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Abstract 
The relation of heavy cannabis use with decreased neuropsychological function has frequently 
been described but the underlying biological mechanisms are still largely unknown. This study 
investigates the relation of cannabis use with genome wide gene expression and subsequently 
examines the relations with neuropsychological function. Genome-wide gene expression in 
whole blood was compared between heavy cannabis users ( N = 90) and cannabis naïve partici- 
pants ( N = 100) that were matched for psychotic like experiences. The results were validated 
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using quantitative real-time PCR. Psychotic like experiences were assessed using the Compre- 
hensive Assessment of Psychotic Experiences (CAPE). Neuropsychological function was esti- 
mated using four subtasks of the Wechsler Adult Intelligence Scale (WAIS). Subsequent in vitro 
studies in monocytes and a neuroblastoma cell line investigated expression changes in response 
to two major psychotropic components of cannabis; tetrahydrocannabinol (THC) and cannabid- 
iol (CBD). mRNA expression of Protein Tyrosine Phosphatase Receptor Type F Polypeptide- 
Interacting-Protein Alpha-2 ( PPFIA2 ) was significantly higher in cannabis users (LogFold Change 
0.17) and confirmed by qPCR analysis. PPFIA2 expression level was negatively correlated with 
estimated intelligence ( B = −22.9, p = 0.002) also in the 100 non-users ( B = −28.5, p = 0.037). In 
vitro exposure of monocytes to CBD led to significant increase in PPFIA2 expression . However, 
exposure of monocytes to THC and neuroblastoma cells to THC or CBD did not change PPFIA2 
expression. Change in PPFIA2 gene expression in response to cannabinoids is a putative mech- 
anism by which cannabis could influence neuropsychological functions. The findings warrant 
further exploration of the role of PPFIA2 in cannabis induced changes of neuropsychological 
function, particularly in relation to CBD. 
© 2019 Published by Elsevier B.V. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

Global cannabis consumption is rising and has increased
to 182.5 million users in 2016 ( Bussink et al., 2016 ). This
has raised concern about potentially detrimental effects of
cannabis on mental health and neuropsychological function.
Compelling evidence suggests that cannabis increases the
risk to psychosis ( Vaucher et al., 2017 ) and psychotic like
experiences ( Van Gastel et al., 2013 ). Also neuropsycholog-
ical function may be affected by cannabis use ( Broyd et al.,
2016; Grant et al., 2003; Schnakenberg Martin et al., 2016 ).
Acute cannabis use impairs neuropsychological functioning
( Morrison et al., 2009 ), especially short-term episodic and
working memory ( Ranganathan and D’Souza, 2006 ) and per-
sistent cannabis use from adolescent age onwards is as-
sociated with a decline in intelligence ( Castellanos-Ryan
et al., 2016; Meier et al., 2012 ) although the role of poten-
tial confounding factors, particularly social economic status
is debated ( Meier et al., 2017; Moffitt et al., 2013 ). The
mechanisms underlying the relationship between cannabis
use, psychotic experiences and decreased neuropsychologi-
cal function have remained largely unknown. 

One of the most prevailing hypothesis on the relation be-
tween cannabis and neuropsychological function involves
the dopamine system ( Bloomfield et al., 2016; Freund
et al., 2003 ). It is thought that one of the most active
neuropsychiatric compounds, tetrahydrocannabinol (THC)
( Dinis-Oliveira, 2016; Wachtel et al., 2002 ), dysregulates
the dopamine system via the endocannabinoid type 1 re-
ceptor (CB1R). Acute THC consumption increases dopamine
release ( Bloomfield et al., 2016; Bossong et al., 2015,
2009; Stokes et al., 2010 ), whereas long term THC con-
sumption blunts dopamine synthesis and release capacity
( Freund et al., 2003; van de Giessen et al., 2016 ). Since
the dopamine system is closely related to neuropsychologi-
cal function ( Hélie et al., 2012; Nakajima et al., 2013 ), dys-
regulation by cannabis is thought to contribute to this im-
pairment in cannabis users. An alternative hypothesis comes
from neuroimaging studies that suggest that white matter
changes in cannabis users ( Jakabek et al., 2016; Weinstein
et al., 2011 ), may account for reduced neuropsychological
functioning ( Filley and Fields, 2016; O’Muircheartaigh
et al., 2014; Ohtani et al., 2017 ). 

