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Abstract

Background: Cannabis is the most common illicit drug used in the US and its use has been
rising over the past decade, while the historical gap in rates of use between men and women

has been decreasing. Sex differences in the effects of cannabinoids have been reported in animal
models, but human studies are sparse and inconsistent. We investigated the sex differences in the
acute subjective, psychotomimetic, cognitive, and physiological effects of intravenous (1V) delta-9
tetrahydrocannabinol (THC), the main psychoactive constituent of cannabis.

Methods: Healthy male and female individuals, with limited exposure to cannabis, participated
in a double blind, placebo-controlled study of intravenous (V) placebo or THC at two doses
(0.015 mg/kg and 0.03 mg/kg). Visual Analog Scale (VAS) was used to measure subjective effects,
Psychotomimetic States Inventory (PSI) and the Clinician-Administered Dissociative Symptoms
Scale (CADSS) were used to assess the psychotomimetic effects and perceptual alterations,
respectively, and Rey Auditory Verbal Learning Task (RAVLT) was used to evaluate cognitive
effects. Outcome variables were represented as the peak change from baseline for each variable,
except RAVLT which was used only once per the test day after the subjective effects.

Results: A total of 42 individuals participated in this study. There were no significant differences
between male and female participants in background characteristics. There was a significant main
effect of sex on the VAS scores for THC induced “High” (F1 3g= 4.27, p<0.05) and a significant
dose x sex interaction (F, 77= 3.38, p < 0.05) with female participants having greater “High”
scores than male participants at the lower THC dose (0.015 mg/kg). No other sex differences were
observed in acute subjective, psychotomimetic, cognitive, or physiological effects of THC.
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Conclusion: There were significant sex differences in subjective effects of feeling “High” at
a lower dose of THC. However, there were no other sex related differences in the subjective,
physiological, or cognitive effects of THC.

Introduction

Cannabis is the most common illicit drug used in the U.S. and its use has been increasing
over the past decade. In 2019, 48.2 million Americans aged 12 or older (17.5% of
population) reported use of cannabis over the past 12 months, a 10% increase in just one
year [1]. Further, more than 3.5 million individuals reported initiation of cannabis use in
2019, a greater number than any year since 2002 [1]. In parallel, given the trend of cannabis
legalization for medicinal and recreational purposes in the United States and abroad, further
research into factors influencing the effects of cannabinoids that may affect development of
cannabis use disorder is increasingly relevant.

Historically, men have exhibited greater rates of cannabis use compared to women. In

the past decade, however, there has been a progressive increase in cannabis use among
women, narrowing the prevalence gap between these groups [2, 3]. Interestingly, women
show a steeper transition in time from first cannabis use to the development of cannabis use
disorder (CUD), known as the “telescopic phenomenon” [4, 5], are more likely to experience
physical symptoms of cannabis withdrawal [6], and report a greater impact of cannabis
consumption on quality of life [7]. However, the factors underpinning these observed sex
differences remain unknown.

The acute effects of cannabis have great implications in the development of CUD.
Preclinical data highlights sex differences in the rewarding and reinforcing properties of
cannabinoids, extinction, and relapse [8]. Female rats are more sensitive to the reinforcing
effects of cannabinoids and show higher rates and more rapid acquisition of cannabis agonist
self-administration [9]. They also exhibit stronger drug- and cue-induced reinstatement of
cannabinoid seeking behaviors [10]. Interestingly, these behaviors are reduced in bilaterally
ovariectomized females, suggesting a critical role of the ovarian hormones in modulating the
reinforcing properties of cannabinoid compounds [9, 10].

