmethylsulfonyl fluoride, protease inhibitor cocktail;
Cat No.: 04080-11; Nacalai Tesque, Kyoto, Japan). The
homogenates were centrifuged at 3000 x g at 4°C for
20 min. Supernatants were collected and centrifuged
twice for 20 min at 10,000 X g at 4°C. The supernatants
from the second centrifugation were centrifuged again
for 90 min at 100,000 x 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, ] mM EDTA). Pro-
tein concentrations were measured using the bicincho-
ninic acid assay.

THC metabolism in liver microsomes

Microsomes (1 ug protein) were combined in a solu-
tion of potassium phosphate (0.1 M, pH 7.4) contain-
ing rat CYP,s5, reductase (0.2uM). After a 5-min
37°C preincubation with THC (40 uM), reactions
were initiated by adding 10mM NADPH (0.1 mL,
ImM 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.'?

Briefly, the quenched reactions were vortexed thor-
oughly, centrifuged for 5min at 1800xg 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 three 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 using
a 5500 QTRAP LC/MS/MS system (Sciex, Framingham,
MA, USA) connected to a 1200 series LC system (Agilent
Technologies), which included a degasser, an autosam-
pler, and a binary pump.

The LC separation was performed on an Agilent
Eclipse XDB-C18 column (4.6 150 mm, 5 um) with
mobile phase A (0.1% formic acid in water) and mobile
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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 injection volume
was 10 uL. 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: THC 315.2 m/z >
193.0 m/z; 11-OH-THC 331.2 m/z > 313.2 m/z; and
11-COOH-THC 3452 m/z > 327.2 m/z. ISTD was
[*Ho]-THC (324.2 m/z > 202.1 m/z). Software Analyst
1.6.2 was used for data acquisition and analysis.

PK data analyses

We analyzed PK data® using a noncompartmental
model."* Maximal concentration (C,.) and area
under the curve (AUC) were measured using Graph-
Pad Prism 8 (La Jolla, CA, USA) and other PK param-
eters (clearance [CL], volume of distribution [Vp], and
half-life time of elimination [¢;,,]) were determined as
described.'* With regard to CL and V}, calculations, the
following equations were used: CL=dose/AUC; Vp=
CL/A,, where LA, represents the slope of the terminal
half-life. Time at which maximal concentration was
reached (T},.) was determined by visual inspection
of averaged data.

Statistical analyses

Sex and age-dependent differences in PK parameters
(Ciax AUC) and brain-to-plasma ratios were analyzed
by Student’s unpaired ¢-test. Microsomal data and tem-
perature measurements were assessed using two-way
analysis of variance (ANOVA) with Tukey’s posthoc
test. Outliers (maximum of 1 per time point) were de-
termined using the Grubbs’ outlier test. Differences
between groups were considered statistically significant
at values of p<0.05.

Results

PK profile of THC in rat plasma

Adolescent (PND33) and adult (PND70) rats of both
sexes were given a single injection of THC (0.5 or
5mg/kg, IP) and the PK profiles of the drug and
its main first-pass metabolites, 11-OH-THC and
11-COOH-THC, were assessed in plasma and brain tis-
sue using a sensitive and selective LC/MS-MS method
[limit of quantification (LOQ) for all the three analytes:
1.0 pmol/mL], which included both quantifier and qual-
ifier MRM transitions.>>!!
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When THC was administered at 0.5 mg/kg, only the
parent compound could be accurately quantified in
plasma and brain (Fig. 1), whereas its metabolites failed
to reach LOQ. Key PK properties (Cyaxs AUC, Tiax
and t;;) for THC are listed in Supplementary
Table S1. Supplementary Table S2 reports the brain-
to-plasma ratio, V;and CL, calculated using a noncom-
partmental model.'* In plasma, C., (mean+SEM)
values were slightly but not significantly elevated in fe-
males compared with males and in adults compared
with adolescents. No difference across groups was ob-
served in the brain, except for the C,,,, of adolescent
female rats, which was higher than corresponding val-
ues in adult females or in adolescent and adult males
(Supplementary Table SI).

The plasma PK profiles for 5 mg/kg THC and its me-
tabolites in adolescent and adult male and female rats
are shown in Figure 2. Key parameters for each analyte
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are listed in Supplementary Tables S3 and S4. Similar to
the trend observed at 0.5 mg/kg, C,,.x values for THC
were elevated in adult compared with adolescent
male rats (Supplementary Table S3). However, AUC
values were comparable across all groups (Supplemen-
tary Table S3). CL and V,; were higher in adult males
than in any other group (Supplementary Table S4),
possibly as a result of their larger body mass."”

