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Introduction: The endocannabinoid (eCB) system is a regulatory mechanism
that helps to maintain homeostasis in the brain. Cannabis use and circulating
eCB disruptions have been linked with altered memory; however, this work
has largely been done in animal models with minimal investigation into these
relationships by sex. We aim to investigate how circulating eCB concentrations
in cannabis using young adults are associated verbal memory. We hypothesize
that greater amounts of self-reported cannabis use and lower eCB circulating
concentrations will be associated with worse learning and memory. Sex as a
potential moderator was explored.

Method: Eighty-seven participants between the ages of 18-20 (63% female)
completed measures on past 30-day cannabis use, verbal learning and
memory (Rey Auditory Verbal Learning Task; RAVLT), and a blood draw. Serum
sample analysis from blood draws assessed concentrations of the eCBs 2-
arachidonoylglycerol (2-AG) and N-arachidonoylethanolamine (AEA). Linear
regressions examining cannabis group status based on past 30 day cannabis
use [no use, light use (<8 use days), and heavy cannabis use (>8 use days)],
eCB concentrations, and their interaction on RAVLT learning and memory
scores. Three-way sex by cannabis status by eCB concentrations interactions
were also explored.

Results: Heavy cannabis use was associated with worse verbal memory
performance. Significant interactions between 2-AG and heavy cannabis use
were observed, revealing that individuals with elevated 2-AG concentrations
and heavy cannabis use showed better performance on verbal learning and
memory tasks. In contrast, heavy cannabis use with higher AEA concentrations
performed worse on verbal learning tasks. There was a significant three-way
interaction with sex, cannabis use group, and 2-AG concentrations on verbal
learning where men with heavy cannabis use and high 2-AG concentrations
had better verbal learning compared to men with lower 2-AG concentrations.
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Discussion: Distinct patterns emerged between 2-AG and AEA concentrations and
memory performance among individuals with heavy cannabis. Higher 2-AG
concentrations and lower AEA concentrations correlated with improved memory
performance in the heavy cannabis use group, suggesting that circulating eCB
profiles may serve as a biomarker for cannabis-related cognitive deficits. More
work is needed to disentangle the complex relationships between circulating
eCB concentrations, cannabis use, and neurocognitive functioning.
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sex differences

Introduction

Endocannabinoids (eCBs) are endogenous signaling molecules
that regulate human psychophysiology through activation of
cannabinoid type-1 and type-2 receptors [CB1 and CB2 (1);].
The two best well-characterized eCBs, 2-arachidonoylglycerol
(2-AG) and N-arachidonoylethanolamine (AEA), are synthesized
“on demand” and serve as high-efficacy agonists of CBI
receptors (2, 3). CB1 receptors are present at high density in
many brain areas, including the basal ganglia, amygdala, and the
hippocampus (4). The binding of eCBs to CB1 receptors in these
brain regions are thought to modulate both cognitive and
emotional processes (5). Memory consolidation and maintenance
in particular are thought to be heavily regulated by eCB signaling
(6). Thus, eCBs are crucial in the role of retaining and
remembering new information.

Cannabis use has been closely associated with adverse cognitive
effects (7), particularly in adolescents and young adults [AYA (8);].
This is concerning given that in 2023 18% of 12th graders have
reported past month cannabis use and 29% have reported past
year cannabis use (9). Poorer verbal memory performance in
particular has been linked with AYA cannabis use, as cannabis
using AYAs often show worse verbal learning and immediate
than  their
counterparts (10-12). Cognitive alterations observed with cannabis

and delayed memory performance non-using

use are believed to result from the principal psychotropic
(THCO),
which binds to CB1 receptors (13, 14). Chronic cannabis exposure

compound of cannabis, delta-9-tetrahydrocannabinol
has been demonstrated to lead to CBI receptor downregulation
and reductions in eCB concentrations (15, 16). Given that the
hippocampus, a brain region crucial for learning and memory, is
densely populated with CB1 receptors, changes in receptor density
and eCB concentrations contribute to downstream cannabis-
related memory changes (5, 17).