Human data related to sex differences of the acute rewarding properties of cannabinoids

is scant and has shown some discrepancies. Whereas initial studies did not report any
differences in the acute subjective effects of cannabinoids [11], or reported more pronounced
rewarding effects in men [12, 13], most recent findings are aligned with the previously
mentioned preclinical data and have revealed an increased sensitivity to the subjective [14—
17][18] effects of cannabis in women, especially in low doses [15]. In a 2020 study of the
acute effects of smoked cannabis in men and women, in which participants were permitted
to smoke cannabis ad /ibitum in order to titrate to their desired intoxication, Matheson and
colleagues reported similar effects in men and women, despite the women demonstrating
significantly lower quantities of cannabis consumed and significantly lower levels of blood
THC and THC metabolites [19]. This suggests that women demonstrated acute effects of
cannabis equal to those reported by men at a significantly lower dose.
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In this study, we examined the dose-dependent subjective, psychotomimetic, cognitive,
and physiological effects of acute intravenous (IV) THC in male and female individuals
who were not using cannabis regularly. We specifically chose to study the 1V route of
administration to precisely control the THC administration and be able to investigate the
dose related sex differences in THC effects without the confounds of variable delivery,
absorption, and pharmacokinetics.

Data were pooled from two studies (sub-study#1 and Sub-study#2) using similar research
methods in healthy human participants. Volunteers participated in three test days in a double
blind, placebo-controlled manner, conducted under two overlapping studies designed to
examine the effects of THC on psychophysiological outcome measures. Both sub-studies
were approved by institutional review board of VA Connecticut Healthcare System and Yale
University School of Medicine and had identical methods of participant screening, THC
dose and rates of infusion and subjective rating paradigms. Sub-study #1 was designed to
examine the effects of THC on electrophysiological signatures of information processing
and sub-study #2 on eye blink conditioning.

Participants:

Drugs:

Healthy male and female individuals between the ages of 18 and 55 years were recruited
from the community using flyers, digital ads, and word of mouth. Participants first
underwent a phone screen and, if suitable, were invited for an in-person screen to determine
eligibility. After obtaining informed consent, participants underwent medical and psychiatric
examination and laboratory assessment of blood and urine, including urine toxicology for
drug use. Participants were excluded if they had substance use disorders except tobacco

use disorder (based on SCID-IV) and were required to have negative urine toxicology and
pregnancy tests. Individuals with unstable medical or neurological conditions, a DSM-IV
Axis | diagnosis (based on SCID-1V), IQ less than 80, history of a hearing deficit, and/or
major current or recent (<6 weeks) psychosocial stressors (based on clinical interview) were
excluded from participation. Additionally, participants were required to have at least one
prior exposure to cannabis in their lifetime (i.e., cannabis naive individuals were excluded).
Individuals who met criteria for cannabis use disorder were excluded. Sex assigned at birth
was noted at screening.

THC doses of 0.015 mg/kg and 0.03 mg/kg or placebo were administered intravenously
over 10 minutes based on previous data demonstrating robust subjective, psychotomimetic,
and cognitive effects and high tolerability at this dose. Based on our previous studies, the
peak effects starts around 10-15 minutes after initiation of THC infusion and lasts for up to
approximately 60— 80 minutes [20, 21].

Schedule of Testing:

Participants were instructed to fast overnight and report to the test facility at 8 AM. Recent
substance use, urine toxicology, and pregnancy (in women) were assessed on each test day.
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Positive drug screen for any drug other than cannabis or positive pregnancy test resulted
in cancellation of the test day. After confirming test day restrictions, nursing staff placed
an 1V line in the subject’s arm for administration of the study drug (placebo, 0.015, or
0.03 mg/kg THC). Following administration of the study drug, participants completed a
series of psychophysiological tasks (results presented separately [22, 23]), measures of
subjective and psychotomimetic effects/perceptual alterations, and cognitive tasks to assess
drug effects. Table 1 summarizes the timeline of the study assessments. The timing of
initiation of subjective assessments was based on the psychophysiological assessments in
each sub-study: In sub-study#1, the assessments at +10 began with blood draws, vital
signs, free description of subjective effects following by assessment of subjective and
perceptual effects using visual analog scale (VAS), Psychotomimetic States Inventory
(PSI) and the Clinician-Administered Dissociative Symptoms Scale (CADSS) and then
psychophysiological measures at ~+35; In sub-study#2, the +10 timepoint began with
blood draws following by psychophysiological assessments that ended around +40 and
followed by CADSS and VAS. Based on the duration of other procedures we estimate
that CADSS and VAS occurred within the window listed in the table 1. Participants in
both sub-studies were asked to rate their overall peak effects. Importantly, since these
sub-studies are placebo controlled, each participant served as their own control in the
placebo condition. Furthermore, within each sub-study male and female participants had
similar timing of assessments and there was no main effect of sub-study on the outcomes.
Clinical evaluations including field sobriety test were conducted at the end of each test
day to assess the resolution of the drug effects. Participants were discharged approximately
240 min after administration of the study drug, or after resolution of all drug effects after
physician evaluation, whichever came last. Participants were not permitted to drive to or
from the testing center and were required to arrange alternative transportation. Test days
were scheduled at least 3 days apart, to minimize the potential carryover effects of THC
[21].

