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Adolescence is a time of rapid neurodevelopment and the endocannabinoid system is particularly prone to change during this
time. Cannabis is a commonly used drug with a particularly high prevalence of use among adolescents. The two predominant
phytocannabinoids are Delta-9-tetrahydrocannabinol (THC) and cannabidiol (CBD), which affect the endocannabinoid system. It is
unknown whether this period of rapid development makes adolescents more or less vulnerable to the effects of cannabis on brain-
network connectivity, and whether CBD may attenuate the effects of THC. Using fMRI, we explored the impact of vaporized
cannabis (placebo, THC: 8 mg/75 kg, THC+ CBD: 8 mg/75 kg THC & 24mg/75 kg CBD) on resting-state networks in groups of semi-
regular cannabis users (usage frequency between 0.5 and 3 days/week), consisting of 22 adolescents (16–17 years) and 24 young
adults (26–29 years) matched for cannabis use frequency. Cannabis caused reductions in within-network connectivity in the default
mode (F[2,88]= 3.97, P= 0.022, η²= 0.018), executive control (F[2,88]= 18.62, P < 0.001, η²= 0.123), salience (F[2,88]= 12.12,
P < 0.001, η²= 0.076), hippocampal (F[2,88]= 14.65, P < 0.001, η²= 0.087), and limbic striatal (F[2,88]= 16.19, P < 0.001, η²= 0.102)
networks compared to placebo. Whole-brain analysis showed cannabis significantly disrupted functional connectivity with cortical
regions and the executive control, salience, hippocampal, and limbic striatal networks compared to placebo. CBD did not
counteract THC’s effects and further reduced connectivity both within networks and the whole brain. While age-related differences
were observed, there were no interactions between age group and cannabis treatment in any brain network. Overall, these results
challenge the assumption that CBD can make cannabis safer, as CBD did not attenuate THC effects (and in some cases potentiated
them); furthermore, they show that cannabis causes similar disruption to resting-state connectivity in the adolescent and
adult brain.
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INTRODUCTION
Adolescence is a period of intense brain maturation characterized
by ongoing structural and functional changes [1], particularly in
the endocannabinoid system, where there is rapid maturational
development of corticolimbic neuronal populations [2]. Some
evidence has suggested that chronic cannabis use during this
critical developmental stage may be associated with alterations in
brain connectivity and cognitive impairments [3, 4]. Cannabis use
in adolescence is also associated with some educational under-
achievement [5], risk of cannabis use disorder [6], and greater
likelihood of psychosis later in life [7]. However, our recent
observational ‘CannTeen’ study, and cross-sectional analyses, have
shown that adolescents may not be as vulnerable as previously
feared, and cannabis has similar effects on adolescents and adults
in various clinical domains [8], cognitive functions [9], reward
processes [10], and brain connectivity [11]. Much of the extant
research has investigated adolescent vulnerability to chronic
effects, with few papers documenting acute effects in adolescents
[12–14].

Resting-state networks (RSN) reflect intrinsic brain connectivity
patterns during rest and are associated with various cognitive
functions [15–17]. These networks undergo significant changes
during adolescence as the brain develops and refines its
functional organization [18]. One major change to RSNs in
adolescence is the transition from a lattice network (characterised
by long average path lengths) to a global small-world network
(characterised by discrete clustering and short path lengths)
structure [19]. This transition in network characteristics as
individuals mature may be linked to changes in the endocanna-
binoid system, which plays a key role in modulating brain
connectivity and synaptic function [20], and potentially influen-
cing neural connectivity, information processing, and the devel-
opment of mature RSNs. Previous work has shown acute cannabis
administration can disrupt RSNs; the Default Mode Network (DMN)
and salience network (SAL) appear to be particularly susceptible to
cannabis [21, 22]. Understanding how acute cannabis exposure
influences RSNs in adolescents is crucial for understanding the
consequences of cannabis use during this vulnerable period,
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however, no previous study has directly compared adolescents to
adults.
Striatal networks, including the limbic striatum, play a critical

role in reward processing, motivation, and emotion regulation
[23]. The striatum undergoes substantial changes throughout
adolescence [24], and its connectivity is susceptible to modulation
by external factors such as cannabis use [25–28]. Investigating
these networks may also illuminate the immediate neural
consequences of cannabis use.
Furthermore, the composition of cannabis, specifically the levels

of Delta-9-tetrahydrocannabinol (THC) and Cannabidiol (CBD),
may influence its effects on brain networks. THC is the primary
psychoactive component of cannabis, with euphoric and
cognitive-altering properties [29]. In contrast, CBD may modulate
the effects of THC [30, 31] with potential therapeutic properties
including antipsychotic effects [32] and helping treat cannabis
addiction [33]. However, these adaptive properties may only be
apparent with high doses of CBD (e.g. 600mg oral dose [34]);
lower doses of CBD (e.g., 8 mg vapourised [35]) may not be
effective; there is mixed evidence of CBD’s moderating effects at
lower doses [9]. Cannabis which differs in THC and CBD content
may have dissociable effects on both cortical [21] and striatal [28]
connectivity, with CBD providing potential attenuating effects
from the disruption to RSNs caused by THC. Understanding how
the presence of CBD may interact with THC in influencing brain-
network connectivity can provide valuable insights into the way
different types of cannabis influence the adolescent and adult
brain.
This study aimed to address these issues by employing fMRI to

examine the acute effects of cannabis administration on cortical
RSNs and striatal networks in both adolescent and young adult
populations. By including participants from different age
groups we investigated developmental differences in the acute
neural response to cannabis. Given the increasing popularity of
cannabis strains with high THC content and the potential
moderating effects of CBD, we also explored whether the
presence of CBD in cannabis influenced the effects. We
hypothesised that: ‘THC’ cannabis will disrupt RSNs while ‘THC+
CBD’ may moderate this disruption and that adolescents will be
more susceptible to disrupting effects than adults. A placebo-
controlled, randomised, double-blind fMRI study was conducted
with three treatment sessions where participants inhaled: placebo,
‘THC’ (8 mg/75 kg, zero CBD) or ‘THC+ CBD’ (8 mg/75 kg THC &
24mg/75 kg CBD) cannabis before undergoing a resting-state
fMRI scan. Seed-based functional connectivity analyses were
carried out to see how cannabis affected cortical and striatal
network connectivity in the two age groups.

METHODS
The data derives from the acute-challenge arm of the ‘CannTeen’ study.
The full study protocol is available online [36] (https://osf.io/z638r/) and
includes further specification of aims, data collection procedures, tasks,
and power calculations. This study was not a clinical trial under the
definition of the UK Medicines and Health Care Products Regulatory
Agency; however, it was registered on clinicaltrials.gov (April 20, 2021,
ID= NCT04851392; https://www.clinicaltrials.gov/study/NCT04851392).
The analysis plan for the data presented here was also pre-registered
(https://osf.io/s5vz8) prior to any analysis taking place.

Participants
Participants were 48 current (semi-regular) cannabis users with usage
frequency between 0.5 and 3 days/week averaged over the past 3 months.
Participants were able to have used other illicit drugs, but they were
excluded if this use exceeded more than twice per month. There was an
equal split of 24 adults (mean age 27.8 years, 12 females) and 24
adolescents (mean age 17.2 years, 12 females). Participants were recruited
from the Greater London area via school assemblies, physical posters and
flyers, and online (Facebook, Instagram, and Gumtree) advertisements.

For the full inclusion/exclusion criteria, see the main CannTeen study
protocol [36]. This was a per-protocol study, therefore subjects who
dropped out were replaced to ensure that 48 subjects completed all three
study sessions. Further information on participant characteristics is in the
supplementary material.