Preclinical research suggests that continuous activation of CB1
receptors with repeated exogenous cannabis exposure may lead to a
disruption of the eCB system and interfere with the homeostasis of
hippocampal neuronal signaling, and therefore, impact memory
(18).
hippocampal neurons show that THC at high rates antagonized

performance Indeed, preclinical models examining

endogenous 2-AG signaling (19). The continuous activation of
CB1 receptors may have particularly pronounced effects during
adolescence adulthood, a critical

and young period of
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neurodevelopment in which eCB signaling is highly influential.
The eCB system is essential for regulating neuronal cell
(20).

Disrupting this signaling during such a sensitive period may help

proliferation, migration, differentiation, and survival
explain the distinct brain and cognitive effects observed with
AYA cannabis use compared to adults (21, 22). However, while
the effects of the eCB system and cannabis on memory
performance are well documented in pre-clinical models, human
studies are limited (11). Thus, additional clinical studies focusing
on cannabis use and eCB signaling in AYA are crucial to bridge
the gap between preclinical research findings and their relevance
to emerging young adults.

Further complicating these relationships is the role of biological
sex. Sex differences are observed in the eCB system and in the
effects of cannabis exposure on the brain and cognition (23, 24).
Past preclinical studies have shown that females demonstrate greater
downregulation of CBI1 receptors compared to males with repeated
THC exposure (25). However, males show greater CB1 receptor
density compared to their female counter parts (26). Additionally,
sex specific effects of the eCB system play a role in modulating both
neural and cognitive development and have been characterized in
preclinical adolescent models (27) as well as several human studies
suggesting preclinical findings may generalize to clinical samples
(28); however, these studies are limited and more sex-specific
investigations into cannabis use and eCBs on cognition are
imperative to better understand their relationships in humans.

Here we aim to investigate the relationship between AYA
cannabis use and circulating eCB concentrations on verbal
learning and memory performance. We hypothesize that AYAs
who have engaged in both light cannabis use and heavy
cannabis use in the past 30 days will perform worse on
measures of verbal learning and memory compared to
individuals with no-use in the past 30 days (9, 11). Further,
lower circulating concentrations of both 2-AG and AEA in
AYAs will be associated with worse verbal learning and
memory performance (29). Finally, we hypothesize that there
will be an interaction between light and heavy cannabis use
group status and eCB concentrations where heavy cannabis
use and lower eCB concentrations, both 2-AG and AEA, will
be related to worse verbal learning and memory (18, 30). In
addition to the above aims, we will conduct preliminary
analyses exploring the role of sex assigned at birth on
cannabis use and eCB concentrations on memory performance.
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Participants

Eighty-nine participants between the ages of 18-20 years old
were selected as a subsample from a larger parent study
investigating the effects of cannabis and nicotine co-use.
Participants included individuals with and without cannabis use
and who provided a blood sample to quantify circulating eCB
concentrations. Cannabis use groups included light cannabis use
[n=28 (F=17)], defined as less than 8 cannabis use episodes in
the past 30 days (<2x/week on average), and heavy cannabis use
[n=24 (F=14)], defined as greater than 8 cannabis use episodes
in the past 30 days (>2x/week, on average). Control participants
[n=34 (F=23)] endorsed no cannabis use in the past 30 days.

Inclusionary criteria for the parent project were for enrollment
purposes only and required meeting criteria for one of four groups
based on cannabis and nicotine patterns in the past six months.
Groups included: (1) single substance cannabis and (2) single
substance nicotine and tobacco product use with a pattern >48
use episodes in the past 6 months, or >2 episodes/week for the
past 6 months, on average of cannabis or nicotine and tobacco
products, and no use of the other substance within the past 6
months at enrollment; (3) a co-use group which included
individuals using both cannabis and nicotine and tobacco
products in the past 6 months and defined as consuming both
substances weekly, or >2 episodes/week for the past 6 months of
both cannabis and nicotine and tobacco products; and (4) a
control group, including individuals reporting <1 use episode of
either cannabis or nicotine and tobacco product use in the past 6
months at enrollment.

