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Abstract: The role of both cannabis use and genetic background has been shown in the risk for psy-
chosis. However, the effect of the interplay between cannabis and variability at the endocannabinoid
receptor genes on the neurobiological underpinnings of psychosis remains inconclusive. Through a
case-only design, including patients with a first-episode of psychosis (n = 40) classified as cannabis
users (50%) and non-users (50%), we aimed to evaluate the interaction between cannabis use and
common genetic variants at the endocannabinoid receptor genes on brain activity. Genetic variabil-
ity was assessed by genotyping two Single Nucleotide Polymorphisms (SNP) at the cannabinoid
receptor type 1 gene (CNR1; rs1049353) and cannabinoid receptor type 2 gene (CNR2; rs2501431).
Functional Magnetic Resonance Imaging (fMRI) data were obtained while performing the n-back task.
Gene × cannabis interaction models evidenced a combined effect of CNR1 and CNR2 genotypes and
cannabis use on brain activity in different brain areas, such as the caudate nucleus, the cingulate cortex
and the orbitofrontal cortex. These findings suggest a joint role of cannabis use and cannabinoid
receptor genetic background on brain function in first-episode psychosis, possibly through the impact
on brain areas relevant to the reward circuit.

Keywords: first-episode of psychosis; cannabis use; cannabinoid receptor genes; fMRI working memory

1. Introduction

A complex interplay between genetic and environmental factors is involved in the
aetiology of psychosis. Both quantitative and molecular studies have well-established
the heritability of psychotic disorders [1–3]; however, genome-wide association data have
shown that the common genetic variability explains only a part of the variance in the
vulnerability [4,5]. This reflects that environmental exposures may account for a proportion
of the liability. Indeed, epidemiological studies have identified many environmental risk
factors associated with psychosis, such as obstetric and perinatal complications, early
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infections, substance abuse, urbanicity and migration or psychosocial stress [6–8]. Among
them, cannabis use has captured much attention since several population-based studies
consistently reported that cannabis consumptionis associated with an increased risk for
psychotic experiences [9] and psychotic disorders [10,11]. Additionally, studies based on
clinical samples have described a higher prevalence of cannabis use in subjects with a
first-episode of psychosis as compared to the general population [12–14] and that the age
at which cannabis use begins appears to correlate with the age at onset of psychosis [15,16].
Despite this knowledge, the nature of the relationship between genetic liability, cannabis
use and psychosis development is not fully understood.

The association between cannabis use and psychosis is mediated by the effect of
exogenous cannabinoids on the endocannabinoid system (ECBS), which is intimately
related to the dopamine system [16]. Concretely, the ∆9-tetrahydrocannabinol (THC),
the main psychoactive component of cannabis, is a partial agonist of the cannabinoid G
protein-coupled receptors (cannabinoid receptor type 1 (CB1R) and type 2 (CB2R)) and
binds to them with strong affinity.

CB1R is the most abundant receptor in the mammalian brain; and it is expressed in the
presynaptic terminals in the basal ganglia, the cerebellum, the hippocampus, the cingulate,
the amygdala, and the prefrontal cortex [17]. It is localised on the gamma-aminobutyric
acid (GABA-ergic) and glutamatergic neurons, acting as a retrograde feedback system to
modulate dopamine transmissions through inputs to dopaminergic neurons in the ventral
midbrain that express these receptors [18,19].

CB2R was first detected in the periphery but later in the brain [20], particularly in
the amygdala, hippocampus, cerebellum, nucleus accumbens, caudate/putamen and
cortex [21]. Also, recent advances indicate that CB2R is expressed in both the brain’s
neurons and glial cells [22]. Given that CB2R appears to be mainly postsynaptic, it is
thought that the activation of CB2R may play the opposite effect of CB1R [23].

The role of CB1R and CB2R signalling pathways in the modulation of various dopamine-
associated behaviours [18,19,24] and their inducibility by external factors have emphasised
their critical role in multiple cellular and behavioural functions, involving both cognitive
and psychiatric conditions, such as substance abuse [23].