Procedure
Participants completed three drug administration and MRI scanning
sessions at the Invicro clinical imaging facility, Hammersmith Hospital,
London, UK. Sessions were conducted between 11th March 2019, and 16th
June 2021. First, participants completed instant saliva drug (Alere DDSV
703 or ALLTEST DSD-867MET/C) and breathalyser (Lion Alcometer 500)
tests, as well as self-reported abstinence, to confirm no use of alcohol in
the previous 24 h and no use of cannabis or other illegal drugs in the
previous 72 h.
Cannabis (dried medical cannabis flower) was sourced from Bedrocan

(Netherlands) and imported into the UK under a Schedule 1 Home Office
License. The cannabis was administered with a Volcano Medic Vaporizer
(Storz and Bickel) set at 210 °C. Three types of cannabis were used to create
the formulations: Bedrocan (20.2% THC, 0.1% CBD), Bedrolite (0.4% THC,
8.5% CBD), and Bedrobinol (no THC or CBD). There was an absence of
microbes, yeasts, aflatoxins, pesticides, and heavy metals in both Bedrolite
and Bedrobinol and there was the presence of cannabinol at 0.1%.
Appropriate quantities of these three cannabis types were combined to
produce the following treatments, matched for overall weight of cannabis:
0.107mg/kg THC in the “THC” condition (e.g. 8 mg THC for a 75 kg person),
0.107mg/kg THC plus 0.320mg/kg CBD in the “THC+ CBD” condition (e.g.
24mg CBD for a 75 kg person), or placebo cannabis (0 mg THC, 0 mg CBD).
The dose of THC used was equivalent to 1.6 standard units of THC [37].
Subjects inhaled two balloons (each within nine minutes, a total of 18 min),
with the experimenters monitoring standard timings for inhalation. This
method of administration has been extensively used in previous work
[12, 35, 38], and is safe and effective at delivering cannabinoids and
producing behavioural and subjective effects. Placebo cannabis was
closely matched to the active drug conditions in both appearance and
smell, and all researchers present (as well as the participant) were blinded
to the drug conditions. Additional staff (not present at the testing sessions)
blinded the treatment conditions in advance of the testing sessions. The
minimum washout period between testing sessions was three days, the
mode was seven days, and the maximum was 51 days.
The resting-state scan was eight minutes long and was acquired towards

the beginning of the scanning session, after the anatomical scans, and a
stop-signal task (reported elsewhere). The resting-state scan therefore
occurred approximately 50min after the start of drug administration.
Previous work has shown that subjective effects of vaporized cannabis
have a fast onset, and stay at a high level for approximately 60–90min [39].
The timing of the resting-state scan was therefore likely close to the time
of peak effects. Participants were instructed to keep their eyes open but
blink as normal during the scan in order to mitigate against them falling
asleep.

MRI data acquisition
MRI data were collected using 3.0 T Siemens Magnetom Verio and Siemens
Magnetom Trio scanners, both using 32-channel phased-array head coils.
Thirty-six subjects were scanned on the Verio, and 12 were scanned on the
Trio (subjects always completed all three testing sessions on the same
scanner). Settings used for the acquisition sequences were identical on
both scanners. For more information on MRI data acquisition see
Supplementary Material.

Analyses
Demographic, drug use, and mental health data were compared between
the adolescent and adult groups using unpaired t-tests or chi-squared tests
as appropriate. All resting-state fMRI analysis procedures broadly followed
those used in previous work [11, 21, 28, 40].

Preprocessing and first-level analyses. fMRI analyses used FSL (FMRIB
Software Library v6.0, Analysis Group, FMRIB, Oxford, UK) with standard
preprocessing pipelines including brain extraction, head motion correc-
tion, temporal filtering, and spatial smoothing (6 mm FWHM Gaussian
kernel); for more detail see Supplementary Material. Participants were
excluded if they exceeded >3mm movement in any direction and >1mm
mean displacement. The mean movement was then compared across age
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and drug groups to check for any significant differences which may bias
the data; see supplementary material.
Seed-based functional connectivity methods were used. This analysis

method uses a time-series from a particular region (the ‘seed’) to identify
other brain areas that have correlated time-series; the implication being
that areas with similar temporal characteristics are functionally connected.
The seeds selected reliably define a network. For ease of narrative, we will
be referring to connectivity with a network, however, in strict terms, we are
referring specifically to connectivity with the seed.
Four cortical resting-state networks were investigated. The seeds used to

define these networks were:

The posterior cingulate (PCC) to define the Default Mode
Network (DMN)
The anterior insula to define the salience network
The dorsolateral prefrontal cortex (DLPFC) to define the Executive
Control Network (ECN)
A hippocampal seed to define the hippocampal network

See Supplementary Fig. 2A for the image showing seeds. The regions for
the PCC and anterior insula seeds were the same as those used in [21].
These were derived from automated meta-analytic data on http://
neurosynth.org/ using the ‘default mode’ and ‘salience’ terms (uniformity
tests). We used a region in the DLPFC as recommended by [17] as the seed
region for the ECN, which was also derived from http://neurosynth.org/,
using the “executive control” term. These meta-analysis maps were
thresholded at an appropriate level (Z= 12/10/6 for the default mode,
salience, and executive control maps, respectively) to achieve anatomically
plausible regions. The PCC, anterior insula and DLPFC clusters were then
isolated and binarized for use as image masks. The hippocampus seed
region was defined anatomically using the Harvard-Oxford
subcortical atlas.
Three striatal networks were also investigated. These were the:

Associative (including caudate head and putamen)
Limbic (including nucleus accumbens and ventral caudate)
Sensorimotor (including putamen tail)

Masks for the three striatal networks (associative, limbic, and sensor-
imotor) were the same as those used in [11, 28] and are defined according
to the original parcellation by [41] and [42], using the atlas provided by
[43]. The associative mask includes the precommissural dorsal caudate, the
precommissural dorsal putamen, and the postcommissural caudate. The
limbic mask includes the ventral caudate and substantia nigra, and the
sensorimotor mask comprises the postcommissural putamen (see Supple-
mentary Fig. 2B and Supplementary Table 2 for centre of gravity
coordinates for each seed).
The seven standard space mask images were co-registered to each

subject’s functional space, thresholded at 0.5, and binarised to produce the
final individualised mask images. Mean time-series from these masks were
used in first-level analysis models as regressors of interest, with white
matter (WM) and cerebrospinal fluid (CSF) regressors added to the model
as noise regressors (as used previously [11, 21, 28]), along with an
extended set of head motion parameters. WM and CSF regressors were
generated in a similar manner to the seed-masks, for more information on
the generation of WM and CSF regressors please see supplementary
material.
All second-level analyses used FMRIB’s local analysis of mixed effects

(FLAME); a two-step process using Bayesian modelling and estimation, with
a weighted least-squares approach which does not assume equal variance
between groups. All group-level analyses used cluster-level thresholding
[44, 45] with a cluster-defining threshold of Z= 2.3 and a multiple-
comparisons corrected cluster-extent threshold of P < 0.05, in order to
account for multiple comparisons. Following convention, and previous
similar work [11, 21, 28, 40], brain networks were treated as conditionally
independent [46], and therefore no additional correction for the number of
networks was applied.

Within-network connectivity (network ROI analysis): Initially, a
group-mean (entire sample mean) analysis was performed collapsing
across subjects and cannabis types; the resulting networks were validated
against previous studies [21, 28]. Network masks were created from this
analysis and used to extract parameter estimates representing overall
connectivity within each network. Maps were thresholded at Z= 80% of
the maximum voxel value to define a plausibly anatomically constrained

set of regions; the threshold levels are outlined in supplementary table 3.
The thresholded network maps were then binarized to produce masks,
from which data could be extracted to give estimates of overall network
differences in the groups and drug conditions. These estimates (single
values, representing overall connectivity within the network) were
analysed using 2 × 3 ANOVA models to test for effects of age (adolescent
vs. adult), cannabis type (placebo, THC, THC+ CBD), and any interaction.
The extracted parameter estimates from each network were also

correlated with cannabis use frequency (days cannabis was used per
week in the last three months) The alpha threshold for these correlations
was reduced to 0.007 to reflect the seven tests (across the seven networks)
conducted. These analyses were conducted using Jamovi version 2.3.21.0.

Seed-voxel (whole-brain) analysis: Next, to investigate the main
effect of the drug and the drug*age-group interaction in a voxel-wise,
whole-brain manner, a 3 × 2 mixed measures ANOVA model was
constructed. F tests were used to reveal significant differences between
groups, and significant interaction effects. Analyses of this type produce
maps of F statistics which (unlike t statistics used for simple contrasts) are
non-directional (always positive) and are therefore uninformative as to the
direction of the effects. Therefore, the significant clusters resulting from
these ANOVA analyses were defined as ROIs and mean values were
extracted from these regions for each participant (shown in Supplemen-
tary Fig. 7). These values were then plotted to determine the precise
pattern and direction of the effects across the three cannabis conditions
and two age groups. Post hoc t-tests were conducted and resulting
p-values were Tukey corrected.

Age effects: Finally, to test for age main effects, mid-level fixed-effects
analyses were performed. These models averaged across all cannabis
conditions for each participant, resulting in a single mean map for each
individual. These mid-level means were then used in simple unpaired t-test
models to assess the main effect of age on network connectivity.
As a precautionary measure, all analysis models were rerun with an additional

regressor which modelled the scanner (Verio/Trio) used for that subject.