Exclusionary criteria included greater than 100 alcohol use
episodes, prenatal alcohol, tobacco, or illicit drug exposure,
premature birth (<24 week gestation or birth weight <5 lbs),
history of serious medical or neurological problems including
major neurological disorder or head trauma with loss of
consciousness >2 min, current or past DSM-5 psychiatric
disorder (other than cannabis and/or tobacco use disorder, which
was not screened for), >10 illicit substance use episodes, history
of learning disability or pervasive developmental disorder, non-
correctable visual or hearing problems, non-fluency in English,
MRI contraindications, pregnant on day of scan, or failure to
abstain from alcohol or cannabis use twelve hours prior to their
visit (acute nicotine was allowed so that cognitive performance
was not impacted by nicotine withdrawal).

Procedures

Participants were recruited from the San Diego County area
using digital and physical flyer postings, in-person tabling events,
and social media postings. Interested participants were screened
via phone calls with trained study staff. Eligible participants were
brought into the study site and completed a comprehensive
health, substance use,

battery of mental neurocognitive
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assessments, biological specimen collection, and structural and
functional neuroimaging acquisitions. Participants were screened
for acute intoxication. Those with positive urine toxicology
results for any drug were asked to provide a saliva sample for
Draeger testing to confirm they were not intoxicated at the time
of their visit. All study protocol were approved by the local
Institutional Review Board and adhered to the Declaration
of Helsinki.

Materials

Substance use

The Timeline Follow Back (TLFB) was used to measure past
30-day cannabis use (31), and other substance use episodes. The
TLFB is the gold standard for measuring substance use where a
calendar displaying memory cues of significant events in the
participants past 30 days is used to help recall substance use
patterns. A trained research assistant worked with participants to
identify how much cannabis they consumed each day. In this
way, the number of cannabis use days were calculated and
utilized to define cannabis use groups.

Verbal learning and memory

The Rey Auditory Verbal Learning Test (RAVLT) is a verbal
list learning task (32) where participants complete five trials
during which they were read a list of words and were asked to
repeat as many words as they can remember (verbal learning).
After hearing and completing an immediate recall trial with a
distractor list, participants were asked to recall the initial list of
words they learned (short-term memory) and again after a
thirty-minute delay (long-term memory). Raw item level scores
(i.e, total words learned during learning trials, and words
recalled during short and long-term delay trials) were used as the
outcome variable.

Endocannabinoids

A trained phlebotomist performed the venipuncture following
standard procedures. The 5 ml blood samples were collected in
serum-separated tubes (SST) and immediately inverted to ensure
proper mixing with additives. Within 30 min of collection, the
samples were centrifuged at 1,300 x g for 10 min to separate the
serum, which was then aliquoted into pre-labeled cryovials and
stored at —80° C. Blood samples were shipped on dry ice to the
Hillard laboratory at the Medical College of Wisconsin in
Milwaukee, WI. Serum sample analysis was conducted using
liquid chromatography-tandem mass spectrometry (LC-MS/MS)
to procure circulating eCB concentrations including 2-AG and
AEA [pmol/ml (33);].

The time and date of blood draws were noted. For descriptive
purposes, the time blood draws occurred were put into categories
of morning (8am-12pm), afternoon (12pm-4pm), and evening
(after 4pm).
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Analyses

Analysis of variance (ANOVA) and chi-square tests were run to
examine differences in eCB concentrations by demographics and by
cannabis group; eCB concentrations were grand mean centered.
A series of linear regressions were run to examine the effects of
cannabis group, eCB concentrations, and their interaction on
RAVLT learning and memory scores. eCB analyses were run
separately (2-AG and AEA). Sex assigned at birth and time
between the blood draw and neurocognitive battery were included
as covariates. Given the importance of sex as a potential
moderator in cannabis and eCB relationships (25, 27), exploratory
analyses were run investigating the three-way interaction of sex by
cannabis use group by eCB concentrations interaction term for
each verbal memory outcome. Analyses were conducted in R
(R 4.2.1) utilizing the stats (version 4.2.1) and psych (version
2.2.5) packages. All statistical decisions were made at p <0.05.