Outcome Measures:

Subijective effects: Subjective effects of THC were measured on a visual analog scale
(VAS) and included subjective states such as “High”, “Calm”, “Happy’ and “Anxious,”
scored on a 100 mm line (0= not at all, 100= extremely) [20]. Participants self-rated
their subjective states on the VAS before and at several time points after THC/placebo
administration on each test day. Rating scales for peak subjective effects and perceptual
alterations were administered in the 20-60-minute window after THC administration to
capture all effects since drug administration (Table 1).

Psychotomimetic effects and Perceptual Alterations: Psychotomimetic effects and
perceptual alterations were measured using the Psychotomimetic States Inventory (PSI) and
the Clinician-Administered Dissociative Symptoms Scale (CADSS), respectively, both of
which have been shown previously to be sensitive to the acute effects of THC [21]. CADSS
was assessed at the same time points as other subjective effects. PSI was assessed at baseline
and at the end of the test day (~240 minutes after THC administration) when participants
were asked to rate their peak effects (Table 1).
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Cognitive Effects: Cognitive effects were assessed using a verbal learning and memory
task called the Rey Auditory Verbal Learning Task (RAVLT) after assessment of subjective
effects and perceptual alterations (Table 1). The RAVLT is a non-semantically organized,
15-item word, list task with 5 alternate versions sensitive to the effects of THC [24]. First, a
word list (List A) is presented five times with free immediate recall after each presentation.
After the fifth recall, a distractor list (List B) is presented and recalled. Subsequently, short
(immediate) and long (~30 minutes) delayed recall of List A are recorded. After completion
of the delayed recall, participants are presented with a long list of words from both List

A and List B, as well as words that were not presented to the subject that day (List C).
Participants are asked to indicate to which list each word belongs (recognition).

Statistical analyses:

Results

The following primary outcome measures represented the most robust THC effects
identified from prior studies in order to explore sex-related differences: VAS “High”

(THC induced intoxication); CADSS (THC-induced perceptual alterations), and RAVLT
total recall (acute effects of THC on verbal memory). Subjective (i.e., VAS, CADSS) and
psychotomimetic effects (PSI) outcomes were represented as the change from baseline to
the peak THC effect. Cognitive effects (RAVLT) were assessed once per test day. Data were
inspected for normality using box plots, normal probability plots, and Kolmogorov-Smirnov
tests. Linear mixed models with sex (male/female) as a between subject factor and drug
(THC dose) as within-subject factor were employed to assess each outcome. The dose

by sex interaction was also modeled and the best-fitting variance-covariance structure was
chosen using information criteria. The original sub-study (#1 and #2) was included as a
covariate in all analyses. Least-square means were compared post-hoc to interpret significant
effects. Physiological effects were measured at several time points throughout the day to
monitor safety and were analyzed using the same model above with the inclusion of time

as an additional within-subjects factor. Primary outcomes were tested using a two-side alpha
threshold of 0.05. All analyses were conducted using SAS, version 9.4 (Cary, NC).

