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Abstract

Mechanisms that may underlie age and sex differences in the pharmacological effects of
cannabinoids are relatively unexplored. The purpose of the present study was to determine
whether sex differences in metabolism of A%-tetrahydrocannabinol (THC), similar to those
observed previously in adult rats, also occurred in adolescent rats and might contribute to age and
sex differences in its in vivo pharmacology. Male and female adolescent rats were exposed to
THC acutely or repeatedly for 10 days. Subsequently, some of the rats were sacrificed and blood
and brain levels of THC and one of its metabolites, 11-hydrox-A%-THC (11-OH-THC), were
measured. Other rats were evaluated in a battery of in vivo tests that are sensitive to cannabinoids.
Concentrations of 11-OH-THC in the brains of female adult and adolescent rats exceeded those
observed in male conspecifics, particularly after repeated THC administration. In contrast, brain
levels of THC did not differ between the sexes. In vivo, acute THC produced dose-related
hypothermia, catalepsy and suppression of locomotion in adolescent rats of both sexes, with
tolerance developing after repeated administration. With a minor exception, sex differences in
THC’s effects in the in vivo assays were not apparent. Together with previous findings, the
present results suggest that sex differences in pharmacokinetics cannot fully explain the patterns of
sex differences (and lack of sex differences) in cannabinoid effects across behaviors. Hormonal
and/or pharmacodynamic factors are also likely to play a role.
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Marijuana is one of the most commonly used illicit substances during adolescence. Amidst
recent policy debates on medical marijuana and legalization of recreational marijuana, teen
perception of marijuana’s dangerousness has decreased and its recreational use has
correspondingly increased in this age group [1]. Despite their positive perceptions, however,
adolescents may be at increased risk of adverse effects from marijuana, as extant research
suggests that age of onset is important factor in determination of its short- and long-term
effects [2,3,4,5,6]. Given that human users are self-selected, investigation of the
mechanism(s) underlying these age effects has relied on animal models.

Like humans, rodents and other mammals undergo physical and behavioral changes around
the time of puberty, which occur in the rat from approximately postnatal (PN) day 28 to 42
[7]. As in humans, age differences in cannabinoid pharmacology have been demonstrated in
rodents, with adolescent rodents tending to show greater sensitivity to the behaviorally
disruptive effects of cannabinoids and more long-term negative effects on brain and
behavior [8,9,10,11]. In some studies, sex differences were also evident [12]. Research into
the mechanism(s) of these differences is still in its infancy. The purpose of this study was to
determine whether sex differences in THC metabolism, similar to those observed in adult
rats [13,14], also occur in adolescent rats and might contribute to age and sex differences in
cannabinoid in vivo pharmacology.

Male and female Long-Evans rats were ordered from a commercial breeder (Harlan, Dublin,
VA) as juveniles aged PN 22-25 or as adults (> PN65). Upon arrival, rats were housed in
clear plastic cages in same-sex pairs and allowed at least 3 days to habituate to the vivarium
environment. The vivarium was temperature-controlled (20-22°C) with a 12-hour light-dark
cycle (lights on at 7 a.m.). Throughout the experiment, all rats had free access to food and
water. The studies reported in this manuscript were carried out in accordance with
guidelines published in the guide for the care and use of laboratory animals and were
approved by the VCU IACUC.

A9-Tetrahydrocannabinol (THC; National Institute on Drug Abuse, Bethesda, MD) was
mixed in a vehicle of absolute ethanol, Emulphor-620 (Rhone-Poulenc, Inc., Princeton, NJ),
and saline in a ratio of 1:1:18. All injections were administered at a volume of 1 ml/kg, with
the exception that THC doses of 100 and 300 mg/kg were volume-adjusted from a 50 mg/ml
solution.

Overall Experimental Design

This study involved three cohorts of rats, each containing male and female rats and each
divided into treatment conditions. Rats in all cohorts were injected twice daily with vehicle
or with THC for 9.5 days. Rats in the first cohort were adolescent during dosing and testing.
On day 11, these rats were injected with cumulative doses of THC and were tested
repeatedly in a battery of in vivo tests. Rats in the second cohort also were adolescent during
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dosing and testing. On day 11, these rats were injected with 10 mg/kg THC and were
sacrificed 2 h later. Subsequently, concentrations of THC and one of its major metabolites
were measured in the brain and blood of these rats. Rats in the third cohort were adult during
dosing and testing. On day 11, these rats received identical treatment as the adolescent rats
in the second cohort.