There were two notable differences in the PK profiles
of THC metabolites: (1) adolescent males exhibited
higher C,., and AUC for 11-OH-THC and 11-
COOH-THC compared with adult males; and (2) the
Cmax Values and AUC for 11-OH-THC were substan-
tially higher in females than in males, irrespective of
age. For example, in adolescents, the C,,.x and AUC
for 11-OH-THC were 2.5 times higher in females than
in males (C.x=28+4pmol/mL vs. 12+1pmol/mL,
p=0.009; AUC=10,844 £ 868 pmol/min/mL vs. 4381+

'd N\
0.5 mg/kg THC
A'l Adolescent A2 Adult
& = Male 607
g o Female
T 40 - 40
o=}
G o
= E
° . .
§ 204 . 20 i
s RS S
L -.______‘______‘__' | ————____'
0 T T T T 0 T T T T
60 120 240 480 60 120 240 480
B1 so B2 80
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]
[ & ]
= 2404 1 40
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FIG. 1. Concentration of THC in plasma (A) and brain (B) after IP injection of 0.5 mg/kg THC in adolescent
(A1, B1) and adult (A2, B2) male (black square) or female (red circle) rats. Symbols represent mean = SEM,
n=3 or 4 animals per data point, outliers removed using the Grubb's test. IP, intraperitoneal; THC,
Ag-tetrahydrocannabinol; SEM, standard error of the mean.
\
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FIG. 2. Plasma concentrations of THC and its first-pass metabolites, 11-OH-THC and 11-COOH-THC, after IP
injection of 5mg/kg THC in adolescent (A-C) and adult (D-F) male (black square) or female (red circle) rats.
Symbols represent mean + SEM, n=3 or 4 animals per data point, outliers removed using the Grubb’s test.
11-COOH-THC = 11-nor-9-carboxy-A°-THC; 11-OH-THC = 11-hydroxy-A°-THC.
.

1196 pmol/min/mL, p=0.01). In adults, the C,,.x for
11-OH-THC was 7.1 times higher (28+3pmol/mL
vs. 4+ 1pmol/mL, p=0.001) and the AUC was 6.1
times higher (10,767 £301 pmol/min/mL vs. 2270+
337 pmol/min/mL, p<0.0001) in females than in males.
Similarly, 11-COOH-THC reached higher C,,,x and
greater AUC in adult females compared with males
(Supplementary Table S3).

PK profile of THC in brain tissue

The PK profiles of 5 mg/kg THC and its metabolites in the
brain of adolescent and adult male and female rats are il-
lustrated in Figure 3. Key PK parameters are reported in
Supplementary Table S5. In striking contrast with results
previously obtained in mice,® the brain C,,.c and AUC
for THC were 50-100% higher in adolescent compared
with adult males (249+10 pmol/g vs. 121+22 pmol/g,
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FIG. 3. Brain concentrations of THC and its first-pass metabolites, 11-OH-THC and 11-COOH-THC, after IP
injection of 5mg/kg THC in adolescent (A-C) and adult (D-F) male (black square) or female (red circle) rats.
Symbols represent mean £ SEM, n=3 or 4 animals per data point, outliers removed using the Grubb’s test.
\\§ Y,

p=0.002; 81,185+6507 pmol/g/min vs. 59,413+5399
pmol/g/min, p=0.02). A similar trend in females
did not reach statistical significance (Supplementary
Table S5).

As seen in plasma, there were differences between lev-
els of 11-OH-THC and 11-COOH-THC in adolescent
males compared with adult males and in female rats of

both age groups versus male rats (Fig. 3 and Supple-
mentary Table S5). Supplementary Table S6 shows that
adolescent males and females exhibited higher brain-
to-plasma ratios for THC, compared with adults (2.06 +
0.50 vs. 1.59+0.06, males, p=0.002; 2.52+0.27 vs. 1.57 +
0.10, females, p=0.0003), which is again suggestive of
greater brain penetration.
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THC metabolism in liver microsomes

As in our previous mouse study,® we measured the
sequential transformation of THC into 11-OH-THC
and 11-COOH-THC by liver microsomes of adoles-
cent and adult rats of both sexes. Microsomal prepa-
rations from adolescent male and female animals
converted THC into 11-OH-THC at approxima-
tely equal rates: 0.38%£0.04 in males and 0.42+
0.06 pmol/min/mg, p=0.9 in females (Fig. 4A). By
contrast, liver microsomes from adult females con-
verted THC to 11-OH-THC at a rate that was approx-
imately thrice as rapid as the rate measured in adult
male microsomes (females: 0.40 +0.07 pmol/min/mg;
males: 0.16+0.03 pmol/min/mg, p=0.02) (Fig. 4A).
Irrespective of age, the biotransformation of THC
into 11-COOH-THC was similar in males and females
(Fig. 4B).