RESULTS
Head motion
Two participants (both in the adolescent group) exhibited head
motion of >3mm in at least one scan and were excluded, leaving
a final sample of N= 46 (22 adolescents, 24 adults). Head motion
was analysed in the remaining participants by investigating: mean
framewise displacement, total displacement, and number of
outlying volumes. No significant effect of cannabis treatment
was found in any measure, suggesting head motion was similar
across all treatment conditions. For further information see
supplementary materials.

Participants
A summary of the participant characteristics (demographics,
questionnaire scores, and drug history) can be found in Table 1.

Within-network connectivity (network ROI analysis)
The entire sample mean networks closely match previous work
[21, 28] and therefore validate the general acquisition and analytic
approach and procedures. These are shown in supplementary
figure 3, the minimum cluster thresholds for each network are
shown in Supplementary Table 3, along with the maximum Z
value of each analysis which was used to threshold the network
maps and make the subsequent network masks, shown in
Supplementary Fig. 4.
Analysis of within-network connectivity investigating the effects

of age, cannabis type, and interaction effects found significant
effects of cannabis type in most networks (excluding the
associative and sensorimotor striatal networks). Significant effects
of age were found in the DMN, but no interaction effects were
observed. The ANOVA effects are summarised in Supplementary
Table 4 and the post hoc results in Supplementary Table 5, with
summary graphs in Fig. 1.
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Acute cannabis administration (both ‘THC’ and ‘THC+ CBD’)
reduced overall connectivity in all the cortical networks, plus the
hippocampal network, relative to placebo. Network connectivity is
further significantly reduced in the salience network and the ECN
with ‘THC+ CBD’ compared to ‘THC’ alone. In the striatal analyses,
only the limbic striatal network was affected by acute cannabis
administration. Adolescents had significantly greater network
connectivity in the DMN than adults. There were no significant
interaction (age*drug) effects. The present results were not
significantly affected by the scanner used, see Supplementary
Fig. 5.

Correlations. There were no correlations between cannabis use
frequency (how many times cannabis was used per week in the

last three months) and effects of cannabis (i.e. THC vs. placebo and
THC+ CBD vs. placebo) on whole network connectivity.

Seed-voxel (whole-brain) analyses
Main effect of cannabis. Significant effects of the cannabis type
(placebo, ‘THC’, or ‘THC+ CBD’) were found on network con-
nectivity within the ECN, salience network, limbic striatal network
and hippocampal network. These results are F statistics derived
from the 2 × 3 ANOVA model and so are directionless and not
informative about exactly which drug conditions show significant
differences. These main effects of cannabis treatment are shown
in Supplementary Fig. 6 and a table showing the minimum cluster
size threshold for each network analysis is shown in Supplemen-
tary Table 6.

Table 1. Demographic, questionnaire and drug history information of adolescent and adult participants.

Adolescent Adult Group differences

(n= 22) (n= 24)

Gender, n (%) χ2(1, N= 46)= 0.00, P= 1

Female 11 (50%) 12 (50%)

Male 11 (50%) 12 (50%)

Age in years, mean (SD) 17.2(0.44) 27.8 (1.04) *** Adult > Adolescent
t[44]=−44.4, P < 0.001

Maternal education, n (%) χ2(1, N= 46)= 0.047, P= 0.83

Below undergraduate degree 8 (36%) 8 (33%)

Undergraduate degree or above 14 (64%) 16 (67%)

Education, degree level and above

Adults only N/A 19 (79%) N/A

BDI, mean (SD) 8.7 (6.91) 5.3 (8.52) t[44]= 1.77, P= 0.084

Use of alcohol every week, n (%) *** Adult > Adolescent
χ2(1, N= 46)= 12.5, P < 0.001

No 17 (77%) 6 (25%)

Yes 5(23%) 18 (75%)

Use of cigarette/roll-ups every week, n (%) χ2(1, N= 46)= 0.71, P= 0.40

No 15 (68%) 19 (79%)

Yes 7 (32%) 5 (21%)

Other illicit drug use, monthly use, n (%) χ2(1, N= 46)= 0.27, P= 0.60

No 21 (95%) 22 (92%)

Yes 1 (5%) 2 (8%)

Cannabis use

Weekly, n (%) χ2 (1, N= 46)= 0.46, P= 0.50

No 2 (9%) 1 (4%)

Yes 20 (91%) 23 (96%)

Cannabis frequency (dpw) mean, SD 2.55 (1.01) 2.79 (1.10) t[44]= 0.787, P= 0.44

Hours since last use (users), mean (SD) [min-max]c 196(182) 128(62.4) t[44]= 1.71, P= 0.09

Age of first ever use, mean (SD) 14.7 (0.93) 18.2 (2.62) *** Adult>Adolescent
t[44]= -5.90, P < 0.001

Premorbid IQ (WTAR) mean (SD) 112 (12.1) 118 (6.12) *Adult>Adolescent
t[44]=−2.18, P= 0.035

CUDIT, mean (SD) 9.95 (3.17) 7.21 (3.31) **Adolescent>Adult
t[44]= 2.87, P= 0.006

DSM-5 severe CUD (users), n (%) χ2(1, N= 46)= 1.12, P= 0.29

No 21 (96%) 24 (100%)

Yes 1 (4%) 0 (0%)

Sociodemographic characteristics of the full sample minus the two subjects excluded for head motion (final n= 46). BDI is the Beck Depression Inventory.
WTAR is Wechsler’s Test of Adult Reading. CUDIT is the Cannabis Use Disorder Inventory Test. Continuous data are presented as mean [SD], and categorical
data are presented as n (%). Group differences are highlighted in the final column using appropriate tests for each data type (χ2 and t-tests; *P < 0.05,
**P < 0.01, ***P < 0.001).
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To further investigate the precise pattern and direction of the
results identified in these F statistic maps, the results were
subdivided into Regions of Interest (ROIs) and data were then
extracted to compare the relative connectivity between age
groups in each drug condition. These ROIs are shown in
Supplementary Fig. 7.

Cortical resting-state networks. The main cannabis effects found
in the ECN are outlined in Fig. 2. No main effects of age or
interaction were found so results are presented collapsed across
age groups. Summary statistics can be found in Supplementary
Table 7, and a non-collapsed across the group-level figure in
Supplementary Fig. 8. Overall a reduction in connectivity was
observed in both cannabis treatments compared to placebo.
Connectivity was reduced between the ECN and the sensorimotor
cortex (F[2,88]= 19.57, P < 0.001). Post hoc tests revealed THC
(t[44]= 3.33, P= 0.005) and THC+ CBD (t[44]= 5.24, P < 0.001)
significantly reduced connectivity between the ECN and the
sensorimotor cortex, and THC+ CBD reduced connectivity sig-
nificantly more relative to THC alone (t[44]= 3.87, P= 0.001). In
the midcingulate (F[2,88]= 20.84, P < 0.001) post hoc tests

revealed THC (t[44]= 4.05, P < 0.001) and THC+ CBD
(t[44]= 5.71, P < 0.001) significantly reduced connectivity between
the ECN and the midcingulate relative to placebo, and the
reduction caused by THC+ CBD was significantly greater than
THC alone (t[44]= 2.73, P= 0.024). Similarly, connectivity with the
insula (F[2,88]= 27.29, P < 0.001), was significantly lower in the
THC condition (t[44]= 4.75, P < 0.001) and the THC+ CBD
condition relative to placebo (t[44]= 6.48, P < 0.001), while
THC+ CBD also reduced connectivity significantly relative to the
THC alone condition (t[44]= 2.86, P= 0.017). Connectivity with
the opercular cortex (F[2,88]= 18.20, P < 0.001) was significantly
altered between all three drug conditions, placebo > THC
(t[44]= 3.58, P= 0.002), placebo>THC+ CBD (t[44]= 5.04,
P < 0.001), THC > THC+ CBD (t[46]= 3.12, P= 0.009). Finally,
connectivity with the lingual gyrus (F[2,88]= 12.11, P < 0.001)
was significantly reduced by both THC (t[44]= 3.83, P0.001) and
THC+ CBD (t[44]= 4.19, P < 0.001).
The acute cannabis effects on the salience network are outlined

in Fig. 3, no main effects of age or an interaction were found, so
results are presented collapsed across age groups. Summary
statistics can be found in Supplementary Table 8, and a non-

