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Abstract

Accumulating evidence suggests that the use of cannabis and nicotine and tobacco-related
products (NTPs) during the adolescent years has harmful effects on the developing brain. Yet, few
studies have focused on the developing brain as it relates to the co-administration of cannabis and
NTPs, despite the high prevalence rates of co-use in adolescence. The review aimed to synthesize
the existing literature on the neurocognitive, structural, and functional outcomes associated with
cannabis and NTP co-use. A systematic search of peer-reviewed articles resulted in a pool of 1,107
articles. Inclusion criteria were: 1) data-based, 2) age range of 13-35 or, for preclinical studies,
non-adult subjects, 3) cannabis and NTP group jointly considered, and 4) neurocognitive,
structural neuroimaging, or functional neuroimaging as an outcome measure. A total of 12 studies
met inclusion criteria. Consistent with the literature, cannabis and nicotine were found to have
independent effects on cognition. The available research on the co-use of cannabis and NTPs
demonstrates a potential nicotine-related masking effect on cognitive deficits associated with
cannabis use, yet there is little research on co-use and associations with neuroimaging indices. Of
the neuroimaging studies, there is preliminary evidence for hippocampal volume differences in co-
users and a lack of evidence for co-use differences related to nucleus accumbens activity during
reward processing. Notably, no structural neuroimaging studies were found to examine the
combined effects of nicotine and cannabis in adolescent-only populations. Further research,
including longitudinal studies, is warranted to investigate the influence of cannabis and NTP co-
use on maturation.
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INTRODUCTION

Cannabis and nicotine and tobacco products (NTPs) are two of the most commonly used
substances among adolescents in the United States, second to alcohol (1). In 2019, the
lifetime prevalence rates for cannabis and tobacco cigarettes in 12t graders were 44% and
24%, respectively (2). Understanding the effects of adolescent substance use on brain
physiology, neurocognition, and human behavior is an ongoing, multifaceted, and broad
research area with significant clinical and practical implications. Cannabis use during
adolescence may affect brain development and result in impaired cognition, including
altered gray and white matter tissue integrity and functional brain activation patterns (3-23).
Similarly, evidence suggests that NTPs, particularly at a younger age, may have neurotoxic
effects on the developing brain (24-35). The relationships between substance use and lasting
brain effects are likely complex, and patterns of use (e.g., frequency, age of onset, use of
multiple substances) and other shared biological and psychosocial risk factors (e.g., genetics,
education, socioeconomic status) may account for and/or interact with cannabis and/or NTPs
use to contribute to neurobehavioral outcomes (36, 37).

The interactive relationship between cannabis and NTPs remains understudied despite
substantial co-use prevalence rates (18-52%) in young adult tobacco users (38-41) and
biochemical interactions between delta-9-tetrahydrocannabinol (THC), the principal
psychoactive component of cannabis, and nicotine (42). THC exerts effects by binding to
endocannabinoid receptors such as cannabinoid receptor 1 (CB1) in the brain (43).
Regarding nicotine, the psychoactive effects occur through activation of the nicotinic
acetylcholine receptors (NAChRs) (44). Overlap of CBL1 receptors and nAChRs in cortico-
limbic brain reward regions and growing preclinical evidence of bidirectional crosstalk
between these two systems suggests the endocannabinoid system may modulate the
cholinergic system and the highly rewarding and reinforcing effects of nicotine (42).

Many reviews have examined the independent effect of cannabis and NTP use on the
developing brain (13, 36, 44-49), and one systematic review has examined the correlates,
consequences, interventions, and use patterns of nicotine and cannabis co-use (50).
However, no known reviews have focused on their interactive effects in regard to
neurobiological outcomes nor taken into account preclinical studies. Thus, this brief
overview aims to synthesize the existing literature on cannabis and nicotine co-use, as it
relates to neurodevelopment in the domains of neurocognition and structural and functional
neural development. We systematically review and describe the literature on animal and
human adolescent and young adult studies (ages 13-35) that have utilized neurocognitive
testing and structural and functional magnetic resonance imaging (fMRI) modalities (e.g.,
blood-oxygen-level-dependent (BOLD) signal, cerebral blood flow) to probe the impact of
co-use of cannabis and NTPs on development. The findings presented in this review will
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mold future questions and aid in better understanding the complex relationship between
cannabis and nicotine co-use and the developing brain.