The cortico-basal ganglia-thalamic areas that densely express cannabinoid receptors are
part of a broader network subserving working memory functions [25]. Alterations in this
cognitive dimension are consistently reported in patients with psychotic disorders [26,27]. In
this line, a recent meta-analysis found that working memory is one of the most prominently
affected cognitive domains by acute administration of partial CB1R agonists [28]. Neverthe-
less, current data offer mixed results with regard to the direction of the effect of cannabis
on working memory performance. Some studies describe a worse cognitive performance
associated with cannabis use both in healthy subjects [29,30] and individuals with a psy-
chotic disorder [31,32]; others show better performance in patients using cannabis [33,34],
and there are also studies showing no effect [35,36].

From functional Magnetic Resonance Imaging (fMRI), most studies based on healthy
cannabis users (CU) report changes in the activation patterns associated with the per-
formance of working memory and attention tasks [36–39]. However, the conclusions of
available studies are markedly inconsistent and hardly comparable because of various
confounders. Regarding the fMRI studies exploring the effect of cannabis use on cog-
nitive functioning in subjects with psychosis, the evidence is scarce and based only on
three previous studies with limited sample sizes of patients with chronic schizophrenia.
These previous fMRI studies report more preserved cognitive functioning in CU than
cannabis non-users (CNU) [40–42]. This same pattern was observed in studies evaluating
neuroanatomical or neurocognitive differences between patients with psychotic disorders
exposed to cannabis and patients not exposed to it [33,34,43]. However, to our knowledge,
no fMRI study has ever been focused on exploring the cannabis use effect in patients with
a first-episode of psychosis.
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The fact that only a small proportion of CU develop psychosis, and the observed het-
erogeneity of cannabis effects, suggest that genetic variability on ECBS-related genes could
be involved in the differential sensitivity to cannabis use effects between individuals [44,45].

In this sense, some studies have associated the gene encoding for the CB1R (CNR1
gene) with the risk for schizophrenia [46,47], with the performance in various cognitive
dimensions, such as executive function, attention or memory [48,49], and with changes
in brain volumes [48,50]. However, other inconclusive results [51] stress the need for
further research on the role of endocannabinoid genetics in schizophrenia and its associated
phenotypes. Regarding brain imaging phenotypes, some studies report that cannabis use,
in the context of specific CNR1 genotypes, may contribute to brain volume differences,
both in patients with schizophrenia and healthy volunteers [48,50,52,53]. Concerning
fMRI approaches, the existing studies are only based on healthy individuals and report
the interplay between CNR1 and cannabis use on prefrontal activity, connectivity, and
behavioural performance during the n-back task [54,55]. In addition, a polygenic approach,
based on the co-expression network of CNR1, highlighted the interaction between cannabis
use and the CNR1-network polygenetic score on the dorsolateral prefrontal activity during
working memory processing in healthy subjects [56]. Such results suggest that cannabis use
affects the physiological relationship between genetically induced expression of CNR1 and
prefrontal working memory processing. However, as far as we know, no previous fMRI
studies have analysed the interplay of the endocannabinoid genetic variants and cannabis
use in patients with psychosis. Similarly, research is scarce on the role of polymorphic
variability at the gene encoding for the CB2R (CNR2 gene) in the risk for psychosis [57]
and, to our knowledge, no studies have assessed the relation between CNR2 and cannabis
use through fMRI, neither in healthy subjects nor in patients with schizophrenia.

Aims of the Study

This background highlighs the need for further research on the effect of cannabis use
on the emergence of the first-episode of psychosis. In particular, as genetic factors have been
shown to influence cannabis association with psychosis outcomes, we aimed to analyse the
role of common genetic variability at cannabinoid receptor genes in mediating the effect
of cannabis use on brain activity. Therefore, we have conducted a Gene × Environment
study to assess the role of two common genetic variants at CNR1 (rs1049353) and CNR2
(rs2501431) genes and cannabis use on working memory brain function in a case-only
sample of patients with a first-episode of psychosis. All participants underwent an fMRI
protocol, including a working memory task (n-back), which allowed the brain activity
comparison between CU and CNU conditional to the CNR1 and CNR2 genotypes.

2. Results
2.1. Sample Description

Out of 40 participants in the study, 20 (50%) were classified as CU and the rest as
CNU. There were no significant differences in the demographic, clinical, and mean dose of
antipsychotic treatment data between the two groups (Table 1).

The genotypic distribution of the rs1049353 and rs2501431 polymorphisms is shown
in Table 2. Minor allele frequencies were T = 0.2 and G = 0.38, respectively.

2.2. Neuroimaging Association Analyses

There were no differences on any fMRI contrast between CU and CNU.