Fig. 1 Summary values of connectivity strength across entire networks. Values are means, and error bars show SEM, N= 46 (24 adults),
P < 0.001 ***, P < 0.01**, P < 0.05 *.
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collapsed across the group-level figure in Supplementary Fig. 9.
Cannabis administration reduced connectivity between the
salience network and all the defined ROIs. Specifically, a bilateral
area around the temporooccipital cortex (F[2,88]= 27.05,
P < 0.001), was significantly altered by THC (t[44]= 4.92,
P < 0.001) and THC+ CBD (t[44]= 7.14, P < 0.001) relative to
placebo. Connectivity with the salience network and the
sensorimotor cortex (F[2,88]= 20.12, P < 0.001), was significantly
reduced with THC (t[44]= 3.73, P= 0.002) and THC+ CBD
(t[44]= 3.06, P < 0.001), relative to placebo. The THC+ CBD
administration reduced connectivity with the sensorimotor cortex
significantly compared to THC alone (t[44]= 5.61, P= 0.010). The
insula (F[2,88]= 20.60, P < 0.001) also significantly reduced con-
nectivity with the salience network with THC (t[44]= 4.06,
P < 0.001) and THC+ CBD (t[44]= 5.57, P < 0.001) administration
relative to placebo. THC+ CBD administration also reduced
connectivity with the insula significantly compared to THC alone
(t[44]= 2.61, P= 0.032). Finally in an area around the planum
temporale cortex (F[2,88]= 20.87, P < 0.001), THC (t[44]= 4.02,
P < 0.001) and THC+ CBD (t[44]= 5.07, P < 0.001) significantly
reduced connectivity relative to placebo, and THC+ CBD reduced
connectivity significantly more than THC alone (t[44]= 2.67,
P= 0.028).
There were no acute cannabis effects on connectivity in the

analyses of the DMN.

Striatal networks. Five ROIs were identified as having connectiv-
ity with the limbic striatum affected by acute cannabis

administration (Fig. 4), no main effects of age or interaction were
found, so results are presented collapsed across age groups, and
summary statistics can be found in Supplementary Table 9, and a
non-collapsed across the group-level figure in Supplementary
Fig. 10. A bilateral reduction in connectivity was observed with an
area around the sensorimotor cortex (F[2,88]= 23.96, P < 0.001)
after THC (t[44]= 5.12, P < 0.001) and THC+ CBD administration
(t[44]= 5.66, P < 0.001) relative to placebo. Connectivity between
the posterior cingulate and the limbic striatum was significantly
reduced with cannabis administration relative to placebo
(F[2,88]= 35.84, P < 0.001), with both THC (t[44]= 5.71,
P < 0.001) and THC+ CBD (t[44]= 8.04, P < 0.001) treatments.
Similarly the anterior division of the cingulate (F[2,88]= 35.84,
P < 0.001) had reduced connectivity with both THC (t[44]= 5.71,
P < 0.001) and THC+ CBD (t[44]= 8.04, P < 0.001) relative to
placebo. THC+ CBD also significantly reduced connectivity
compared to THC alone (t[44]= 2.88, P= 0.017) in this region.
An area in the visual cortex (F[2,88]= 20.94, P < 0.001) had
reduced connectivity with the limbic striatum with THC admin-
istration relative to placebo (t[44]= 3.58, P= 0.002); this con-
nectivity was reduced further with THC+ CBD administration
(t[44]= 6.31, P < 0.001) relative to placebo. The reduction was so
great that there was a significant difference in connectivity
between the THC and THC+ CBD conditions (t[44]= 2.96,
P= 0.013). The final ROI identified as having connectivity with
the limbic striatum significantly altered with cannabis administra-
tion was a bilateral area around the temporal lobes
(F[2,88]= 26.47, P < 0.001); both THC (t[44]= 5.57, P < 0.001) and

Fig. 2 Drug treatment results from the Executive Control Network (ECN). Areas identified in a seed-voxel whole-brain ANOVA model as
having connectivity affected by drug condition (placebo, THC, THC+ CBD) with the Executive Control Network (ECN), were subdivided into
regions of interest to identify directional effects. Connectivity between the ECN and the sensorimotor cortex (red), midcingulate (light blue),
insula (purple), opercular cortex (green), and lingual gyrus (dark blue) is significantly reduced with acute cannabis administration. Results are
presented collapsed across age groups. Error bars show SEM, N= 46 (24 adults), P < 0.001 ***, P < 0.01**, P < 0.05 *.
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THC+ CBD (t[44]= 5.71, P < 0.001) significantly reduced connec-
tivity compared to placebo.
There were no effects of acute cannabis administration on

connectivity with the associative or sensorimotor striatum seed
regions.

Hippocampal network. Two distinct regions were identified as
having significantly altered connectivity with the hippocampus
(Fig. 5). A medial frontal cortex region showed significantly
reduced connectivity (relative to placebo): (F[2,88]= 22.64,
P < 0.001), THC (t[44]= 4.40, P < 0.001) and THC+ CBD
(t[44]= 4.91, P < 0.001). The second region around the precuneus
(F[2,88]= 25.66, P < 0.001), where THC (t[44]= 5.54, P < 0.001) and
THC+ CBD (t[44]= 7.18, P < 0.001) significantly reduced connec-
tivity with the hippocampus. No main effects of age or interaction
were found, so results are presented collapsed across age groups,
summary statistics can be found in Supplementary Table 10, and a
non-collapsed across the group-level figure in Supplementary
Fig. 11.
None of the results were significantly affected by the scanner

used, see Supplementary Fig. 12.

Age main effects
Significant effects of age were found in two resting-state networks
(executive control and salience) and two striatal networks
(associative and limbic). These are summarised in supplementary
figure 13. Generally, there was greater connectivity with regions in
the cortex in adolescents compared to adults. These most
plausibly represent developmental effects.

Subjective effects
Changes in psychological/subjective effects in this cohort have
been reported elsewhere [9]. Subjects could identify when on
placebo vs cannabis, however, there were no differences in the
subjective effects reported for ‘THC’ and ‘THC+ CBD’ cannabis.

DISCUSSION
Acute cannabis administration reduced within-network connec-
tivity in five of the seven networks tested. ‘THC+ CBD’ tended to
reduce this connectivity to a greater degree than ‘THC’ alone,
however, this effect was only significant in the ECN and the
salience network. Interestingly, within-network connectivity in the
associative and sensorimotor striatum was unaffected by either
strain of cannabis.
In the seed-voxel analyses, four networks were significantly

altered with cannabis administration relative to placebo. These
were two cortical resting-state networks (ECN and salience
network), one striatal network (limbic), and the hippocampal
network. In these analyses again the general pattern was that the
‘THC+ CBD’ treatment reduced connectivity more than THC
alone.
Importantly, there were no age * drug interaction effects,

suggesting that age does not significantly change the way cannabis
disrupts RSN connectivity. This was contrary to our hypothesis,
however, this lack of interaction effect matches other data collected
in this trial. For example, no interaction effects have been found on
reward anticipation [27], acute psychotomimetic, verbal memory-
impairing, or subjective effects of cannabis [9], and when comparing

Fig. 3 Drug treatment results from the salience network. Areas identified in a seed-voxel whole-brain ANOVA model as having connectivity
affected by drug condition (placebo, THC, THC+ CBD) with the salience network (Sal), were subdivided into regions of interest to identify
directional effects. Connectivity between the salience network and the temporooccipital cortex (green), sensorimotor cortex (blue), planum
temporale (yellow), and insula (purple) are significantly reduced with acute cannabis administration. Results are presented collapsed across
age groups. Error bars show SEM, N= 46 (24 adults), P < 0.001 ***, P < 0.01**, P < 0.05 *.
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matched groups of adult/adolescent and regular users/non-users in
a cross-sectional study of RSN connectivity [11].
THC is primarily responsible for the psychoactive effects of

cannabis [47] while some previous work suggests that CBD may
possess therapeutic and neuro-protective properties and the
ability to modulate the negative effects of THC [21, 48]. CBD is a
negative allosteric modulator of the CB1R [49], meaning it reduces
the binding affinity of THC to the CB1 receptor, and so dampens
the intensity of THC’s effects. Previous work has shown the
addition of CBD reduced the disruption caused by THC to RSN
connectivity [21]. However, the findings of the present study (that
added CBD in fact produces greater reductions in connectivity
than THC alone) are consistent with other recent research [9, 50].
Both THC and CBD undergo metabolism facilitated by cytochrome
P450 enzymes [51]. Consequently, when CBD is administered in
higher doses, it competes with these metabolic enzymes, resulting
in reduced THC metabolism [51]. This competition paradoxically
leads to elevated plasma THC levels when THC and CBD are co-
administered. CBD also inhibits the activity of cytochrome P450
enzymes, thereby amplifying this effect [52]. Increased plasma
THC with CBD (pre) administration has been demonstrated
convincingly in animal research [53, 54]. The increased plasma
THC concentration may, in part, account for the heightened
connectivity disruption observed here in the ‘THC+ CBD’ condi-
tion. The research into the moderating effects of CBD on acute
THC administration is overall mixed, for a comprehensive
systematic review please see [55]. It is likely that the relative