A systematic review was carried out following the recommendations of The Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) Statement (see
Figure 1) (51). All studies with a scientific aim of examining both cannabis and nicotine use
on neurocognitive, structural neuroimaging, or functional neuroimaging outcome measures
were deemed eligible based on the selection criteria detailed in the legend of Figure 1. Data
extraction from each study included participant demographics (age, sex), sample size, group
conditions, abstinence period before testing, covariates, measures used, and co-use results
(see Table 1). The primary results of interest for the qualitative synthesis of cannabis and
nicotine co-use were findings associated with the neurocognitive and neuroimaging
outcomes. All included studies were rated for risk of bias using the Grading of
Recommendations Assessment, Development and Evaluation (GRADE) scale (52, 53).
Overall, most studies were rated as low (54-57) to moderate quality (58-61), with one
human study (62) and the preclinical studies being high quality (63-65). Evidence for
outcomes of interest (clinical cognition, preclinical cognition, structural imaging, and
functional imaging) was rated as moderate, high, low, and moderate, respectively. Full
details regarding the search strategy, data extraction, and risk of bias ratings are included in
the online supplement.

Neurocognition

Episodic Memory.—Studies examining the neurocognitive outcomes of cannabis and
NTP co-use among adolescents are remarkably limited. One of the first studies to look at co-
use examined the cognitive effects of nicotine withdrawal among daily tobacco smokers,
with either at least 60 or less than 40 lifetime episodes of cannabis use (54). The authors
found a significant interaction between group status and smoking conditions (ad libitum
smoking v. 24-hour abstinence). Specifically, cannabis users reporting more than 60-lifetime
episodes recalled fewer words than those reporting less than 40 episodes during the
abstinence period. Group differences, however, were not observed during the ad libitum
smoking condition nor immediate recall.

In another study, Schuster and colleagues found significant interactions between cannabis
and tobacco cigarette use on episodic memory performance (58). To examine the effects of
tobacco, participants were stratified based on past-year cigarette use (<100 vs. > 100 tobacco
cigarettes). The amount of past-year cannabis use was negatively associated with initial
learning acquisition, total immediate recall/learning, and delayed recall among sporadic
cigarette users, but not among consistent cigarette users. That is, the amount of past-year
cannabis use interacted with tobacco cigarette use in relation to episodic memory among
sporadic cigarette smokers.
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To date, only one human subject drug administration study has investigated the interactive
effects of cannabis and tobacco on cognition (62). Relative to placebo, participants
demonstrated poorer performance when recalling the second story, but not the first following
cannabis-only administration. When administered cannabis and tobacco (versus cannabis
only), participants exhibited no difference on immediate recall but better performance on
delayed recall. Taken together, the extant literature on episodic memory among co-users
suggests nicotine use may compensate for cannabis-related impairment on learning and
memory. However, more research is needed to determine how frequency and consistency of
use influence these potential relationships.

Working Memory.—Hindocha and colleagues (62) also examined working memory
performance in their acute drug administration study described above. To examine spatial
working memory, participants were shown visual stimuli on a computer and then asked to
recall the positioning of a stimulus based on a pre-defined location (zero-back), the stimulus
shown one trial before (1-back), and the stimulus shown two trials before (2-back). Cannabis
impaired spatial N-back performance during 1- and 2-back conditions, relative to placebo,
and tobacco was associated with improved N-back performance relative to placebo.
However, there was no interaction or effect of co-use on working memory performance.

In another study, Schuster and colleagues examined co-use effects during a 7-day ecological
momentary assessment (EMA) monitoring period (55). Consistent with Hindocha and
colleagues (62), mixed effect regression results suggest cannabis had a negative, independent
impact on working memory performance while tobacco had a positive, independent effect.
Similarly, there was no cannabis by tobacco interaction, suggesting co-use performance was
more similar to non-use performance. This suggests that tobacco use may compensate for
cannabis-related decrements in working memory performance, similarly to episodic
memory, given that cannabis did not lead to poorer memory with cannabis and NTP co-use.
Notably, however, when alcohol was added to the model, working memory performance
decreased, and the cannabis and tobacco main effects were no longer present.