In Vivo Procedure

Male and female adolescent rats were randomly assigned to receive repeated dosing with
either vehicle or THC. Beginning the morning of PN30, each rat was weighed and then
received s.c. injections of vehicle or 10 mg/kg THC twice daily for 9 days and once in the
morning on day 10 (PN39). Other than handling necessary for weighing, injecting and
general cage maintenance, rats remained undisturbed in their home cages in the vivarium
during the dosing regimen. On PN40, rats were assessed in a battery of three in vivo assays:
locomotor activity, rectal temperature and an elevated bar test of catalepsy. At least one h
before the start of the test battery, rats were transported to the laboratory and baseline
temperature was measured. Immediately afterwards, rats began a cumulative dosing and
testing procedure. First, they were injected i.p. with vehicle. Twenty min later each rat was
placed in a locomotor chamber (Lafayette Instruments, Lafayette, IN) for 5 min and the total
number of photocell beam breaks was recorded. Upon removal, temperature was measured
again and change from baseline was calculated. Then, the front paws of the rat were placed
on an elevated bar 30 min post-injection. The total amount of time (in s) that both paws
remained in contact with the bar during a 5-min session was recorded and coverted to a
percentage. If the rat voluntarily removed its paws from the bar 10 times, the session was
stopped and amount of time on bar was recorded as 0. After the bar test (35 min after vehicle
injection), each rat was injected i.p. with 10 mg/kg THC. The testing regimen described
above was repeated 20 min later. Subsequently, each rat received additional doses of 20, 70
and 200 mg/kg THC (cumulative doses of 30, 100, and 300 mg/kg) and was re-tested
following an identical procedure. Inter-dose interval was 35 min and completion of the
entire cumulative dose-effect curve required 175 min (20 min pre-session injection interval
and 15 min for testing = 35 min per dose X 5 doses = 175 min). Doses were based upon
those used in a previous study with discrete (vs. cumulative) doses [11].

Quantification of Brain and Blood Levels

Separate male and female adolescent and adult rats were used for quantification of brain and
blood levels of THC and a prominent psychoactive metabolite, 11-hydrox-A%-THC (11-OH-
THC). The repeated dosing procedure with vehicle or 10 mg/kg THC was identical to that
described above for adolescent rats in the in vivo study except that rats in this part of the
study were sacrificed 2 h after an acute injection of 10 mg/kg THC (vehicle-treated rats) or
24 hours after last repeated injection of 10 mg/kg THC (i.e., day 11, at approximately the
same time of day as the other rats were tested). Immediately after rats were killed by
decapitation, blood was collected in heparinized tubes and chilled on wet ice. Subsequently,
analytical measurements were taken between 30 and 40 min post mortem. Whole brains
were rapidly dissected out on wet ice placed in a large cryovials and immediately snap
frozen in liquid nitrogen and stored at —80°C until use. Extraction of THC and 11- OH-THC
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was carried out via a method previously described [15], and quantification was conducted
via LC-MS as per [16].

Data Analysis

Results

Mean (£ SEM) values for each of the three measures were calculated across dose and time
for each sex separately. For each dependent measure, separate mixed factorial ANOVAs
(sex X cumulative dose X repeated treatment condition) were performed. Mean (+ SEM)
concentrations of THC and 11-OH-THC in blood and in brain were calculated separately for
each sex and each chronic treatment condition. Separate factorial ANOVAs (sex X repeated
treatment condition) were performed for THC and 11-OH-THC in blood and brain.
Significant ANOVAs were further analyzed through the use of Tukey-Kramer post hoc tests
(a=0.05).