Subject characteristics

The sample consists of 42 individuals with limited lifetime exposure to cannabis who
participated in these two studies (19 participants from sub-study #1 and 23 from sub-study
#2). There were no significant demographic differences between participants from sub-study
#1 and sub-study #2 on demographic variables (data not shown). There were 20 female

(7 from sub-study#1 and 13 from sub-study#2) and 22 male participants (12 from study#1
and 10 from sub-study #2) in this study. The difference between the proportion of female

to male participants in sub-study#1 (36.8%) vs. sub-study#2 (56.5%) was not statistically
significant (p=0.20). There was also no significant effect of sub-study (#1 vs. #2) in any of
the models. Overall, there were no significant differences between the demographic factors
between male and female participants in this study (Table 2). By far the majority of the
participants (n=38, 90%) only had a remote history of cannabis exposure; only four reported
cannabis use over the past month, with no significant differences in the last exposure to
cannabis between male and female participants (Table 3).
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Subijective effects

As expected, the acute administration of 1.V. THC (0.015 or 0.03 mg/kg) produced a
significant main effect of dose on VVAS scores for “High” (F» 77= 114.7, p<0.0001), “Calm”
(F2,77= 5.54, p < 0.01), “Happy” (F2,77= 4.52, p < 0.05), and “Anxious” (F» 77= 11.2, p

< 0.0001) (full data is presented in supplementary table 1). There was a significant main
effect of sex on the VAS scores for “High” (F1 3g= 4.27, p<0.05) and a significant dose x
sex interaction (F, 77= 3.38, p < 0.05) with female participants having greater “High” scores
than male participants at the lower THC dose (0.015 mg/kg (Fig. 1). No other dose by sex
interactions were observed.

Psychotomimetic effects

- Psychotomimetic States Inventory (PSI)—THC induced an increase in
psychotomimetic symptoms as measured by the PSI in both males and females, as revealed
by main effect of dose (F5 41=39.79, p < 0.001). THC had no significant main effects

on sex or sex x dose interactions on psychotomimetic effects (full data is presented in
supplementary table 1).

- Perceptual alterations—THC produced a dose-dependent increase in perceptual
alterations measured by the CADSS across both sexes (F, 3g= 33.69, p < 0.0001). However,
the main effect of sex and the dose x sex interaction were not significant (full data is
presented in supplementary table 1).

Cognitive Effects

- Total immediate recall—Males recalled 59.5 + 2.2 words under the placebo condition,
56.4 + 2.26 after low dose of THC, and 57.7 + 2.42 words after the higher dose of THC.
Females recalled 61.4 + 2.15, 58.5 + 2.62, and 58.7 + 2.81 during placebo, low, and high
dose THC, respectively. While a significant main effect of dose (F, 77= 4.0, p = 0.02) was
observed, the main effect of sex and the sex by dose interaction effect were not significant.

- Short delayed recall—Males recalled 12.9 + 0.58 words under the placebo condition,
13.1 £ 0.52 words after low dose THC, and 13.4 + 0.42 after the higher dose of THC.
Females recalled 13 + 0.80 words on the placebo condition, 12.3 + 0.76 on the low THC,
and 12.6 + 0.75 on the higher THC dose. There were no significant main effects of dose,
sex, or dose X sex interactions.

- Long delayed recall—On the long-delayed recall, males recalled 11.2 + 0.92 words on
the placebo condition, 12.3 + 0.74 words on the low dose THC condition, and 11.2 + 0.80 on
the higher dose of THC. Females recalled 11.9 + 0.84 words on the placebo condition, 12.3
+ 0.66 on the low dose THC condition, and 11.7 + 0.76 on the higher THC dose. There were
no significant main effects of dose, sex, or dose x sex interactions.