Structural Neuroimaging

Structural imaging studies have only focused on younger adult samples, rather than
adolescents, and suggest unique relationships with structural brain volume and cannabis and
nicotine co-use compared to single substance users in subcortical gray matter volume (56).
In a study by Filbey and colleagues (56), differences in (1) hippocampal volumes, (2)
working memory performance, and (3) hippocampal volumes and working memory
relationships were investigated. The cannabis and cannabis+nicotine groups exhibited
reduced right hippocampal volume, compared to the control and nicotine-only groups.
Although memory performance was lower in cannabis and cannabis+nicotine groups, groups
were not significantly different. Additionally, an inverse interaction was found between
group status and hippocampal volume on immediate and delayed recall performance. That
is, whereby larger hippocampi were associated with better memory scores in controls, larger
bilateral hippocampal volumes were associated with worse working performance in the
cannabis+nicotine group. Lastly, follow-up analyses showed a significant hippocampal
volume by nicotine use intensity interaction on immediate memory, suggesting heavy
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nicotine use (i.e., using 3+ tobacco cigarettes per day) may have contributed to the inverse
volumetric-cognition findings for co-users. Surprisingly, no structural imaging studies were
found to examine the combined effects of nicotine and cannabis in adolescent-only
populations. Therefore, more work in this area is warranted.

Functional Neuroimaging

BOLD Signal Correlates of Working Memory.—Among adolescents, preliminary
evidence also shows unique functional neurobiological characteristics among those who tend
toward single-substance tobacco use versus co-use as compared to their non-substance-using
peers (54, 57). In the study conducted by Jacobsen et al. (54) described above, participants
also completed an auditory n-back fMRI task assessing during both tobacco conditions.
Abstinent cannabis users, under the smoking abstinence condition, demonstrated increased
activity in frontocortical regions with corresponding decreased frontoparietal connectivity
during higher working memory load tasks. Group differences, however, were not observed
during the libitum smoking condition. Together, results from this study provide preliminary
evidence of a compensatory relationship between cannabis and nicotine use on functional
connectivity, which is diminished after a 24-hr nicotine abstinence period.

BOLD Signal Correlates of Reward Responsivity.—In a cross-sectional study,
participants completed a BOLD functional magnetic resonance monetary incentive delay
(MID) task to probe neural activation to anticipation and responsiveness to reward within the
nucleus accumbens (NAcc) (57). The NAcc is a region of the ventral striatum that plays a
vital role in reward processing and addiction via dopaminergic signaling in response to
reinforcing stimuli (66, 67). When examining group differences, the tobacco-only group
showed less bilateral NAcc activation than the control group during reward trials. Less
activation in the bilateral NAcc was observed in the tobacco-only group than the cannabis
+tobacco group across both low and high reward trials, suggesting that adolescents engaging
in tobacco use may demonstrate different brain activity patterns related to reward activation.

In a longitudinal study examining NAcc activation, previous and past-year tobacco cigarette
use was not found to influence the relationship of cannabis and NAcc response to a modified
MID task (59). Participants completed three consecutive fMRI scans at approximately 2-
year intervals. Primary findings showed a significant dose-dependent cannabis relationship
with later blunted activation in the NAcc across time during monetary reward anticipation
(reward minus neutral trials). The effect of past cigarette use or co-use was nonsignificant.

Cue Reactivity.—Recently, Kuhns and colleagues (61) examined the relationship between
cigarette and cannabis use on cannabis cue reactivity among a sample of 66 heavy- and non-
cannabis users using two subtraction contrast parameters. Co-users did not show increased
cue reactivity compared to cigarette users; however, a positive correlation was found
between ventral tegmental area (VTA) activity and amount of cannabis consumption,
showing higher cannabis consumption to be associated with heightened VTA activity.
Additionally, both region of interest (ROI; amygdala, striatum, anterior cingulate cortex, and
VTA) and exploratory whole brain analyses showed higher activity among cigarette users
than co-users and non-using control groups.
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Resting State Cerebral Blood Flow.—In a recent study, Courtney and colleagues (60)
investigated the effects of nicotine and cannabis co-use on white matter cerebral blood flow
(CBF) in adolescents and young adults. Positive correlations between five white matter CBF
clusters and past-year cannabis use was observed for the non-NTP group only, controlling
for nicotine and cannabis use recency. Greater CBF was also found in frontal cortical
association fiber tracts with poorer structural integrity among the cannabis users. These
results suggest a potential compensatory relationship between cannabis and nicotine use on
white matter CBF.