2.2.1. Cannabis Use × CNR1 Variability Interaction Effect on Brain Activity

The gene× environment interaction analyses in the 2-back vs. 1-back contrast revealed
a significant effect of CNR1 × cannabis encompassing one cluster located within the right
medial and superior temporal pole and bilaterally within the orbitofrontal cortex, anterior
cingulate cortex and caudate (2620 voxels, peak activation at MNI (Montreal Neurological
Institute coordinates) [48, 18, −28], z = 4.4, and p = 2.98 × 10−7) (Figure 1A).



Int. J. Mol. Sci. 2023, 24, 7501 4 of 14

Table 1. Sociodemographic and neuropsychological data of the first-episode of psychosis participants
included in the study. They were divided into cannabis non-users (CNU) and cannabis users (CU)
groups. N = sample size. Premorbid IQ = Premorbid Intelligence Quotient. TAP = Word Accentuation
Test. PANSS = Positive and Negative Symptoms Scale. GAF = Global Assessment of Functioning.
CPZ = Chlorpromazine. The mean value (standard deviation) is given for the quantitative variables.
For statistical comparisons, the t-student test was used for the quantitative variables and the chi-
squared test for the sex variable.

Cannabis Non-Users
(CNU)

Cannabis Users
(CU)

CNU vs. CU Comparison
p-Value

N 20 20 -
Age (years) 26.19 (7.72) 25.94 (5.31) 0.87
Sex (male/female) 15/5 16/4 0.71
Premorbid IQ (TAP a) 97.24 (11.29) 98.78 (7.95) 0.64
PANSS scale

PANSS positive 15.90 (5.86) 18.45 (4.80) 0.14
PANSS negative 16.20 (8.46) 16.95 (8.34) 0.78
PANSS general 30.25 (7.60) 33.85 (8.92) 0.18

GAF b 52.11 (11.11) 48.74 (10.94) 0.36
CPZ c equivalents
(mg/day) 292.65 (145.16) 301.20 (181.88) 0.64

a Data of TAP were available for 35 patients. b Data of GAF were available for 37 patients. c All patients
except 2 were on antipsychotic treatment when the functional Magnetic Resonance Imaging (fMRI) protocol was
performed.

Table 2. The genotypic distribution of cannabinoid receptor type 1 and 2 genes (CNR1 and CNR2)
between cannabis non-users (CNU) and cannabis users (CU). The genotypes are presented as a
two-level variable according to the dominant model used for the analyses. No genotype distribution
differences were observed between CNU and CU groups.

Gene
(Polymorphism) Genotypes Cannabis Non-Users

(CNU)
Cannabis Users

(CU)
CNU vs. CU Comparison

χ2 Test, p-Value

CNR1 (rs1049353) CC 14 (70%) 12 (60%)
0.440, 0.741Tcar 6 (30%) 8 (40%)

CNR2 (rs2501431) AA 6 (30%) 9 (45%)
0.960, 0.257Gcar 14 (70%) 11 (55%)

To better understand the directionality of the results, we extracted the corresponding
mean activity scores within the cluster. It must be acknowledged that the obtained scores
represent the mean activity change occurred between the two n-back task levels (the
1-back and the 2-back). As seen in Figure 1B, CU with the CC genotype and CNU carrying
the T allele showed a functional modulation in response to the higher cognitive demand
associated with the 2-back, while the others did not almost change their activity. This
represents an inverse genotype-related pattern between CU and CNU.

This cluster showed a complete overlap with the one identified in the 1-back vs.
baseline contrast (835 voxels, peak activation at MNI [8, 52, −12], z = 3.9, and p = 0.0093);
while in the 2-back vs. baseline, no interaction was found.