Temperature changes after THC administration
Temperature changes are a sensitive and reliable mea-
sure of CB; receptor activation in the central nervous
system.'® Figure 5 illustrates the time course of the hy-
pothermic effects of THC (0.5 and 5 mg/kg) in adoles-
cent and adult rats of both sexes. In females, the drug
produced comparable dose-dependent hypothermic re-
sponses in adolescent and adult animals (Fig. 5A, B).
By contrast, in males, only the highest dose of THC
was effective (Fig. 5B).
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Effect of subchronic administration on the PK
profile of THC
Finally, we asked whether repeated administration of
THC during adolescence might alter the drug’s PK
properties (owing, for example, to induction of
CYP,5, enzymes in the liver'”'®). A schematic of the
experiment is illustrated in Figure 6. Adolescent rats re-
ceived daily injections of THC (5 mg/kg, IP) or its ve-
hicle from PND30 until PND43. On PND44, the PK
profile of the same dose of THC was assessed in plasma
and brain of both groups, as outlined previously.
Figure 7 shows the plasma PK profiles for THC and
its metabolites. C,,x and AUC values are reported in
Supplementary Table S7. The only notable difference
among test groups was that the C.,x for THC was
twice as high in male rats subchronically treated with
THC compared with females (males: 517 =56 pmol/mL;
females: 214+43 pmol/mL, p=0.01). In the brain, no
statistically detectable differences were seen across
groups (Fig. 8; Supplementary Table S8). Brain-to-
plasma ratios for THC and its metabolites were also
similar (Supplementary Table S9).

Discussion

Understanding the PK properties of THC is a necessary
step in the pharmacological evaluation of this psycho-
active agent in humans as well as in animal models, but
is especially critical to establish whether sex-, age- and
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species-related differences in its effects may result
solely from inherent variations in the endocannabinoid
system—for example, in the density and localization of
cannabinoid receptors—or might also involve alter-
ations in drug distribution, biotransformation and
elimination. In a previous report,” we determined the
PK profiles of THC and its primary first-pass metabo-
lites, 11-OH-THC and 11-COOH-THC, following IP
administration in adolescent and young adult male
mice. In this study, we extended our investigation to ad-

olescent and young adult rats of both sexes. The results
identify several sex- and age-dependent dissimilarities
in the distribution and metabolism of THC, as well as
marked differences between adolescent rats and mice.
As in our mouse study, we selected the IP route of ad-
ministration because it is most commonly used in rodent
studies and offers a realistic compromise between tech-
nical feasibility, reproducibility, and translational rele-
vance. Similar to mice, IP injection of 5mg/kg THC
produced in rats peak plasma drug concentrations that

-
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1x Day
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FIG. 6.
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Schematic for subchronic THC administration. Adolescent male and female rats were given a daily
injection of 5mg/kg THC or vehicle (Tween80/saline, 5:95) from PND 30 to 43 (red marks). On PND 44 all
animals were given a single injection of 5 mg/kg THC and the concentrations of THC and its metabolites,
11-OH-THC and 11-COOH-THC, were quantified in the plasma and brain at various time points following
injection (green marks). PND, postnatal day; VEH, vehicle.
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were comparable to those observed in adult nonmedical
cannabis smokers.'”">* For example, the data reported
in Supplementary Table S3 show that the plasma C,,x
values in adult male and female rats (88+14 ng/mL)
were similar to plasma C,,, measured in men and
women who had smoked one cannabis cigarette contain-
ing ~30mg of THC (80-100 ng/mL).** These levels of
systemic exposure are known to be associated with psy-

chotropic activity in adult humans'*** as well as in adoles-

cent rats’ and adult mice.® In the present study, they
yielded concentrations of THC in the brain of adolescent
(Cpax ~250nM) and, to a lesser extent, adult (C,.
~121nM) male rats (Supplementary Table S5) that
were likely to be fully bioactive.” Slightly higher brain
concentrations were found in female animals (adolescents:
~330nM; adults: ~280nM) (Supplementary Table S5).
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Sex-dependent differences in the biotransformation
of THC into its pharmacologically active metabolite
11-OH-THC have been previously documented, in-
cluding in adolescent and adult rats*** and in
adult humans,’® with females of both species exhibiting
substantially greater conversion of THC into 11-OH-
THC relative to males. This dimorphism was con-
firmed in this study. For example, at the 5-mg/kg

dose of THC, the C,y,, values for 11-OH-THC in plasma
and brain were ~7 times greater in adult females than
in adult males and 2.7 times greater in adolescent fe-
males than in adolescent males (Supplementary
Tables S3 and S5). Moreover, THC metabolism to 11-
OH-THC was twice as fast in liver microsomes from
adult females than in microsomes from adult males.
This finding is consistent with a previous report showing
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preferential formation of 11-OH-THC by female rat
liver microsomes.’" Given its consistency and size, it is
reasonable to suggest that this metabolic dimorphism
contributes to the greater sensitivity to THC exhibited
by female rodents as well as women,>>**>%*