Figure 1 shows brain and blood levels of THC and 11-OH-THC after acute and repeated
dosing with THC in adult and adolescent rats. In adult rats, brain levels of THC were
significantly higher after repeated treatment than after acute treatment [Fig. 1, panel A; main
effect of treatment: F(1,20)=7.94, p<0.05]. Brain levels of 11-OH-THC were significantly
higher for adult females than for adult males [Fig. 1, panel A; main effect of sex:
F(1,22)=96.15, p<0.05]. In addition, repeated treatment with THC produced higher brain
levels of 11-OH-THC than did acute treatment [Fig. 1, panel A; main effect of treatment:
F(1,22)=14.30, p<0.05]. Blood levels of 11-OH-THC were also significantly elevated in
adult females than in age-matched males, but only after repeated treatment with THC [Fig.
1, panel B; sex X treatment: F(1,26)=9.93, p<0.05]. In male adults, blood levels of 11-OH-
THC were significantly lower after repeated THC treatment than after acute treatment [Fig.
1, panel B; sex X treatment: F(1,26)=9.93, p<0.05]. In adult rats of both sexes, THC levels
in the blood were significantly greater after repeated administration than after acute [Fig. 1,
panel B; main effect of treatment: F(1,24)=6.39, p<0.05].

In adolescent rats, brain levels of THC did not differ across sex nor did they differ
significantly across duration of treatment (acute or repeated) [Fig. 1, panel C]. In contrast,
brain levels of 11-OH-THC were significantly higher for adolescent females than adolescent
males after acute and after repeated treatment with THC and were higher still for adolescent
females with repeated treatment than with acute treatment [Fig. 1, panel C; sex X treatment
condition: F(1,22)=13.91, p<0.05]. Blood levels of 11-OH-THC were also significantly
elevated in adolescent females than in age-matched males, regardless of prior acute or
repeated treatment [Fig. 1, panel D; main effect of sex: F(1,22)=23.36, p<0.05]. In
adolescent rats of both sexes, THC levels in the blood were significantly greater after
repeated administration than after acute [Fig. 1, panel D; main effect of treatment:
F(1,23)=17.41, p<0.05].

Figure 2 shows the effects of cumulative dosing with THC after twice daily injections of
vehicle or 10 mg/kg THC for 9.5 days. Following repeated dosing with vehicle, female and
male adolescent rats exhibited dose-dependent cannabimimetic effects. At cumulative doses
of 30 mg/kg THC and higher, significant suppression of locomotor activity [Fig. 2, top
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panel; dose X treatment: F(4,80)=8.82, p<0.05] and hypothermia [Fig. 2, middle panel; dose
X treatment: F(4,80)=37.5, p<0.05] were observed in rats of both sexes. At cumulative doses
of 10 mg/kg THC and higher, significant catalepsy [Fig. 2, bottom panel; dose X treatment:
F(4,80)=8.69, p<0.05] was observed in rats of both sexes. In contrast, after repeated dosing,
THC was less potent in producing hypothermia and catalepsy in adolescent rats. In these
THC-treated rats, THC did not produce hypothermia (Fig. 2, middle panel) and significantly
increased catalepsy only at the 300 mg/kg dose (Fig. 2, bottom panel); dose X treatment:
F(4,80)=8.69, p<0.05]. In addition, for both measures and across sexes, THC effects were
significantly lesser in magnitude in the rats exposed to repeated THC versus those injected
repeatedly with vehicle. Locomotor activity was significantly suppressed (compared to
corresponding vehicle dose) by all cumulative doses of THC in the THC-treated rats [Fig. 2,
top panel; dose X treatment: F(4,80)=8.82, p<0.05]. With one exception, significant sex
differences in the effects of THC, acutely or after repeated administration, did not occur.
The one exception was the significantly increased activity of female rats (compared to male
rats) at the 10 mg/kg dose of THC [Fig. 2, top panel; sex X dose: F(4,80)=2.85, p<0.05].

Discussion

Metabolism of THC in mammals occurs primarily through the liver cytochrome P450
system [17]. In adult female rats, 11-OH-THC has been identified as the primary metabolite
whereas analysis of metabolites in adult male rats reveals metabolism to a wider variety of
mostly inactive cannabinoids [13,18,19]. The present results confirm the previous finding of
greater concentration of 11-OH-THC in the brains of adult female rats (compared to males)
and extend the finding to repeated administration. Further, the present results demonstrate
that female adolescent rats, even more than female adult rats, exhibit pronounced
metabolism of THC to 11-OH-THC compared to their male conspecifics, particularly after
repeated THC administration. In contrast, brain levels of THC did not differ between the
sexes. Given that 11-OH-THC shares THC’s psychoactivity [20,21], these results suggest
that in vivo cannabimimetic activity after THC exposure could conceivably be potentiated
by its metabolite in female adolescents and thereby, could represent a mechanism to account
for increased female sensitivity to cannabinoid effects that has been observed in some
studies [12].