THC and CBD doses are pivotal for their effects on brain
connectivity, perhaps with distinct mechanisms (potentially
mediated by cytochrome P450 activity) prevailing at
different doses.
We previously identified differences in connectivity between

cannabis users and non-using controls in the ECN [11] in a cross-
sectional study of resting-state connectivity in cannabis users
compared to controls (i.e., not under acute cannabis exposure)
which used similar analysis methods. Five regions (motor cortex,
cingulate, insula, posterior temporal parietal junction and the
superior temporal gyrus) were identified as having increased
connectivity with the ECN in the cannabis user group. These areas
are very similar to the regions identified in the present study
(sensorimotor area, insula, cingulate, opercular cortex and lingual
gyrus), as having decreased connectivity with the ECN with acute
cannabis administration. This data therefore supports our proposal
from [11] which suggested increases in ECN connectivity in
cannabis users relative to controls may be a compensatory
mechanism to support the reductions in connectivity produced by
regular cannabis intoxication.
The findings are also somewhat consistent with other previous

acute-challenge cannabis studies. These have also found strong
effects in the salience network [21], and the limbic striatum [28]. A
recent mega-analysis study (aggregating data from three previous
acute-challenge studies, total N= 87) highlighted the salience
network, with minimal effects seen in the DMN and ECN, and
effects in subcortical networks significantly modulated by COMT

Fig. 4 Drug treatment results from the limbic striatal network. Areas identified in a seed-voxel whole-brain ANOVA model as having
connectivity affected by drug condition (placebo, THC, THC+ CBD) with the limbic striatal network, were subdivided into regions of interest
to identify directional effects. Connectivity between the limbic striatal network and the sensorimotor cortex (light blue), posterior (dark blue)
and anterior (red) cingulate, visual cortex (green), and temporal cortex (yellow) are significantly reduced with acute cannabis administration.
Results are presented collapsed across age groups. Error bars show SEM, N= 46 (24 adults), P < 0.001 ***, P < 0.01**, P < 0.05 *.
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genotype [56]. Previous work has also identified significant effects
on the DMN [57], which we find only minimal evidence of here. A
recent novel, whole-brain approach has demonstrated widespread
hypoconnectivity effects with cannabis intoxication, most promi-
nently in subcortical, limbic, and attentional networks [58]. This
may suggest that the effects of cannabis intoxication are perhaps
not specific to particular brain networks, and may be analogous to
the more global effects on brain connectivity seen with classic
psychedelics [59–61].
Of the four networks which showed altered connectivity with

cannabis administration, all except for the hippocampal network
showed a significant reduction in connectivity with the sensor-
imotor cortex. The sensorimotor cortex has a high concentration
of CB1 receptors [62] and sensorimotor effects are a common side
effect of acute cannabis administration (e.g. enhanced pleasure
[63] and reduced driving ability [64]). Diminished motor coordina-
tion and sensorimotor integration are symptoms which have been
reported in individuals with high levels of cannabis use [65]. It is
therefore of interest that connectivity with the sensorimotor
cortex was reduced with these RSNs and the limbic striatal
network, but not the sensorimotor striatum.
Cannabis reduced cingulate connectivity in the ECN and limbic

striatal network. The ECN, crucial for attention, working memory,
decision-making, and cognitive control, relies on the anterior
cingulate cortex [66]. Acute cannabis disrupted this connectivity,
potentially disrupting attention, memory, and decision-making
[67, 68]. The cingulate cortex is also connected to the nucleus
accumbens (part of the limbic striatum), regulating emotion and
motivation [69]. Disruptions may impact emotional processing
and reward sensitivity. Using a monetary reward task, we have
also previously demonstrated significant attenuating effects of
cannabis on reward anticipation activity in the limbic striatum, in
the same cohort [27]. However, a similar task showed only minor
effects in a study of regular cannabis users and controls [10],
suggesting that these acute effects may not persist in the non-
intoxicated state.
Reduced connectivity with the insula was identified in both the

salience network and the executive control network analyses. The
insula is involved in various cognitive and affective processes,
including salience detection and integration, interoceptive aware-
ness, and emotion regulation [70]. The salience network, which
includes the insula, is responsible for identifying relevant stimuli
and orchestrating appropriate responses [71]. Studies have
suggested that the salience network is the mediator between
the ECN and the DMN [72], making the salience network vital for
interacting with the external world. Previous studies have drawn a
connection between cannabis use, disrupted salience processing,
and cannabis-induced psychosis [21, 73]. This disruption may
result in aberrant salience processing and altered integration of

interoceptive signals, potentially contributing to cognitive deficits
and disrupted emotional regulation associated with cannabis use
[74].
The hippocampus plays a crucial role in memory formation and

retrieval. Our data showed acute cannabis administration reduced
fronto-hippocampal and precuneus-hippocampal connectivity.
Reduced connectivity between the frontal cortex and the
hippocampus due to cannabis use may lead to difficulties in
cognitive domains and may be relevant to the common side
effects experienced with acute cannabis administration such as
impaired memory, reduced cognitive flexibility, decreased atten-
tional control, and altered decision-making processes [75].
Hippocampal-precuneus connections are important for episodic
autobiographical memory [76], and so reductions here may also
contribute to the aberrant memory capacity experienced under
acute cannabis administration.
Some differences between the adolescent and adult groups

were identified in the ECN, salience network, associative and
limbic striatal networks. The most plausible interpretation of these
effects is that they are developmental in origin. The most robust
age difference was observed in the limbic striatal network, where
adolescents tended to have greater connectivity in regions
associated with the DMN. Since the limbic striatum is involved
with addiction (and cannabis use disorder) and the DMN with
introspection, this increased connectivity may reflect the inflated
chances of adolescents for developing a cannabis use disorder,
which is three times the rate of adults [8]. This finding may be
important since we identified a significant difference between the
adolescents and adults on the cannabis use disorder inventory
test (CUDIT) scores, suggesting the adolescent group may be
slightly more vulnerable to cannabis use disorders than adults,
though neither group met the threshold for potential CUD.
The findings of this study have two key implications for public

health. Firstly, our findings that CBD did not attenuate the effects
of THC (and conversely potentiated them in some cases) challenge
the assumption that CBD can reduce the harms of cannabis. Given
that public health guidelines for lower-risk cannabis use state it is
advisable to use cannabis containing high CBD:THC ratios [77], our
findings suggest an important need to communicate to potential
consumers that CBD may not attenuate (and in fact may
exacerbate) the effects of THC. Secondly, we found similar effects
of THC in disrupting resting-state connectivity across a range of
networks, when comparing adolescents with young adults.