Preclinical Studies

To our knowledge, three studies using animal models have examined the effects of cannabis
and nicotine during adolescence (63-65). In a study investigating the long-term effects of
nicotine and/or synthetic cannabinoid receptor agonist (CP) on adolescent rats, Mateos and
colleagues (63) found gender-dependent memory impairments for both single-substance
nicotine and cannabis use and co-use. When assessing working memory, the authors found
(1) a significantly higher discrimination index (DI; a metric of memory) in control females
compared to control males and (2) the administration of CP to significantly elevate DI in
males in comparison to the control males. In the spatial memory task (after one month of
withdrawal), substance-exposed females exhibited significant decreases in DI regardless of
substance group, while males showed no difference. Regarding recognition memory (after
one month of withdrawal), CP was found to have a harmful effect on males compared to the
control males, whereas NIC was found to have a similar effect in females. Taken together,
findings from this study suggest females may be more vulnerable to the effects of nicotine
and their combination on different aspects of memory.

Similarly, Pushkin et al. (65) found gender-specific effects when investigating the
relationship between the cannabinoid agonist WIN55-212,2 (WIN) and nicotine (NIC) on
affective behaviors and cognitive flexibility in wildtype mice. Males in the WIN and
NIC/WIN groups demonstrated increased lever-pressing behavior under higher cognitive
demand conditions compared to the Control and NIC groups. In contrast, this difference was
not found among the female groups. In a follow-up experiment, however, no significant
differences were found for males or females in the number of active lever presses using a
lower dose of WIN. Together, this study provides evidence for a gender by drug dose
interaction, as male adolescent mice exhibited increased cognitive flexibility, compared to
females, only when WIN was administered at moderate doses but not at lower doses.
Further, this study did not show an additive effect of co-use, as the NIC and NIC/WIN
groups did not significantly differ in either of the two experiments.

In a study investigating the cognitive effects of acute and subchronic nicotine exposure with
cannabinoid receptor ligands during stress on male Swiss mice, Pekala and colleagues (64)
found better memory following nicotine and cannabinoid administration after chronic stress.
The acute administration of nicotine and the combined administration of acute nicotine and
CB1 and CB2 antagonists improved memory performance in stressed mice, compared to the
stressed saline-treated controls. The subchronic administration of nicotine, on the other
hand, decreased memory performance in stressed mice, in comparison to the unstressed,
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saline-treated group; and improved in comparison to those that received the acute
administration of nicotine or saline injections. Additionally, the combination of subchronic
nicotine administration and acute cannabinoid receptor antagonists improved memory
performance in stressed mice compared with both the stressed subchronically nicotine- and
saline-treated groups. Overall findings from this study suggest a decrease in memory
problems among stressed mice after acute and subchronic nicotine administration combined
with acute administration of cannabinoids.

DISCUSSION

Despite high rates of co-use of cannabis and NTP use in adolescents and young adults,
studies focused on the effects of combined use on neural outcomes are limited. Results from
the present systematic review reveal a complex pattern of substance-related deleterious
effects unique to cannabis and nicotine and, at times, potential compensatory effects
associated with co-use—all of which tend to be domain, if not study, specific. With only
nine human studies, at a reasonably broad age range (13-35), and three preclinical studies
included, firm conclusions cannot be made. On balance, preliminary evidence does suggest
notable patterns that warrant further prospective investigation and replication in this
important domain of research.

In reviewing the literature, the cognitive effects of co-use may depend on the proximal
timing of last nicotine use. This perhaps makes sense in light of nicotinergic receptors
which, may increase cognitive function acutely (68). To that end, better cognitive
performance was found in studies of co-users who were permitted to use nicotine ad libitum
compared to during withdrawal (54) or when using both cannabis and nicotine (55, 62).
Interestingly, however, even studies investigating more chronic effects of co-use sometimes
suggest co-use may facilitate better cognitive performance than cannabis use alone (58).
Importantly, dosing is likely a significant factor (e.g., sporadic vs. frequent) in considering
individuals who may exhibit NTP-associated cognitive improvement, as regular users likely
become dependent on nicotine to maintain normal cognitive functioning (69). Given the
limited nature of these findings, however, much more research is needed to assess patterns
and frequencies of co-use in relation to cognition.