Outliers

Potential outliers within eCBs (i.e., 2-AG & AEA) and RAVLT
performance were removed utilizing difference in Beta values
(DFBETAS) at a threshold of |2/4/N]. In this way, two participants
were removed from analyses for having 2-AG concentrations that
exceeded DFBETAS threshold (0.35). One participant in the control
group (DFBETA =2.48) and one participant in the light cannabis
use group (DFBETA = —0.81) were removed.

Participants

A total of N = 87 participants were included ranging between the
ages of 18-20 (M = 18.45, SD = 0.52). The sample was predominately
female (63.2% female) and mostly identified as White (40.2%). Most
participants had completed 12 years of education (59.8%) and 24.1%
had a household income of $100,000 through $199,000. Participants
included 35 controls (F =23), 28 individuals with light cannabis use
(F=17), and 24 individuals with heavy cannabis use (F = 14). There
were no significant differences in demographics by cannabis group
Neither AEA nor
concentrations differed by cannabis use group. Concentrations of
2-AG significantly differed by sex [F(1,85)=9.08, p<0.01], with
2-AG
than female participants

(see ). 2-AG endocannabinoid

male participants recording higher concentrations
(M=23.62; SD=9.39) (M=17.32;
SD =9.51), but no other demographic variables. Concentrations of
AEA did not significantly differ by any demographic variables.

Verbal learning & memory

Cannabis
Heavy cannabis use group status was related with lower short

delay verbal memory [F(3,83)=2.18, b=-1.29, SE=0.65,
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p=0.05, r* = 0.08] and long delay verbal memory [F(3,83) = 1.68,
b=-1.60, SE=0.76, p=0.04, r*=0.06]. There
significant differences based on light cannabis use group status

were 1o
on RAVLT performance.

Sex
There were no significant differences on RAVLT performance
based on sex.

2-AG endocannabinoid concentrations

There was not a significant effect of 2-AG. There was a
significant interaction between the heavy cannabis use group and
2-AG concentrations where individuals in the heavy cannabis use
group had a positive relationships between 2-AG concentrations
and verbal learning [F(7,79) =1.68, b=0.47, SE=0.23, p=0.04,
2 =0.05; see ], short delay recall [F(7,79) =2.48, b=0.21,
SE=0.07, p<0.01, 2 =0.11; see ], and long-delay recall
[F(7,79) = 1.50, b=0.17, SE = 0.08, p = 0.04, r* = 0.04].

AEA endocannabinoid concentrations

Higher AEA eCB concentrations were associated with better
verbal learning performance [F(7,79) =1.62, b=10.51, SE =5.09,
p=0.04, r*=0.13]. There was a significant interaction between
AEA concentrations and cannabis group status, indicating that
for individuals with heavy cannabis use there was a negative
relationship between AEA concentrations and verbal learning
scores [F(7,79) = 1.62, b=—13.43, SE = 6.48, p = 0.04, r* = 0.13].

Preliminary Sex interactions

2-AG endocannabinoid concentrations

There were sex specific findings between 2-AG concentrations and
sex assigned at birth. Males with lower 2-AG concentrations
showed worse verbal learning [F(12,74)= 1.63, b=-0.53,
SE=0.26, p=0.04, r’=021] and long delay memory [F
(12,74) =1.42, b=—0.20, SE=0.09, p=0.03, = 0.19] compared
to females with higher 2-AG concentrations who showed better
performance. There was a significant three-way interaction
between heavy cannabis group status, 2-AG concentrations, and
sex assigned at birth on verbal learning [F(12,74)= 1.63, b=1.23,
SE=0.57, p=0.03, r*=0.21]. Men in the heavy cannabis use
group with higher concentrations of 2-AG demonstrated better
RAVLT learning performance compared to men with lower
2-AG group
(see ).

concentrations in the heavy cannabis use

AEA endocannabinoid concentrations
There were no significant sex effects between AEA concentrations
and cannabis use groups on cognition.