2.2.2. Cannabis Use × CNR2 Variability Interaction Effect on Brain Function

Cannabis use and the CNR2 polymorphism showed a significant interplay
involving one cluster in the 2-back vs. 1-back contrast (792 voxels, peak activation at
MNI [−38, −68, 48], z = 3.65, and p = 0.00955). The cluster was located at the left hemi-
sphere, at the middle temporal gyrus, middle occipital gyrus, supramarginal gyrus and
angular gyrus (Figure 2A). With regards to the mean activity scores in this cluster, there
was an opposite genotype-related pattern between CU and CNU (Figure 2B).
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Figure 1. (A) Brain regions included in the cluster showing significant cannabinoid receptor type 1
gene (CNR1, rs1049353) × cannabis use interaction (CNU—cannabis non-users; CU—cannabis users)
in the 2-back vs. 1-back contrast. The right side of the image represents the right side of the brain.
Montreal Neurological Institute (MNI) coordinates are given for the shown slice. Units of the bar are
β values from the regression model standardised to Z scores. (B) Bar plot showing marginal means
of the mean activity change values (±2SE) for the significant cluster where CNR1 × cannabis use
interaction is detected in the 2-back vs. 1-back contrast.Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 5 of 5 
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Figure 2. (A) Brain regions included in the cluster showing significant cannabinoid receptor type 2
gene (CNR2, rs2501431) × cannabis use interaction (CNU–cannabis non-users; CU–cannabis users)
in the 2-back vs. 1-back contrast. The right side of the image represents the right side of the brain.
Montreal Neurological Institute (MNI) coordinates are given for the shown slice. Units of the bar are
β values from the regression model standardised to Z scores. (B) Bar plot showing marginal means
of the mean activity change values (± 2SE) for the significant cluster where CNR2 × cannabis use
interaction is detected in the 2-back vs. 1-back contrast.
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No interaction effects were found in the other two contrasts (2-back or 1-back
vs. baseline).

2.3. N-Back Behavioural Performance Analyses

Linear regression revealed no effect of cannabis use on n-back performance in any
difficulty level of the task (d′1, d′2 and d′2-d′1). Furthermore, no significant interaction was
found between CNR1 and cannabis use on them. With regards to the interplay between
cannabis use and CNR2, we found an interaction effect for CNR2 and cannabis use on d′1
(ß = −1.58, p = 0.035) and d′2-d′1 (ß = 1.82, p = 0.012) levels (Figure 3); but not on d′2.

 

 

 

Figure 3. Bar plot showing the significant interaction between CNR2 CNR2 (rs2501431) × cannabis
use (CNU—cannabis non-users; CU—cannabis users) in the n-back task performance. Each bar
represents the marginal mean of the d′2-d′1 score (±2SE) (which measures the behavioural response
to the increased difficulty of the task), separately by genotypes and cannabis use groups.

3. Discussion

As far as we know, this is the first study to examine the interplay of cannabis use and
the endocannabinoid receptor genes on functional neuroimaging-derived phenotypes in
patients with a first-episode of psychosis. We did not detect an effect of cannabis use on
brain activity when performing the n-back task. Instead, our data indicate that genetic
modulation has an impact on the effect of cannabis use on brain response.

Regarding the analysis of the main effect of cannabis use on the n-back task-related
brain activity, we did not observe differences between CU and CNU. These findings
diverge from previous fMRI studies on schizophrenia, which showed higher activity rates
in CU as compared to CNU in multiple brain areas associated with different cognitive
dimensions (executive functions, verbal processing and attention, emotional processing
and visuospatial abilities) [40–42]. However, our results should be interpreted in light of
several aspects.

First, these previous findings were based on different tasks (e.g., emotional memory
task, mental rotation task, cognitive task-present and task-absent conditions). Second,
the design based on first-episode psychosis cases limits the main cannabis use effect on
brain function before the onset of the psychosis, while schizophrenia-based samples (such
as in previous fMRI studies) do not exclude the impact of cannabis use after the illness
onset. Third, these previous studies include patients with an illness duration longer than
ten years, which hampers the direct comparison of the result because duration-related
illness factors can also affect brain activity. Fourth, general population-based fMRI studies
performed with CU in the non-intoxicated state predominantly show the opposite effects
to those observed in chronic patients with schizophrenia. Thus, CU show attenuated brain
activity or activation of compensatory regions compared to CNU (for review, see [57]). In
contrast, the scarce fMRI literature about patients diagnosed with schizophrenia suggests
that CUtend to show better preserved functioning in areas associated with the task than
non-users [40–42].
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Concerning our cannabis × gene approach, our data seem to support the idea that
the individual genetic background of the ECBS may influence the effect of cannabis on the
brain’s functional response to specific cognitive demands, which could be linked to the
participation of this system in the vulnerability for psychosis [44,45]. Notably, we found
evidence of a genotype × cannabis use interaction for both endocannabinoid receptor
genes (CNR1 and CNR2) in the 2-back vs. 1-back contrast, suggesting a modulation effect
of genetics on neuronal dynamics related to working memory after cannabis exposure.