Similarly, while several studies examining the independent effects of cannabis (5, 70-76)
and nicotine (24, 25, 28, 30-35, 77) suggest deleterious effects of these substances on neural
health compared to non-users, the combination in the neuroimaging literature remains
understudied. Surprisingly, there have been no structural neuroimaging studies examining
the effects of cannabis and NTP co-use on adolescent-only populations’ brain development.
The only known morphometric structural MRI study, including both adolescents and
younger adults, found reduced right hippocampal volume among co-users, but an inverse
interaction between cannabis and NTP co-use depicting larger hippocampal volume
associated with worse memory scores among co-users, but not among other groups (56).
Recent work among older adolescents and emerging adults found increased cerebral blood
flow in white matter tracts associated with poorer structural integrity in cannabis users, but
not among co-users (60). However, co-use does not likely come without a neural cost. In a
study of adults up through middle age, Leroy and colleagues (78) discovered decreased
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dopamine binding levels in subcortical reward regions among co-users and tobacco only
users, suggesting a mechanism by which nicotine dependence may change brain structure.
Thus, it appears that there are times when co-use may negate decrements observed among
single-substance users, but this does not necessarily suggest an overall improvement in
health or functioning, nor is it clear the exact parameters of when this relative benefit may
occur or dissipate with time.

Reward responsivity is associated with substance use onset and its consequences (e.g.
craving, dependence, and cognitive decline) (79-81). While there are mixed findings as to
whether co-use is associated with altered reward-related activation (57, 59, 61), it does
appear that cannabis is related to aberrant processing of rewarding stimuli, as evidenced by
dose-dependent relationships (59, 61). This is similar to the broader literature on cannabis,
wherein studies have found cannabis users (often controlling for other substance use) have
increased activity in reward regions (e.g, ventral striatum, orbitofrontal cortex, cingulate
gyrus, and ventral tegmental area) in response to reward processing paradigms (82).
Additionally, while two studies focused on reward anticipation in the NAcc among co-users,
one included only adolescent participants, while the other was a slightly older cohort (~age
20). In the adolescent-only sample, the tobacco-only group showed altered bilateral NAcc
activation during reward trials; whereas among emerging adults cumulative cannabis use
was correlated with BOLD signal reward anticipation. Differences by age, even within an
emerging adult cohort, may then be important for revealing different brain-behavior
relationships impacted by cannabis and nicotine use patterns. In sum, given the nascent state
of this research and preliminary evidence of disrupted reward processing related to both
nicotine and cannabis use (62, 64), more research is warranted before firm conclusions can
be drawn.

A possible explanation for improved cognitive performance and limited neural differences
related to co-use (56-58, 62, 64) might be that concurrent cannabis and NTP use have a
compensatory effect on functioning. That is, as endocannabinoid receptors and nAChRs
overlap in the cortico-limbic brain reward regions, the endocannabinoid and cholinergic
systems likely interact (42). In some instances, this interaction of endocannabinoid and
cholinergic systems may lead to attenuation or dampening of the adverse effects of
independent substance use (56, 58, 62, 64), though other evidence indicates the interaction
between the systems does not influence larger brain-behavior outcomes (55, 59, 65).
Previous studies evaluating the effects of nicotinic agonists on cognition have improved the
efficiency of information transfer in local and global regions (68). Specifically, nicotine may
‘stimulate’ cognitive functions by increasing the integration of information within the
brain’s limbic and paralimbic areas through interneurons (68). The synergistic effect of
cannabis and nicotine co-stimulation may also potentiate signaling in dopamine-innervated
brain regions (e.g., limbic and cortical structures) and neurodevelopmental processes (83,
84), which, during adolescence, undergoes dynamic changes in tissue organization that
underlies higher-level adaptive functioning. Yet, the possibility remains that this process
may also increase vulnerability for future addiction-related problems. Thus, during
adolescence, repeated nicotine exposure is associated with increased dopamine levels in the
NAcc and may lead to altered reward responses, such as tolerance and/or
neurodevelopmental trajectories that may facilitate addiction in youth (67).
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To date, however, there still remains limited evidence for nicotine and cannabis synergistic
effects on neurocognition and neural integrity among adolescent and young adult
populations, despite evidence suggesting co-users are more likely to continue using
substances in mid-life, show increased addictions severity symptom, poorer behavioral and
educational outcomes, and increased risk for heavier subsequent use (50, 85-91). As
suggested by the preclinical literature, other factors (e.g., sex, environmental stress) are also
important determinants of co-use relationships (63-65). Longitudinal studies of co-use are
greatly needed in this area of research to clarify causal relationships between co-use and
related outcomes. Therefore, a better understanding of the neural consequences related to
co-use has relevance to a better understanding of behavioral outcomes among adolescent
substance users.