To investigate this possibility, adolescent rats were evaluated in vivo in assays that have
been shown to be sensitive to cannabinoids [22]. In adolescent rats of both sexes, acute
dosing with THC produced dose-related hypothermia, catalepsy and suppression of
locomotion, as has been shown previously in adolescent and adult rodents [11]. Further,
tolerance to the hypothermic and cataleptic effects occurred following repeated dosing with
THC in both sexes, as has also been shown previously [11]. Although the degree of
tolerance was similar across sexes, two caveats prevent definitive conclusion of no sex
differences. The first is that the THC dose-effect curves after repeated dosing with THC
were flattened, suggesting that a floor effect may have interfered with the ability to see
differences. The second issue is that the same dosing regimen of THC was used in both
sexes to induce tolerance. Previous work with opioids has suggested that differences in the
magnitude of tolerance may be altered by the use of the same tolerance induction dose in
individuals that exhibit acute pharmacological differences [23]. Since female rats have
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shown greater sensitivity to some of THC’s pharmacological effects [12,21], treating them
with the same tolerance induction regimen as males may have resulted in an effectively
higher dose regimen, which could have, in turn, affected the degree of tolerance.

Despite these caveats, however, sex differences in THC’s effects in the in vivo assays were
not apparent, with the exception of greater sensitivity of female (vs. male) adolescents to the
locomotor stimulatory effects of a single dose of THC (10 mg/kg). Sex differences in the
effects of THC in these assays were also not observed in adolescent rats during a previous
study in which doses were administered discretely rather than cumulatively [11]. The lack of
differences in vivo contrasts sharply with the large sex differences in metabolism. This
disparity suggests that THC’s effects in these assays are not enhanced by its metabolism to
11-OH-THC in adolescent female rats. Together with previous findings, the present results
suggest that sex differences in pharmacokinetics cannot fully explain the patterns of sex
differences (and lack of sex differences) in cannabinoid effects across behaviors in
adolescent and adult rodents. Hormonal and/or pharmacodynamic factors are also likely to
play a role.
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Figure 1.
Concentrations of THC and 11-OH-THC in brains (top panels) and blood (bottom panels)

following acute or repeated dosing with 10 mg/kg A%-THC (unfilled and filled bars,
respectively) in adult (> PN65; left panels) and adolescent (PN40; right panels) male and
female Long-Evans rats. Bars represent the mean (+ SEM) of data from the 5-8 rats.
Asterisk (*) indicates significant interaction and sex difference between sexes for the same
treatment condition. Number sign (#) indicates significant interaction and difference
between treatments for the same sex. In addition to interaction effects indicated on the figure
panels, the following main effects were significant: in panel A, significant main effects for
treatment for THC and for 11-OH-THC, with repeated treatment resulting in higher
concentrations than acute treatment. Also, in panel A, significant main effect for sex in 11-
OH-THC concentrations showed greater brain levels of 11-OH-THC in females than in
males. In panel B, significant main effect of treatment for THC indicated greater
concentrations of THC in the blood of rats treated repeatedly with THC than in those treated
acutely. In panel D, significant main effect of treatment for THC shows repeated treatment
with THC results in more THC in the blood than acute treatment with THC. Also, in panel
D, significant main effect of sex shows increased concentrations of 11-OH-THC in the
blood of female (vs. male) rats. All differences were significant at p < 0.05.
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Figure 2.
Effects of cumulative doses of THC on locomotor activity (top panel), change in rectal

temperature (middle panel), and catalepsy (bottom panel) in male (squares) and female
(circles) adolescent rats (PN40) following 9.5 days of twice daily treatment with vehicle
(unfilled symbols) or 10 mg/kg THC (filled symbols). The leftmost points represent values
after the first cumulative injection (vehicle). Each point represents mean (x SEM) values for
6 rats. Asterisk (*) indicates significant dose X treatment interaction and post hoc difference
of the specified treatment (acute or repeated) compared to the respective vehicle data
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(regardless of sex). Number sign (#) indicates significant dose X treatment interaction and
post hoc difference between acute and repeated treatment at the specified dose (i.e.,
tolerance). Dollar sign ($) indicates signficant sex X dose interaction and post hoc difference
between sexes at the indicated dose (regardless of treatment). All differences were
significant at p < 0.05.
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