For CNR1, we observed an interplay between rs1049353 and cannabis use in areas that
are known to have reward-related functions [58,59]. In line with our results, the ECBS has
been implicated in reward-processing and reward-seeking behaviour (reviewed in [60]),
which is also supported by the fact that CB1R is densely expressed in areas associated
with reward processing (e.g., hippocampus, amygdala, prefrontal cortex, anterior cingulate,
striatum or VTA). In this sense, substance abuse is associated with increased activity of
dopaminergic neurons, which, in turn, release endocannabinoids through the activation of
CB1Rs in GABA or glutamate-containing neurons [18]. Then, alterations in the ECBS by
external ligands could lead to dysregulation in their associated neurotransmitter systems
and functions.

Regarding the CNR2 gene, our findings also suggest that the polymorphism rs25014131
and cannabis use are associated with brain activity changes in patients with a first-episode
psychosis. While brain CB2R has lower expression levels than CB1R [20], its expression
appears to be altered under certain pathological conditions (e.g., addiction, inflammation,
and anxiety), suggesting that these receptors are highly inducible (reviewed in [22]). In
this regard, Ishiguro et al. [61] described an increased risk of schizophrenia among people
with low CB2R function, measured through its expression. These authors also identified
functional changes in CB2R attending to nucleotide variants. Thus, according to these
data [61], it could be hypothesised that, in patients with psychotic disorders, CNR2 genetic
variability influences CB2R activity and, finally, brain activity due to the regulation role of
ECBS on other neural systems. Interestingly, we found opposite brain activation patterns for
CNR1 and CNR2 according to cannabis use. While further data are needed, this result could
be interpreted in line with the described possible opposite roles of CB1R and CB2R [23] in
the reinforcement processes of substance abuse and dopamine-related behaviours.

Finally, when looking at the task execution, aligned with Løberg et al. [34] or
Potvin et al. [40], we did not find differences in behavioural performance between CU and
CNU. However, regarding the interaction effect between genetic variability and cannabis
use on task performance, we report a significant impact of CNR2, but not of CNR1. Task
performance in CU was similar for both genotypic CNR2 variants, while among the CNU,
the genotype seems to play a differential modulating role. Interestingly, when analysing
together the functional and behavioural data, we observe that the genotypic groups showing
a larger modulatory effect in response to the increasing task difficulty also show a wider task
performance drop between the 2-back vs. the 1-back task (Gcar -for CNU- and AA -for CU).

Our study should be interpreted in the context of some limitations. First, we iden-
tified cannabis use from self-reports and medical records, and we used cannabis use as
a dichotomised no/yes category. While this classification has also been implemented in
previous studies [34,42,50], more extensive cannabis intake data (% of THC, age at onset,
frequency, consumption via, etc.) will be valuable in future studies. Second, the sample
size of our study limits our conclusions, and that is why it should be considered as a pilot
approach that warrants further research. However, our sample based on the first-episode
of psychosis contrasts with the previous fMRI and cannabis use studies to date [40–42],
based on patients with chronic schizophrenia. To avoid potential confounding effects
of differences associated with cannabis use before and after the onset of the psychotic
symptoms, studies focused on the first-episode are especially useful. In addition, while we
are aware of the imbalanced sample size regarding gender (77.5% males) as recent studies
have proven sex-dependent effects of cannabis [62] and the ECBS [63], from our sample
size, we could not develop sex-specific analyses. In this sense, our analyses of the whole
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sample must be compared with previous studies using mixed samples and also showing
a predominance of males [42,50]. Third, the unavailability of a control group restricts
interpretations of the role of cannabis use and genetic make-up to early phases of psychotic
disorders and precludes analyses in terms of health–disease status and vulnerability. Fi-
nally, to improve our understanding of causal interactions between relevant factors for
psychosis, longitudinal designs would be more appropriate. For instance, future studies
would benefit from follow-up studies of high-risk individuals and the analysis of cannabis
use jointly with the genetic profiling of different endocannabinoid system components [45].
Additionally, based on recent data showing different epigenetic factors contributing to the
regulation of cannabinoid receptors [64,65] and epigenetic changes linked to the conversion
to psychosis [66], the combined analysis of genetic and epigenetic variants appears as a
promising avenue for novel therapeutic targets and innovative treatment strategies.