Strengths and limitations
This study had a number of strengths including a relatively large
sample size compared to previous similar studies, and an equal split
between adolescents and adults. We included equal numbers of
both male and female participants, increasing the generalisability of

Fig. 5 Drug treatment results from the hippocampal network. Areas identified in the seed-voxel whole-brain ANOVA model as having
connectivity affected by drug condition (placebo, THC, THC+ CBD) with the hippocampal network were subdivided into regions of interest to
identify directional effects. Connectivity between the hippocampal network and the frontal (red) and precuneus cortex (green) is reduced
with acute cannabis administration. Results are presented collapsed across age groups. Error bars show SEM, N= 46 (24 adults), P < 0.001 ***.
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our results, and we also had an appropriate placebo control
treatment matched for sensory characteristics. We explicitly
matched the cannabis use frequency of adolescents with that of
adults, improving on a previous acute study which found significant
age differences with adolescents using cannabis more heavily than
adults [12], though we cannot extrapolate our results beyond
people who use fortnightly–three days per week. Moreover, we
closely followed our pre-registered analysis plan which increases
scientific rigour, and quality of evidence, and ensures transparency
of our data and analyses. Having an even larger sample size would
have allowed us to look for sex differences, which in the current
study we were not powered to do. We found a small difference in
premorbid IQ between the adult and adolescent groups, which may
have impacted our results. However, this matches previous research
which suggests children (at around age 12) with lower IQ are more
likely to become cannabis users during adolescence, but cannabis
use in adolescents is not likely to cause a decline in IQ [78]. It is
possible that younger adolescents with less developed resting-state
brain systems may have shown differential effects to adults,
however, there are major ethical considerations with conducting
acute drug challenge studies in younger age ranges (<16 years old).
Our samples were adolescents (age 16–17), and young adults (age
26–29), however, we excluded adults who were regular users of
cannabis before the age of 18. This was done in order to exclude
adults who had used cannabis regularly in this key developmental
window, however, it means that there is a difference in the age of
onset of use in the two groups. In part, this difference is intimately
related to the study aims (comparing adolescents with adults) and
the nature of cross-sectional comparisons, however, we cannot rule
out that this difference may have broader implications (e.g. people
who begin using cannabis in adolescence may represent a
somewhat different cohort to those who begin using in their 20 s,
in a number of possible ways). The restricted age range in the adult
group was also used in order to better match the (necessarily)
restricted range of the adolescent group, however, this means the
findings may not be readily generalisable to older adults. Another
potential confounder is the potential effects of cannabis use on
myelination, which can affect resting-state network connectivity.
Previous work shows that the early onset of cannabis use is
correlated with greater disruptions in WM tracts [79]. Moreover,
several studies have identified poorer WM integrity with chronic
cannabis use [80, 81]. However, the evidence concerning the
medicinal uses of cannabis seems to suggest the opposite, with
improvements in WM integrity after six months of medicinal
cannabis treatment [82]. These complex effects of cannabis on WM
coherence could feasibly have impacted the results in the present
investigation; though we were not equipped to investigate these
effects, future studies should aim to explore this further.

CONCLUSIONS
This study has shown that acute cannabis administration reduces
connectivity within resting-state networks and between brain
regions associated with cognition and emotional processing.
Contrary to some previous work, CBD does not appear to have any
attenuating effects when combined with THC, and in some
networks, the addition of CBD further reduced network con-
nectivity. This may be due to the metabolic competition of CBD
and THC leading to higher plasma THC when CBD is also present.
There were no interaction effects between age group and drug
treatments suggesting that adolescents do not show differential
effects of cannabis compared to adults. These results therefore
suggest that cannabis containing high levels of CBD may not
necessarily be safer for users and that adolescent cannabis users
appear to be at no greater risk than young adults with acute
cannabis use, however further research is required to assess the
long-term effects of cannabis, particularly past young adulthood.

REFERENCES
1. Casey BJ, Jones RM, Somerville LH. Braking and accelerating of the adolescent

brain. J Res Adolesc. 2011;21:21–33.
2. Meyer HC, Lee FS, Gee DG. The role of the endocannabinoid system and genetic

variation in adolescent brain development. Neuropsychopharmacology.
2018;43:21–33.

3. Hurd YL, Manzoni OJ, Pletnikov MV, Lee FS, Bhattacharyya S, Melis M. Cannabis
and the developing brain: insights into its long-lasting effects. J Neurosci.
2019;39:8250–8.

4. Bara A, Ferland J-MN, Rompala G, Szutorisz H, Hurd YL. Cannabis and synaptic
reprogramming of the developing brain. Nat Rev Neurosci. 2021;22:423–38.

5. Stiby AI, Hickman M, Munafò MR, Heron J, Yip VL, Macleod J. Adolescent cannabis
and tobacco use and educational outcomes at age 16: birth cohort study.
Addiction. 2014;110:658–68.

6. Hall W, Degenhardt L. Prevalence and correlates of cannabis use in developed
and developing countries. Curr Opin Psychiatry. 2007;20:393–7.

7. Kiburi SK, Molebatsi K, Ntlantsana V, Lynskey MT. Cannabis use in adolescence
and risk of psychosis: are there factors that moderate this relationship? A sys-
tematic review and meta-analysis. Subst Abus. 2021;42:527–542. https://doi.org/
10.1080/08897077.2021.1876200

8. Lawn W, Mokrysz C, Lees R, Trinci K, Petrilli K, Skumlien M. et al. The CannTeen
Study: cannabis use disorder, depression, anxiety, and psychotic-like symptoms
in adolescent and adult cannabis users and age-matched controls. J Psycho-
pharmacol. 2022;36:1350–61.

9. Lawn W, Trinci K, Mokrysz C, Borissova A, Ofori S, Petrilli K, et al. The acute effects
of cannabis with and without cannabidiol in adults and adolescents: a rando-
mised, double-blind, placebo-controlled, crossover experiment. Addiction.
2023;118:1282–94.

10. Skumlien M, Mokrysz C, Freeman TP, Wall MB, Bloomfield M, Lees R, et al. Neural
responses to reward anticipation and feedback in adult and adolescent cannabis
users and controls. Neuropsychopharmacology. 2022;47:1976–83. https://doi.org/
10.1038/s41386-022-01316-2.

11. Ertl N, Lawn W, Mokrysz C, Freeman TP, Alnagger N, Borissova A. et al. Associa-
tions between regular cannabis use and brain resting-state functional con-
nectivity in adolescents and adults. J Psychopharmacol. 2023;37:904–19.

12. Mokrysz C, Freeman TP, Korkki S, Griffiths K, Curran HV. Are adolescents more
vulnerable to the harmful effects of cannabis than adults? A placebo-controlled
study in human males. Transl Psychiatry. 2016;6:e961.

13. Murray CH, Huang Z, Lee R, de Wit H. Adolescents are more sensitive than adults
to acute behavioral and cognitive effects of THC. Neuropsychopharmacology.
2022;47:1331–8. https://doi.org/10.1038/s41386-022-01281-w.

14. Lawn W, Mokrysz C, Ofori S, Trinci K, Borissova A, Petrilli K, et al. Do adolescents
and adults differ in their acute subjective, behavioural, and neural responses to
cannabis, with and without cannabidiol? OSF (2021) https://osf.io/z638r/.

15. Raichle ME. The brain’s default mode network. Annu Rev Neurosci.
2015;38:433–47. https://doi.org/10.1146/annurev-neuro-071013-014030.

16. Fox MD, Snyder AZ, Vincent JL, Corbetta M, Van Essen DC, Raichle ME. The human
brain is intrinsically organized into dynamic, anticorrelated functional networks.
Proc Natl Acad Sci USA. 2005;102:9673–8.

17. Thomas Yeo BT, Krienen FM, Sepulcre J, Sabuncu MR, Lashkari D, Hollinshead M,
et al. The organization of the human cerebral cortex estimated by intrinsic
functional connectivity. J Neurophysiol. 2011;106:1125–65.

18. Fair DA, Dosenbach NU, Church JA, Cohen AL, Brahmbhatt S, Miezin FM, et al.
Development of distinct control networks through segregation and integration.
Proc Natl Acad Sci USA. 2007;104:13507–12.

19. Meng L, Xiang J. Frequency specific patterns of resting-state networks devel-
opment from childhood to adolescence: a magnetoencephalography study. Brain
Dev. 2016;38:893–902.

20. Cachope R, Mackie K, Triller A, O’Brien J, Pereda A. Potentiation of electrical and
chemical synaptic transmission mediated by endocannabinoids. Neuron.
2007;56:1034–47.

21. Wall MB, Pope R, Freeman TP, Kowalczyk OS, Demetriou L, Mokrysz C, et al.
Dissociable effects of cannabis with and without cannabidiol on the human
brain’s resting-state functional connectivity. J Psychopharmacol.
2019;33:822–30.

22. Bhattacharyya S, Falkenberg I, Martin-Santos R, Atakan Z, Crippa JA, Giampietro V,
et al. Cannabinoid modulation of functional connectivity within regions proces-
sing attentional salience. Neuropsychopharmacology. 2014;40:1–10. https://
doi.org/10.1038/npp.2014.258.

23. Di Martino A, Scheres A, Margulies DS, Kelly AM, Uddin LQ, Shehzad Z, et al.
Functional connectivity of human striatum: a resting state FMRI study. Cereb
Cortex. 2008;18:2735–47.