Our study aimed to characterize the relationships among
serum eCB concentrations on verbal learning and memory in
AYAs who use cannabis regularly. As hypothesized, heavy
cannabis use was related to worse short and long-term verbal
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TABLE 1 Demographic and Cannabis group differences.
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Demographics No cannabis Light cannabis Heavy cannabis Statistics
Sample Size N=35 N=28 N=24
Sex (%) x2=4p=28

Female 65.7% 60.7% 58.3%

Male 34.3% 39.3% 41.7%
Age [M(SD) Min-Max] 18.3 (0.5) 18-19 18.5 (0.5) 19-19 18.5 (0.6) 18-20 F=20;p=2
Race (%) x2=143;p=2

American Indian/Alaskan Native 0% 0.04% 0%

Asian 40.0% 17.9% 12.5%

Native Hawaiian/Pacific Islander 2.9% 3.6% 4.2%

Black 5.7% 3.6% 4.2%

White 25.7% 35.7% 62.5%

More than One Race 25.7% 35.7% 16.7%
Socioeconomic Status (%) X2=244;p=.3

Less than $25,000 14.3% 17.9% 8.3%

$25,000 through $49,999 17.1% 21.4% 20.8%

$50,000 through $74,999 11.4% 10.7% 4.2%

$75,000 through $99,999 0.0% 3.6% 4.2%

$100,000 through $199,999 28.6% 28.6% 12.5%

$200,000 and greater 8.6% 7.1% 29.2%

Don’t Know 14.3% 7.1% 20.8%

No Response 2.9% 3.6% 0.0%
Substance Use [M(SD) Min-Max]
Ever Used Cannabis Use (%) 40.0% 100.0% 100.0% x2=41.1; p<.01
Past 30-Day Cannabis Use Days 0 (0) 0-0 3.5 (2.0) 1-7 21.5 (8.4) 8-30 F=1744; p< .01
Average Weekly Cannabis Use (grams) 0 (0) 0-0 0.1 (0.2) 0.001-0.5 3.6 (6.5) 0.02-29.4 F=9.5p<.01
Past Year Cannabis Use 2.1 (4.3) 0-20 50.9 (57.2) 2-200 963.6 (2,544.5) 50-12,742 F=42;p=.02
Lifetime Cannabis Use 7.3 (18.3) 0-79 105.3 (109.7) 2-33 1,930.8 (4,991.8) 51-24,803 F=44;p=.02
Past 30-day Nicotine Use Days 2.9 (8.6) 0-30 5.4 (10.0) 0-30 8.0 (12.6) 0-30 F=18;p=.02
Average Weekly Nicotine Uses (episodes) 10.2 (48.6) 0-286.2 29.5 (79.8) 0-287.6 23.2 (71.5) 0-347.6 F=0.7; p=.50
Past 30-Day Alcohol Use Days 1.3 (3.3) 0-16 3.9 (4.2) 0-20 4.3 (5.1) 0-20 F=46;p=.01
Average Weekly Alcohol Use (drinks) 1.6 (4.4) 0-19.5 4.2 (6.6) 0-33.3 6.4 (12.0) 0-47.7 F=27,p=.07
Endocannabinoids (M(SD) Min-Max

2-AG 20.6 (11.2) 7.0-53.5 18.0 (9.2) 4.0-38.7 204 (8.8) 3.3-36.1 F=06; p=.53

AEA 0.9 (0.3) 0.4-1.9 1.0 (0.4) 0.4-2.0 1.0 (0.4) 0.5-2.5 F=0.6; p=.57
Blood Draw Time of Day x2=1.0; p=91

Morning (8am-12pm) 28.6% 35.7% 25.0%

Afternoon (12pm-4pm) 60.0% 57.1% 62.5%

Evening (4pm-8pm) 11.4% 7.1% 12.5%
Cognitive Performance [M(SD) Min-Max]
RVLT Learning Trial (total items) 53.1 (7.1) 30-66 51.7 (8.0) 35-68 51.2 (10.0) 24-69 F=04;p=.64
Short Delay Performance (raw items 12.2 (2.0) 7-15 11.8 (2.5) 8-15 109 (3.1) 4-15 F=17p=.19
Long Delay Performance (raw items) 12.0 (2.3) 6-15 11.0 (2.7) 4-14 10.5 (3.7) 3-15 F=24;p=.10