4. Materials and Methods
4.1. Participants and Study Design

The sample comprised 40 patients with a first-episode of non-affective psychosis
recruited from a psychiatric hospital in the area of Barcelona. They were all experiencing
their first onset of psychosis, and the duration of psychotic symptoms was <18 months. All
of them were adults (age ≥ 18 years), of European origin and right-handed.

Exclusion criteria were: (i) age above 65 years, (ii) premorbid Intelligence Quotient
(IQ) < 75, (iii) history of brain trauma with loss of consciousness or neurological condition,
(iv) presence of a DSM-IV affective psychotic diagnosis (mania, hypomania, and major
depression with psychotic symptoms).

The patients underwent a diagnostic evaluation at admission using the Spanish version
of the Structured Clinical Interview for DSM-IV (SCID). The distribution of the diagnoses
was as follows: schizophrenia (n = 22), schizoaffective disorder (n = 3), delusional disorder
(n = 1) and unspecified psychosis (n = 14). Symptoms were scored using the patients’ clinical
evaluation, which included the Positive and Negative Symptoms Scale (PANSS) [67]. Based
on the PANSS, Positive, Negative and Disorganised Syndrome scores were calculated [68].
Premorbid IQ was estimated using the Word Accentuation Test (Test de Acentuación de
Palabras, TAP [69]). Diagnostic evaluation and clinical and neuropsychological assessments
were carried out by an experienced psychiatrist and psychologist, respectively.

4.2. Cannabis Use

All participants were asked about their use of illicit drugs, and a review of their
medical history (both electronic and paper records) was carried out to check the information.
Patients with alcohol/substance (except cannabis) abuse or dependence within six months
before participation were excluded.

Cannabis use was assessed over each participant’s lifetime. Cannabis non-users (CNU)
were those that never used cannabis or used it only once. Cannabis users (CU) were those
with regular cannabis use, and the majority of these patients (85%) met the criteria for the
Diagnostic and Statistical Manual of Mental Disorders (DSM-IV-TR) of cannabis abuse or
dependence. When they underwent fMRI and carried out the other assessments, they had
been abstinent for at least one week because of hospital admission.

4.3. fMRI Data Acquisition and fMRI Task Description
4.3.1. Acquisition Parameters

For each individual, 266 volumes were acquired during a scanning session from a 1.5-T
GE Sigma scanner (General Electric Medical Systems, Milwaukee, WI, USA). A gradient
echo-planar imaging (EPI) sequence, depicting the blood oxygenation level-dependent
(BOLD) contrast was used. Each volume contained 16 axial planes acquired with the fol-
lowing parameters: repetition time (TR) = 2000 ms, echo time (TE) = 20 ms, flip angle = 70◦,
section thickness = 7 mm, section skip = 0.7 mm, and in-plane resolution = 3 × 3 mm. To
avert T1 saturation effects, the 10 initial volumes were removed.
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4.3.2. N-Back Task

All subjects completed a sequential letter version of the n-back task [70] during the
fMRI protocol. The task execution engages many storages and executive processes related
to working memory and attention. The task has two levels of memory load (1-back and
2-back) presented in a blocked design manner. Each block consists of 24 letters that are
shown every 2 s (1 s on and 1 s off), and all blocks contain five repetitions located randomly
within the blocks. Individuals had to indicate repetitions by pressing a button. Four 1-back
and four 2-back blocks were presented in an interleaved way, and between them, a baseline
stimulus (an asterisk flashing with the same frequency as the letters) was presented for 16 s.
Characters were shown in green for 1-back blocks and in red for 2-back blocks to identify
which level had to be performed. All participants went through a training session outside
the scanner the same day and before the scanning session.

4.3.3. N-Back Performance

The behavioural measure used was the signal detection theory index sensitivity, d′

score [71]. Higher values of d′ indicate a better ability to discriminate between targets
and distractors, while negative values indicate that subjects were not performing the task.
Therefore, those individuals with negative d′ values (d′1 for 1-back level and d′2 for 2-back
level) in any of the two difficulty levels of the task were not included in any further analyses.

Following the same procedure as Egli et al. [72], we used the difference in perfor-
mances, named d′2-d′1 score, as a measure to evaluate the behavioural response to the
increased difficulty of the task. Smaller values of the d′2-d′1 score indicate a lesser ability
to respond to increasing cognitive demand.