24. Peters S, Crone EA. Increased striatal activity in adolescence benefits learning. Nat
Commun. 2017;8:1983.

N. Ertl et al.

1649

Neuropsychopharmacology (2024) 49:1640 – 1651

https://doi.org/10.1080/08897077.2021.1876200
https://doi.org/10.1080/08897077.2021.1876200
https://doi.org/10.1038/s41386-022-01316-2
https://doi.org/10.1038/s41386-022-01316-2
https://doi.org/10.1038/s41386-022-01281-w
https://osf.io/z638r/
https://doi.org/10.1146/annurev-neuro-071013-014030
https://doi.org/10.1038/npp.2014.258
https://doi.org/10.1038/npp.2014.258


25. Blair Thies M, DeRosse P, Sarpal DK, Argyelan M, Fales CL, Gallego JA, et al.
Interaction of cannabis use disorder and striatal connectivity in antipsychotic
treatment response. Schizophr Bull Open. 2020;1:sgaa014.

26. Nestor L, Hester R, Garavan H. Increased ventral striatal BOLD activity during non-
drug reward anticipation in cannabis users. NeuroImage. 2010;49:1133–43.

27. Skumlien M, Freeman TP, Hall D, Mokrysz C, Wall MB, Ofori S, et al. The effects of
acute cannabis with and without cannabidiol on neural reward anticipation in
adults and adolescents. Biol Psychiatry Cogn Neurosci Neuroimaging.
2023;8:219–29. https://doi.org/10.1016/j.bpsc.2022.10.004.

28. Wall MB, Freeman TP, Hindocha C, Demetriou L, Ertl N, Freeman AM, et al. Individual
and combined effects of Cannabidiol (CBD) and Δ9-tetrahydrocannabinol (THC) on
striato-cortical connectivity in the human brain. J Psychopharmacol. 2022;36:732–744.
https://doi.org/10.1177/02698811221092506.

29. Sharma P, Murthy P, Bharath MM. Chemistry, metabolism, and toxicology of
cannabis: clinical implications. Iran J Psychiatry. 2012;7:149–56.

30. Morgan CJA, Curran HV. Effects of cannabidiol on schizophrenia-like symptoms in
people who use cannabis. Br J Psychiatry. 2008;192:306–7.

31. Morgan CJ, Freeman TP, Schafer GL, Curran HV. Cannabidiol attenuates the
appetitive effects of Delta 9-tetrahydrocannabinol in humans smoking their
chosen cannabis. Neuropsychopharmacology. 2010;35:1879–85.

32. Bloomfield MAP, Hindocha C, Green SF, Wall MB, Lees R, Petrilli K, et al. The
neuropsychopharmacology of cannabis: a review of human imaging studies.
Pharmacol Ther. 2019;195:132–61. S0163725818301906

33. Freeman TP, Hindocha C, Green SF, Bloomfield MAP. Medicinal use of cannabis
based products and cannabinoids. BMJ. 2019;365:l1141.

34. Bhattacharyya S, Morrison PD, Fusar-Poli P, Martin-Santos R, Borgwardt S, Winton-
Brown T, et al. Opposite effects of Δ-9-tetrahydrocannabinol and cannabidiol on
human brain function and psychopathology. Neuropsychopharmacology.
2010;35:764–74.

35. Mokrysz C, Shaban N, Freeman TP, Lawn W, Pope RA, Hindocha C, et al. Acute
effects of cannabis on speech illusions and psychotic-like symptoms: two studies
testing the moderating effects of cannabidiol and adolescence. Psychol Med.
2021;51:2134–42.

36. Lawn W, Mokrysz C, Borissova A, Lees R, Petrilli K, Bloomfield MA, et al. cannTEEN:
how does long-term cannabis use affect teenagers’ and adults’ cognition, mental
health and brains? OSF (2019) https://osf.io/jg9qp/.

37. Freeman TP, Lorenzetti V. Standard THC units’: a proposal to standardize dose
across all cannabis products and methods of administration. Addiction.
2020;115:1207–16.

38. Freeman TP, Pope RA, Wall MB, Bisby JA, Luijten M, Hindocha C, et al. Cannabis
dampens the effects of music in brain regions sensitive to reward and emotion.
Int J Neuropsychopharmacol. 2017;27:S92–3. https://doi.org/10.1093/ijnp/
pyx082/4102982/Cannabis-dampens-the-effects-of-music-in-brain.

39. Spindle TR, Cone EJ, Schlienz NJ, Mitchell JM, Bigelow GE, Flegel R, et al. Acute
effects of smoked and vaporized cannabis in healthy adults who infrequently use
cannabis: a crossover trial. JAMA Netw Open. 2018;1:e184841.

40. Comninos AN, Demetriou L, Wall MB, Shah AJ, Clarke SA, Narayanaswamy S. et al.
Modulations of human resting brain connectivity by kisspeptin enhance sexual
and emotional functions. JCI insight. 2018;3:e121958

41. Joel D, Weiner I. The connections of the dopaminergic system with the striatum
in rats and primates: an analysis with respect to the functional and compart-
mental organization of the striatum. Neuroscience. 2000;96:451–74.

42. Martinez D, Slifstein M, Broft A, Mawlawi O, Hwang DR, Huang Y, et al. Imaging
human mesolimbic dopamine transmission with positron emission tomography.
Part II: amphetamine-induced dopamine release in the functional subdivisions of
the striatum. J Cereb Blood Flow Metab. 2003;23:285–300.

43. Tziortzi AC, Haber SN, Searle GE, Tsoumpas C, Long CJ, Shotbolt P, et al.
Connectivity-based functional analysis of dopamine release in the striatum using
diffusion-weighted mri and positron emission tomography. Cereb Cortex.
2014;24:1165–77. https://doi.org/10.1093/cercor/bhs397.

44. Friston KJ, Worsley KJ, Frackowiak RSJ, Mazziotta JC, Evans AC. Assessing the
significance of focal activations using their spatial extent. Hum Brain Mapp.
1994;1:210–20.

45. Woo CW, Krishnan A, Wager TD. Cluster-extent based thresholding in fMRI ana-
lyses: pitfalls and recommendations. NeuroImage. 2014;91:412–9.

46. Dawid AP. Conditional independence in statistical theory. J R Stat Soc Ser B
Methodol. 1979;41:1–15.

47. Ng T, Gupta V, Keshock MC. Tetrahydrocannabinol (THC). In: StatPearls. Treasure
Island, FL: StatPearls Publishing; 2023.

48. Fusar-Poli P, Crippa JA, Bhattacharyya S, Borgwardt SJ, Allen P, Martin-Santos R,
et al. Distinct effects of Δ9-tetrahydrocannabinol and cannabidiol on neural
activation during emotional processing. Arch Gen Psychiatry. 2009;66:95–105.

49. Laprairie RB, Bagher AM, Kelly MEM, Denovan‐Wright EM. Cannabidiol is a
negative allosteric modulator of the cannabinoid CB1 receptor. Br J Pharmacol.
2015;172:4790–805.

50. Englund A, Oliver D, Chesney E, Chester L, Wilson J, Sovi S, et al. Does cannabidiol
make cannabis safer? A randomised, double-blind, cross-over trial of cannabis
with four different CBD:THC ratios. Neuropsychopharmacology. 2023;48:869–76.
https://doi.org/10.1038/s41386-022-01478-z.

51. Huestis MA. Human cannabinoid pharmacokinetics. Chem Biodivers.
2007;4:1770–804.

52. Yamaori S, Ebisawa J, Okushima Y, Yamamoto I, Watanabe K. Potent inhibition of
human cytochrome P450 3A isoforms by cannabidiol: role of phenolic hydroxyl
groups in the resorcinol moiety. Life Sci. 2011;88:730–6.

53. Klein C, Karanges E, Spiro A, Wong A, Spencer J, Huynh T, et al. Cannabidiol
potentiates Δ9-tetrahydrocannabinol (THC) behavioural effects and alters THC
pharmacokinetics during acute and chronic treatment in adolescent rats. Psy-
chopharmacology. 2011;218:443–57.

54. Jones G, Pertwee RG. A metabolic interaction in vivo between cannabidiol and 1
-tetrahydrocannabinol. Br J Pharmacol. 1972;45:375–7.

55. Freeman AM, Petrilli K, Lees R, Hindocha C, Mokrysz C, Curran HV, et al. How does
cannabidiol (CBD) influence the acute effects of delta-9-tetrahydrocannabinol
(THC) in humans? A systematic review. Neurosci Biobehav Rev.
2019;107:696–712.

56. Pelgrim TAD, Ramaekers JG, Wall MB, Freeman TP, Bossong MG. Acute effects of
Δ9-tetrahydrocannabinol (THC) on resting state connectivity networks and
impact of COMT genotype: a multi-site pharmacological fMRI study. Drug Alcohol
Depend. 2023;251:110925.