Adolescent male mice are partially shielded from the
psychoactive effects of THC through a mechanism that
may involve, at least in part, enhanced brain expression
of two blood-brain barrier constituents®: the multidrug
transporter Abcg2, which may extrude A’-THC from
brain parenchyma,33 and claudin-5, which is impli-
cated in gap junction structure and barrier permeabil-
ity.>* The present results reveal an unexpected species
specificity in the access of THC to the central nervous
system. We found that, in contrast with the results
obtained in male mice, (1) adolescent male and female
rats display higher brain-to-plasma ratios for THC,
compared with adults; and (2) C,.x and AUC values
for THC in brain are substantially higher in male ado-
lescent rats relative to adults of the same sex. This dis-
crepancy underscores the need to interpret the
pharmacodynamic properties of THC in the context
of the drug’s species-relevant PK profile.

Two additional findings are noteworthy. First, re-
peated exposure to THC during adolescence does not
ostensibly affect the drug’s PK properties, which re-
main unaltered after a 2-week regimen of once-daily
5mg/kg THC injections. These results are consistent
with previously reported data®® (but see Refs. [17]
and [18]) for contrasting findings. Second, the peak
concentrations reached by 11-OH-THC in both adoles-
cent and adult animals were ~ 5 times higher in brain tis-
sue than in plasma. For example, in female adults, the
Ciax for 11-OH-THC was 28+3 pmol/mL in plasma
(Supplementary Table S3) versus 149+25pmol/g in
brain (Supplementary Table S5). This result, which
closely matches those reported for mice,® is consistent
with the proposed existence of THC biotransformation
in neural tissue.”® Establishing the molecular bases and
functional implications of brain THC metabolism, if
any, will require additional experimentation.

The present report has two main limitations. First, in
a previous study focused on adolescent rats,” we admin-
istered THC in 1 mL/kg of vehicle, whereas in the cur-
rent experiments we used 0.5 mL/kg. This choice, which
was motivated by the need to limit the volume of vehicle
injected in adult animals, affected PK parameters such
as AUC and C,,,,. This discrepancy should be taken
into consideration when comparing the two sets of re-
sults. Second, the present experiments were conducted

825

in young adult rats (PND70); thus, the results may or
may not generalize to older animals. Additionally, can-
nabis extracts contain a large number of chemical con-
stituents, which may affect the PK properties of THC.
For example, CBD may inhibit THC metabolism
through CYP3A11,” while some terpenoids (e.g., bor-
neol) may alter the blood-brain barrier permeability.**

In conclusion, this study provides a systematic over-
view of the PK properties of THC in adolescent and
adult rats of both sexes. Its results confirm that, irre-
spective of age, female animals transform the drug to
its bioactive metabolite 11-OH-THC more effectively
than males do. The findings further demonstrate that
adolescent rats, unlike adolescent mice,® are not pro-
tected through PK mechanisms against the psychoac-
tive effects of THC. In fact, the brain concentrations
attained by the drug are greater at this age than later
in life. These findings have broad implications for the in-
terpretation of studies on THC, and highlight the need
for further investigations on absorption, metabolism,
and distribution of this drug across the human lifespan.
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Abbreviations Used

11-COOH-THC = 11-nor-9-carboxy-A°-THC
11-OH-THC = 11-hydroxy-A®-THC
Abcg2 = ATP Binding Cassette Subfamily G Member 2
AUC = area under the curve
CBD = cannabidiol
CL = clearance
Cinax = maximal concentration
CYP450 = cytochrome Pysq
EDTA = ethylenediaminetetraacetic acid
ESI = electrospray ionization
IP = intraperitoneal
ISTD = internal standards
LOQ = limit of quantification
MRM = multiple reaction monitoring
PK = pharmacokinetic
PND = postnatal day
t;> = half-life time of elimination
THC = A®-tetrahydrocannabinol
Tmax = time at which maximal concentration
Vp = volume of distribution