Physiological effects

THC administration increased heart rate in a dose dependent manner in both male and
female participants (dose: F, gg7= 67.3, p < 0.0001; dose x time F14 gg7= 12.81, p < 0.0001).
No effects of sex or dose x sex were observed.
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Discussion

Our results demonstrate that female participants demonstrated significantly greater
subjective THC induced “High” at the lower dose of THC, compared to male participants
at this dose. However, this sex- related difference in “High” was not observed at the higher
dose of THC. These results may be explained by a ceiling effect of subjective “High” at
the doses studied. However, this is unlikely given that the mean “High” was only 57.55
out of a 100-point scale in female participants after high dose of THC. Alternatively, the
results suggest that females were more sensitive to the intoxicating effects of low doses

of THC. This pattern of heightened sensitivity may contribute to the differential patterns
of cannabis use and faster transition to CUD in women, compared to men. In contrast to
the subjective “High”, males and female participants did not show statistically significant
differences in the psychotomimetic, perceptual altering, physiological, or cognitive effects
of THC. Our results are consistent with the reported higher subjective effects of smoked
cannabis [16] or low dose of oral THC [14, 15] in women, though other studies have
reported the opposite findings with smoked cannabis [13] or oral THC [12]. However, it

is important to note that some of these studies were conducted in individuals who used
cannabis frequently [13]. Prior cannabis exposure may affect the potential sex differences
associated with acute exposure to THC, given the current evidence from animal studies on
faster development of tolerance to the effects of THC in females [25]. Moreover, there are
dose-dependent sex differences in the metabolism of THC, which may explain some of the
discrepancies in previous studies. In a study of the pharmacokinetic properties of oral THC,
women demonstrated a significantly greater peak plasma THC concentration as compared
to men after oral administration of 5 mg THC following a fast [26]. Some previous studies
that reported lower subjective effects of oral THC in women did not report the blood
concentration of THC or its metabolites [12].

In this study, we chose to use IV route of THC administration. While the administration of
THC via the smoking, oral, or vaporized route is more ecologically valid, it can introduce
substantial inter- and intra-individual variability in bioavailability [23], potentially obscuring
or confounding any sex differences in THC effects. Even with standardized paced smoking
procedures, participants can titrate the dose of cannabinoids they receive and, in doing

S0, negate attempts to deliver a uniform dose [24, 26]. The IV route of administration
reduces inter- and intra-individual plasma THC variability. Thus, while not generalizable

to recreational use, this paradigm permits precise estimation of dose related effects. This

is important since variability in the received THC dose can confound any differences
attributable to sex. Moreover, while oral THC administration results in production of large
amounts of active metabolites (e.g. 11-OH-THC), with reported sex differences, there are
low concentrations of these metabolites after IV THC administration, which would minimize
the potential confounding effects [27, 28].

Over a wide dose range of IV THC, we have demonstrated robust subjective, cognitive,
physiological, endocrine, and psychophysiological effects in a safe and reliable manner
[29, 30]. The doses studied here have been shown to produce robust intoxication and

cognitive deficits and are well tolerated [30]. Moreover, the IV THC administration has
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been demonstrated to have a reliable time course of peak effects for subjective feelings and
psychotomimetic effects, which is critical in evaluation sex differences [21].

Greater effects of cannabinoids in females are reliably reported in animal studies, and
reviewed previously by our group [31]. Female rats are more sensitive to acute and

chronic effects of THC on cognition and behavior [32]. Acute THC induces more potent
antinociception [33, 34] and locomotor activity [35] in female rats and they develop greater
tolerance to these effects with chronic administration [34-36], despite having similar plasma
THC levels [36]. Female rats also show higher sensitivity to the reinforcing effects of
cannabinoids and have a faster acquisition of cannabinoids self-administration [9], and
stronger drug- and cue-induced reinstatement of cannabinoids [10], which are reduced

in ovariectomized females [9, 10]. Interestingly, female rats show greater downregulation
or desensitization of cannabinoid receptor type 1 (CB1R) in all brain regions after THC
exposure [37, 38], which would probably explain their greater withdrawal symptoms, and
faster transition to tolerance and dependence [34—-36]. In fact, gonadectomized female

rats show increased cannabinoid withdrawal behaviors in the presence of estradiol or
progesterone administration and gonadectomized male rats show decreased cannabinoid
withdrawal behaviors after testosterone administration [39].