Limitations and Future Considerations

The differential outcomes presented in this review may also be the result of different
methodologies, use of other substances, frequency and magnitude of use, drug product
choice (e.g., high potency cannabis; nicotine vs. tobacco product), and mode of substance
use. One drawback of the data reviewed is that studies have not independently investigated
vaping of nicotine or cannabinoid products or high potency cannabis products. Therefore, a
more comprehensive investigation should include vaping behaviors among youth (90, 92,
93). Not only were there only 12 studies that met inclusion criteria, reducing the sample size
of this review, but studies included often consisted of small samples (e.g., n=24). Larger
studies are needed to be able to better assess real effects and reduce type 1l error. Of note,
two preclinical studies found a gender by drug dose interaction, suggesting gender
differences may also play a role in different outcomes (63, 65). This finding, while
preliminary, suggests sex-dependent relationships in cognition may exist among co-users.
Further work exploring NTP and cannabis potency relationships on cognition in adolescents,
is therefore required. Lastly, several studies used group-based analyses (55, 56, 58, 62), and
limited investigations examined dose-dependent relationships (58, 59).

Notably, other complicating factors in assessing the additive effects of NTPs during cannabis
co-use have to do with the potential lack of effects when alcohol is considered (55) and
chronic vs. acute use effects. Polysubstance use and chronic heavy use are important use
patterns that likely differentially impact neural circuitry, considering the different
pharmacological mechanisms involved in single vs. polysubstance use and repeated
exposure (67). Lastly, the required abstinence period among the studies reviewed ranged
from a minimum of 3 hours to a maximum of 3 days. Thus, differences in required
abstinence periods may lead to different brain-behavior relationships.

CONCLUSIONS

The limited research on the effects of nicotine and cannabis co-administration on
neurodevelopment is remarkable, particularly given the high prevalence rates of these
substances in the past several years (2, 85). While there is evidence suggesting that NTP use
may compensate for neurocognitive alterations related to cannabis use among youth, very
little is known about how co-use patterns influence brain morphometry, neurocircuitry, and
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neurobiological maturation, and neurobehavioral outcomes. Most importantly, the longer-
term consequences as related to the unique synergistic effects of recurrent co-stimulation of
the endocannabinoid and nicotinic cholinergic system during the adolescent period of
development remain understudied (94). More prospective studies are needed that examine
co-use, both simultaneous and concurrent, as well as the pattern of use, with
neurodevelopmental indices. Factors to consider in future research to better understand
discrepant findings involve taking into account, as much as possible, the association of
biological, environmental, and behavioral factors with the emergence of substance use in
adolescence (95).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
PRISMA (Preferred Reporting Items for Systematic Meta-Analyses) flow diagram of

included and excluded studies of adolescent cannabis and nicotine co-use. Inclusion criteria
were as follows: 1) the study had to report on neurocognitive outcomes, structural
neuroimaging (e.g., MRI, diffusion tensor imaging[DT]I]), or functional neuroimaging (e.g.,
blood-oxygen-level-dependent signal[BOLD]) finding as an outcome measure; 2) have a
user group where cannabis/cannabinoids and nicotine/tobacco are jointly considered; 3) the
study had to have an age range of 13-35 or, for preclinical studies, non-adult subjects; and 4)
the study had to be data-based as review articles were not included. All studies with a
scientific aim of examining both cannabis and nicotine use on outcomes measures were
deemed eligible based on the present selection criteria, and thus there was no minimal level
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