memory. While serum 2-AG concentrations were not directly
related to learning and memory, they did moderate the
relationship between cannabis use and memory, such that for
individuals in the heavy cannabis use group only, higher
circulating 2-AG concentrations were associated with better
verbal learning. In contrast, serum AEA concentrations had a
direct positive relationship with verbal learning, as higher AEA
concentrations were associated with improved learning and
memory. However, with heavy cannabis use, elevated AEA
concentrations were linked to poorer learning and memory
performance, indicating a significant moderating effect of AEA
on the relationship between group status and learning outcomes.
Additionally,  exploratory  analyses revealed  sex-specific

Frontiers in Adolescent Medicine

differences: in men within the heavy cannabis use group, lower
2-AG concentrations were associated with reduced verbal
learning performance.

Consistent with the broader literature demonstrating greater
deleterious effects with higher frequency of use (34), we found
that heavy (>2 weekly uses) but not light cannabis use (<2
weekly uses) was related to memory deficits. With chronic
cannabis use, research suggests that the brain adapts and
downregulates CB1  receptors, and potentially eCB
concentrations (35). Our findings expand into human
studies preclinical work demonstrating that eCBs may
moderate the relationships between cannabis use and verbal
learning performance.
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Cannabis Group x 2-AG Levels
on Short Delay Performance
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FIGURE 1
Cannabis group by 2-AG concentrations on short delay verbal memory performance. Interaction showing 2-AG concentrations (x-axis) by cannabis

use group on RAVLT short delay performance (y-axis). There was a significant interaction with the heavy cannabis use group and 2-AG concentrations
on short delay performance (p <0.01). 2-AG values were mean centered to allow for direct interpretation of results. Shading from mean regression

depicts Standard Error.

Cannabis Group x 2-AG Levels x Sex at Birth
on Verbal Learning Performance
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FIGURE 2
Three-Way interaction of Cannabis group by Sex and 2-AG concentrations on verbal learning performance. Three-way interaction between cannabis

use group, sex, and 2-AG concentrations (x-axis) on verbal learning performance (y-axis). There was a significant interaction within male participants
between heavy cannabis use 2-AG concentrations on verbal learning performance (p = 0.03). Sex assigned at birth is separated across both boxes.

Shading from mean regression depicts Standard Error.
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The eCB concentrations were determined in serum isolated
from venous blood. It is likely that circulating eCBs arise from
different sources, including blood cells, peripheral, metabolic
organs and skeletal muscle (36). It is unclear how these
concentrations relate to eCB concentrations and eCB mediated
signaling in the brain. It is not likely that they are influenced
significantly by brain overflow as synaptic eCBs are tightly
regulated by their degradative enzymes (37). On the other hand,
considerable data, including the findings in this report, indicate
that serum eCB concentrations are associated with a variety of
measures of CNS function and psychopathology (38). However,
the mechanistic basis for these relationships is not known.

In our study, we found that verbal memory performances
improved specifically for individuals with heavy cannabis use as
a function of increasing 2-AG concentrations. Interestingly, in a
sample of individuals diagnosed with Alzheimer’s disease,
increased 2-AG were associated with improved memory
performance (39), suggesting similar 2-AG patterns on cognition
in varying populations. Conversely, lower eCB concentrations
may represent a disruption from heavy cannabis use or, perhaps,
premorbid susceptibilities that result in exogenous cannabis use.
If so, eCB concentrations may provide an opportunity to identify
individuals who are at greater cognitive risk with cannabis use.
Indeed, studies in cannabis using adults have shown that more
frequent cannabis use was associated with lower baseline 2-AG
(40). However, we also found the inverse relationship in AEA
and heavy cannabis use, with lower AEA associated with worse
performance, further complicating results. There are many
cannabis-related factors (THC potency, modality of use, age of
onset etc.) that may contribute to varying impacts of cannabis
use on the eCB system; thus, differentiating eCB concentrations
may help clarify the mechanisms underlying diverse effects of
regular cannabis use (34). Longitudinal data on these
relationships are needed to fully disentangle these complex effects.