Primary sex differences in the endogenous cannabinoid (endocannabinoid, eCB) system
could be one of the underlying mechanisms of the observed sex differences in the acute

and chronic effects of cannabinoids. Animal studies have demonstrated region-specific sex
differences in the levels of CB1R in different brain areas [40-43], which are profoundly
affected by sex hormones in both males and females [44]. Similarly, few available human
studies also reported sex differences in CB1R availability in different brain regions, but

the nature of these differences vary depending on the PET imaging ligands that were used
[45-48]. More studies are needed to clarify the sex differences in the eCB system in humans
and their interaction with the differentiated acute and chronic effects of cannabinoids in men
and women.

This study has some limitations that need to be considered in interpretation of the data.

We did not measure sex hormones and did not control for the phase of menstrual periods

in female participants. As mentioned above, sex hormones affect the eCB system and
cannabinoid effects. More studies with a larger sample size are needed to investigate the
magnitude of sex differences in each phase of menstrual period and various levels of sex
hormones. We also did not measure THC levels and THC metabolites. Though our method
of IV administration of THC would minimize the pharmacokinetic differences, we still may
have some residual effects of different metabolism pathways in men and women, which need
further evaluations.

Conclusion:

Female participants reported greater subjective effects of feeling “High” at lower dose
of THC, compared to male participants. However, there were no other significant sex
differences in the subjective, psychotomimetic, physiological, or cognitive effects of
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THC. More studies are needed to assess the potential underlying mechanism and clinical
significance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

THC induced subjective effects of feeling “High” in male and female participants. The solid
bars represent females, and the patterned bars represent males. The Y- Axis represents a
change from baseline score on the Visual Analog Scale for “High.” There was a significant
main effect of sex on the VAS scores for “High” (F1 3g= 4.27, p<0.05) and a significant dose
x sex interaction (F2 77= 3.38, p < 0.05) with females having greater “High” scores than
males at the lower THC dose (0.015 mg/Kkg).
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Table 1.

Timeline of assessments over the test days

Time (minutes)

Assessment

-90 Urinetoxicology, breathalyzer, vitals
-60to -10 Vitals, CADSS, PSIZ VAS®

-5 Vitals

0 THC IV infusion

+10 to +457 Vitals, CADSS, VAS

+55 Vitals, RAVLT#

+80 to +100 Vitals, CADSS, VAS,

+240 Vitals, CADSS, PSI, VAS

Page 13

Clinician-Administered Dissociative Symptoms Scale, 2. Psychotomimetic States Inventory, 3. visual analog scale, 4. Rey Auditory Verbal

Learning Task

Of note the timing of “peak” assessments provides a window within which the assessments were conducted to capture the overall peak effects
associated with drug administration.
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Participants basic characteristics

Subject Demographics

MALE FEMALE
Mean (SD) Mean(SD) (SD)
Total n 22 20
Age (years) 28.4 787 25.0 46~
Education (years) 16.1 21 154 13
Race(n)
Caucasian 18 18
Black 2 1
Asian 2 0
Mixed 0 1
Other 0 0
Ethnicity
Non-Hispanic 21 17
Hispanic 1 3
BMI 26.5 4.2 27.2 6.1
Height (in.) 70.6 26 64.2 24
Weight (Ibs) 1832 331 157.0 35.6

*
No subjects below the age of 18 years were studied.

No statistically significant difference between studies or between the two groups across these demographic variables.
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Table 3.
Cannabis use history in men and women
Cannabis Use History
Male[N] Female [N]

# of subjects 22 20
Past Month Cannabis Exposure Days  Male[N (%)] Female [N (%)]
None 20 (90.9%) 18 (90%)
1-3 times 2 (9%) 1 (5%)
4-8 times 0 (0%) 1 (5%)
L ast exposure to cannabis Days ago Male Mean (SD) Female Mean (SDh)

802.6 1238.7 538.9 443.6
Lifetime Cannabis Exposure# of days Male[N (%)] Female [N (%)]
Less than 5 times 3(13.6%) 1 (5%)
5-10 times 8 (36.3%) 6 (30%)
11-20 times 2 (9%) 4(20%)
21-50 times 4(18.1%) 6 (30%)
51-100 times 2 (9%) 1 (5%)
>100 times 3(13.6%) 2 (10%)
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