4.4. Genotyping

Genomic DNA was extracted for all individuals either from buccal mucosa using
cotton swabs and ATP Genomic DNA Mini Kit Tissue (Teknokroma Analítica, S.A., Sant
Cugat del Vallès, Barcelona, Spain) or from peripheral blood cells using Realpure SSS Kit
for DNA Extraction (Durviz, S.L.U, Valencia, Spain). Two single nucleotide polymorphisms
(SNP) were genotyped: rs1049353 at CNR1 (Chr: 6q14-q15) and rs2501431 at CNR2 (Chr:
1p34-p35) genes. These SNPs were selected based on the following: (i) previous studies
on their association with schizophrenia or cannabis use [50,73–76], and (ii) MAF in the
European population > 10%. Genotyping was conducted using a fluorescence-based
allelic discrimination procedure (Applied Biosystems TaqMan 5′-exonuclease assays) using
standard conditions. The genotyping call rate was 93.02% for both SNPs. The method’s
accuracy was tested by re-genotyping 10% of the samples and confirming all the repeated
genotypes. Genotype frequencies were in Hardy–Weinberg equilibrium.

4.5. Statistical Analyses
4.5.1. Clinical and Demographics Data Analyses

Clinical and demographic data of CUand CNU were evaluated through t-student and
chi-square tests using SPSS 23.0 software (IBM SPSS Statistics for Windows, version 23.0,
released 2015, IBM Corporation, Armonk, NY, USA).

4.5.2. Neuroimaging Association Analyses

The fMRI image analyses were performed with the FEAT module included in the FSL
software (Smith et al., 2004 [77]). For each individual, images were corrected for movement
and co-registered to a common stereotaxic space (Montreal Neurological Institute (MNI)
template). To minimise unwanted movement-related effects, individuals with an estimated
maximum absolute movement > 3.0 mm or an average absolute movement > 0.3 mm were
excluded from the study. Normalised volumes were spatially smoothed using the Gaussian
filter with a full-width at a half-maximum of 5 mm, and general linear models (GLMs)
were fitted to generate individual activation maps for three different contrasts: 1-back vs.
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baseline, 2-back vs. baseline and 2-back vs. 1-back. Additionally, to control the movement
parameters, the movement variables were added to the model as nuisance variables.

Statistical tests were performed at the cluster level with a corrected p-value of 0.05 and
a z-threshold of 2.3 (using the Standard Field Theory correction implemented in FSL).

Second-level analyses were whole-brain corrected and were performed in all the levels
of the task (1-back vs. baseline, 2-back vs. baseline and 2-back vs. 1-back). However, for
the interaction analyses (cannabis × CNR1/CNR2), we focused on the 2-back vs. 1-back
contrast to specifically assess working memory functional response [72], while the other
comparisons helped us to interpret the significance of the association.

First, we tested the effect of cannabis (CNU vs. CU) using a regression model that
compared brain activity between both groups. Then, the interaction effect of cannabis
(CNU and CU) per genotype (CNR1 or CNR2) was investigated using a regression model
that assessed whether the slope between groups and genotypes differed. All the regres-
sions were adjusted for age, sex, premorbid-IQ and antipsychotic doses estimated with
chlorpromazine equivalents (in mg/day).

Since homozygous for the minor alleles were present at low frequency (n < 5), all
analyses were conducted under the dominant model with the SNPs dichotomised (CNR1:
CC vs. T carriers; CNR2: AA vs. G carriers).

To interpret the direction of the interaction results, we estimated individual mean ac-
tivity scores from the areas where a significant interaction was detected using the FSLSTATS
tool in FSL, and afterwards, these values were plotted using SPSS.

4.5.3. Behavioural Performance Association Analyses

The effect of cannabis (CNU vs. CU), as well as the group × genotype interaction on
the n-back behavioural scores, were tested for the two task levels (d′1 and d′2) as well as
for their difference (d′2-d′1). These analyses were performed through linear regressions
adjusted for age, sex and antipsychotic doses as implemented in SPSS.

5. Conclusions

Although data from this pilot study should be replicated in larger samples, our
findings suggest the role of the genetic make-up as a modulator of the functional integrity
of the brain in response to a working memory task in the presence of cannabis use and
a first episode of psychosis. Therefore, our study points towards the interest of a better
characterisation of the genetic and environmental interplay in the understanding of the
heterogeneous outcomes of psychotic disorders in order to develop personalised prevention
and therapeutic strategies.
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