Notably, only AEA concentrations showed a main effect on
verbal learning performance, suggesting it may play a unique role
in cognitive function. In contrast, the lack of a main effect of
2-AG on verbal learning and memory may highlight potential
differences in the relevance of circulating eCBs on neurocognitive
functioning. This may explain the variability of findings in
relation to eCBs and cognition in human studies (36). Higher
AEA has been correlated with improved cognitive performance
in a healthy sample of women (41). Conversely, in the same
sample, higher 2-AG was negatively correlated with cognitive
performance (41). Our findings of greater AEA concentrations
on memory performance also aligns with the broader literature
demonstrating associations with AEA tone and memory
consolidation, particularly under stress (42). As preclinical work
has demonstrated that greater AEA concentrations have been
shown to counteract the deleterious effects of stress in learning
performance (43), our findings are an important step in
replicating these findings in humans. Considering the vast
changes that occur in the brain during adolescent and young
adult development, including eCB system development (20), it is
possible that higher AEA concentrations in human AYAs may be
an advantageous biological response in verbal learning. However,
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TABLE 2 Interaction effects between Cannabis Use, eCB concentrations, and Sex effects on verbal learning and memory.
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due to the paucity of human research on eCBs, cannabis use, and
memory, further work in clinical samples are needed to better
understand these relationships.

As clinical studies on sex differences related to cannabis use
and eCB concentrations on cognition are limited (27), we sought
to build on the current literature. We found a three-way
interaction by sex where heavy male cannabis users with lower
2-AG concentrations showed poorer verbal learning compared
with  higher 2-AG
concentrations. Previous work has highlighted sex differences

to male heavy cannabis users
in the eCB system in molecular signaling pathways, with these
differences leading to downstream behavioral changes (44).
Sex specific changes have also been noted in eCB modulation
in CB1
receptor density, receptor coupling, and eCB metabolism and
distribution (27).
literature, but more work is needed to decipher the clinical
eCB

during neurodevelopment including fluctuations

These exploratory findings expand this

utility of these varying behavioral responses to
dysregulation by sex and cannabis use history.

There are several limitations of note for the current study.
Blood sampling occurred on the same day of testing in 74% of
the sample. While we controlled for the time interval between
blood draws and verbal memory testing in our analyses, this
could influence the observed associations. Future investigations
should aim to examine eCB concentrations collected in closer
temporal proximity to cognitive testing to better characterize
their associations. Additionally, while circulating eCBs denote
peripheral system eCB synthesis, they are not a direct marker of
central nervous system eCB functioning (36). Research utilizing
PET scans in conjunction with circulating eCBs may help to
identify potential mechanisms. Further, while sex analyses were
only preliminary, there was a smaller sample of men compared
to women by cannabis use group (see Table 1). Well-powered
studies are needed to explore potential moderators of sex
differences (e.g., pubertal hormones, etc.) and will help to
replicate our findings from our modestly powered study. Indeed,
while our predictors explain only a small proportion of variance
in the outcome, several associations were statistically significant
and theoretically meaningful. Finally, our analyses are cross-
sectional; and therefore, causality cannot be disentangled. Large
scale longitudinal studies that include adequate representation of
both males and females will be critical to disentangling the
complex interplay between cannabis use, eCB concentrations, and
cognitive performance during adolescence and young adulthood.

Our study adds to the limited literature of the role of eCBs in
cannabis using AYAs. Specifically, we demonstrated that eCBs
moderate the impact of heavy cannabis use on verbal learning
and memory in young adults, with higher 2-AG but lower AEA
concentrations associated with better verbal learning and
memory performance among individuals using cannabis at least
twice weekly. These modulatory effects may represent a
premorbid susceptibility to exogenous cannabis or a mechanistic
response to heavy cannabis exposure within some individuals.
We also conducted exploratory analyses on the effects of sex,
which demonstrated that men compared to women showed
greater susceptibility to these effects. Longitudinal studies in
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developing adolescents and young adults who use cannabis are
imperative to help disentangle these complex effects.
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