57. Bossong MG, Jansma JM, van Hell HH, Jager G, Kahn RS, Ramsey NF. Default
mode network in the effects of Δ9-tetrahydrocannabinol (THC) on human
executive function. PLoS ONE. 2013;8:e70074.

58. Ramaekers JG, Mason NL, Toennes SW, Theunissen EL, Amico E. Functional brain
connectomes reflect acute and chronic cannabis use. Sci Rep. 2022;12:2449.

59. Petri G, Expert P, Turkheimer F, Carhart-Harris R, Nutt D, Hellyer PJ, Vaccarino F.
Homological scaffolds of brain functional networks. J R Soc Interface.
2014;11:20140873.

60. Daws RE, Timmermann C, Giribaldi B, Sexton JD, Wall MB, Erritzoe D, et al.
Increased global integration in the brain after psilocybin therapy for depression.
Nat Med. 2022;28:844–51. https://doi.org/10.1038/s41591-022-01744-z.

61. Timmermann C, Roseman L, Haridas S, Rosas FE, Luan L, Kettner H, et al. Human
brain effects of DMT assessed via EEG-fMRI. Proc Natl Acad Sci USA
2023;120:e2218949120.

62. Zou S, Kumar U. Cannabinoid receptors and the endocannabinoid system: sig-
naling and function in the central nervous system. Int J Mol Sci. 2018;19:833.

63. Chatwin C, Porteous D. Insiders? The experiences and perspectives of long-term,
regular cannabis users. Contemp Drug Probl. 2013;40:235–57.

64. Bolbecker AR, Apthorp D, Martin AS, Tahayori B, Moravec L, Gomez KL, et al.
Disturbances of postural sway components in cannabis users. Drug Alcohol
Depend. 2018;190:54–61.

65. Wolf RC, Werler F, Wittemann M, Schmitgen MM, Kubera KM, Wolf ND, et al.
Structural correlates of sensorimotor dysfunction in heavy cannabis users. Addict
Biol. 2021;26:e13032.

66. Niendam TA, Laird AR, Ray KL, Dean YM, Glahn DC, Carter CS. Meta-analytic
evidence for a superordinate cognitive control network subserving diverse
executive functions. Cogn Affect Behav Neurosci. 2012;12:241–68.

67. Grant JE, Chamberlain SR, Schreiber L, Odlaug BL. Neuropsychological deficits
associated with cannabis use in young adults. Drug Alcohol Depend.
2012;121:159–62.

68. Ansell EB, Laws HB, Roche MJ, Sinha R. Effects of marijuana use on impulsivity
and hostility in daily life. Drug Alcohol Depend. 2015;148:136–42.

69. Fernández-Espejo E. [How does the nucleus accumbens function?]. Rev Neurol.
2000;30:845–9.

70. Uddin LQ, Nomi JS, Hébert-Seropian B, Ghaziri J, Boucher O. Structure and
function of the human insula. J Clin Neurophysiol. 2017;34:300–6.

71. Seeley WW, Menon V, Schatzberg AF, Keller J, Glover GH, Kenna H, et al. Dis-
sociable intrinsic connectivity networks for salience processing and executive
control. J Neurosci. 2007;27:2349–56.

72. Goulden N, Khusnulina A, Davis NJ, Bracewell RM, Bokde AL, McNulty JP, Mullins
PG. The salience network is responsible for switching between the default mode
network and the central executive network: replication from DCM. NeuroImage.
2014;99:180–90.

73. Wijayendran SB, O’Neill A, Bhattacharyya S. The effects of cannabis use on sal-
ience attribution - a systematic review. Acta Neuropsychiatr. 2018;30:43–57.

74. Bloomfield MA, Mouchlianitis E, Morgan CJ, Freeman TP, Curran HV, Roiser JP,
Howes OD. Salience attribution and its relationship to cannabis-induced psy-
chotic symptoms. Psychol Med. 2016;46:3383–95.

75. Blest-Hopley G, Giampietro V, Bhattacharyya S. A systematic review of human
neuroimaging evidence of memory-related functional alterations associated with
cannabis use complemented with preclinical and human evidence of memory
performance alterations. Brain Sci. 2020;10:102.

N. Ertl et al.

1650

Neuropsychopharmacology (2024) 49:1640 – 1651

https://doi.org/10.1016/j.bpsc.2022.10.004
https://doi.org/10.1177/02698811221092506
https://osf.io/jg9qp/
https://doi.org/10.1093/ijnp/pyx082/4102982/Cannabis-dampens-the-effects-of-music-in-brain
https://doi.org/10.1093/ijnp/pyx082/4102982/Cannabis-dampens-the-effects-of-music-in-brain
https://doi.org/10.1093/cercor/bhs397
https://doi.org/10.1038/s41386-022-01478-z
https://doi.org/10.1038/s41591-022-01744-z


76. Hebscher M, Levine B, Gilboa A. The precuneus and hippocampus contribute to
individual differences in the unfolding of spatial representations during episodic
autobiographical memory. Neuropsychologia. 2018;110:123–33.

77. Fischer B, Russell C, Sabioni P, van den Brink W, Le Foll B, Hall W, et al. Lower-risk
cannabis use guidelines: a comprehensive update of evidence and recommen-
dations. Am J Public Health. 2017;107:e1–12.

78. Jackson NJ, Isen JD, Khoddam R, Irons D, Tuvblad C, Iacono WG, et al. Impact of
adolescent marijuana use on intelligence: results from two longitudinal twin
studies. Proc Natl Acad Sci USA. 2016;113:E500–8.

79. Hampton WH, Hanik IM, Olson IR. Substance abuse and white matter: findings,
limitations, and future of diffusion tensor imaging research. Drug Alcohol
Depend. 2019;197:288–98.

80. Manza P, Yuan K, Shokri-Kojori E, Tomasi D, Volkow ND. Brain structural changes
in cannabis dependence: association with MAGL. Mol Psychiatry.
2020;25:3256–66.

81. Shollenbarger SG, Price J, Wieser J, Lisdahl K. Poorer frontolimbic white matter
integrity is associated with chronic cannabis use, FAAH genotype, and increased
depressive and apathy symptoms in adolescents and young adults. Neuroimage
Clin. 2015;8:117–25.

82. Dahlgren MK, Gonenc A, Sagar KA, Smith RT, Lambros AM, El-Abboud C, Gruber
SA. Increased white matter coherence following three and six months of medical
cannabis treatment. Cannabis Cannabinoid Res. 2022;7:827–39.

AUTHOR CONTRIBUTIONS
Concept and design: TF, CM, WL, MW, VC. Data collection: CM, SO, AB, WL. Data
analysis and interpretation: NE, MW. Drafting manuscript: NE, MW. Critical revision of
the manuscript for important intellectual content: NE, TF, CM, SO, AB, KP, VC, WL, MW.
Obtained funding: TF, VC.

FUNDING
This study was funded by a grant from the Medical Research Council, MR/P012728/1,
to HVC and TPF.

COMPETING INTERESTS
HVC has consulted for Janssen Research and Development. MBW and NE’s primary
employer is Invicro LLC, a contract research organisation that performs commercial

research for the pharmaceutical and biotechnology industries. The remaining authors
declare no competing interests.

ETHICAL APPROVAL
Ethical approval was obtained from University College London’s (UCL) Research
Ethics Committee, project ID 5929/005. The study was conducted in line with the
Declaration of Helsinki, and all participants provided written informed consent.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41386-024-01891-6.

Correspondence and requests for materials should be addressed to Matthew B. Wall.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

N. Ertl et al.

1651

Neuropsychopharmacology (2024) 49:1640 – 1651

https://doi.org/10.1038/s41386-024-01891-6
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Acute effects of different types of cannabis on young adult and adolescent resting-state brain networks
	Introduction
	Methods
	Participants
	Procedure
	MRI data acquisition
	Analyses
	Preprocessing and first-level analyses
	Within-network connectivity (network ROI analysis)
	Seed-voxel (whole-brain) analysis
	Age effects


	Results
	Head�motion
	Participants
	Within-network connectivity (network ROI analysis)
	Correlations

	Seed-voxel (whole-brain) analyses
	Main effect of cannabis
	Cortical resting-state networks
	Striatal networks
	Hippocampal network

	Age main effects
	Subjective effects

	Discussion
	Strengths and limitations

	Conclusions
	Author contributions
	Funding
	Competing interests
	Ethical approval
	ADDITIONAL INFORMATION