However, evidence so far has been inconclusive and fur-
ther genetic studies may improve our understanding of the
effects of cannabis in the brain. A range of studies identi-
fied the potential role of a few candidate genes that likely
play a role in the mental health effects of cannabis including
AKT Serine/Threonine Kinase 1 ( AKT1 ) ( Boks, 2012; Bossong
et al., 2015; Di Forti et al., 2012; Ibarra-Lecue et al., 2018 ),
Catecholamine O-Methyl transferase ( COMT ) ( Caspi et al.,
2005; Henquet et al., 2009, 2006; Nieman et al., 2016 ), and
the gene that codes for cannabis receptors, cannabinoid re-
ceptor type 1 ( CNR1 ) ( D’Addario et al., 2017; Suarez-Pinilla
et al., 2015 ). However, such a priori selection of specific
genes limits the ability to uncover new leads in understand-
ing the effects of cannabis on the brain whereas genome
wide studies may facilitate our understanding of the role
of cannabis in neuropsychological function. Considering the
scarceness of post-mortem human brain samples of cannabis
users this study reverts to whole blood of cannabis users and
cannabis naïve controls. In order to deal with the poten-
tial role of psychotic like experiences, cannabis users and
non-users were matched for the level of psychotic like ex-
periences. We examined gene expression rather than the
underlying genetic variants in order to directly investigate
the biological response of cells to the cannabinoids as a way
of informing on the biological mechanisms that are involved
in cannabis use, and not genetic vulnerability. The causality
of the identified relation between cannabis and gene ex-
pression was subsequently examined in vitro experiments.
To provide insight in potential tissue types differences in the
responses to cannabinoids both blood cells and neuronal cell
lines were used. 

2. Experimental procedures 

2.1. Recruitment 

The recruitment details are described previously ( Schubart et al.,
2011a , b ). In short, participants were recruited using a website
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urvey ( www.cannabisquest.nl ) which launched in 2006 and tar-
eted Dutch young adults and adolescents (18–25 years). The on-
ine assessment included several verification questions to protect 
gainst random answers, and only those whom completed the sur-
ey were eligible for subsequent recruitment. The online survey in
he current study was only used to recruit participant. All partici-
ants were comprehensively assessed during a hospital visit. From 

 cohort of 1259 participants that visited the hospital as part of
he larger study, 192 participants were selected for the current
tudy. All participants gave written informed consent. This study 
as approved by Medical Ethical Committee Utrecht. Participants 
ere selected based on absent or extreme cannabis exposure and
igh or low scores (top or bottom 20%) for psychotic experiences
easured by the Community Assessment of Psychic Experiences 
CAPE) ( Konings et al., 2006 ). The grandparents of all individuals
ere all born in the Netherlands to limit genetic heterogeneity.
europsychological function (Intelligence Quotient, IQ) of the par- 
icipants was measured with 4 subtests of the WAIS: symbol sub-
titution, math, block design, and information processing ( Hijman 
t al., 2003 ). 

.2. Cannabis exposure 

n the Netherlands THC-concentration and market value of cannabis 
re highly correlated ( Niesink and Rigter, 2009 ), therefore weekly
mount of Euro’s spent on cannabis was used to measure the expo-
ure to THC. Participants that spend more than €10 per week were
onsidered heavy cannabis users and lifetime cannabis naïve partic- 
pants were considered non-users. Urine samples were obtained to 
erify their report on recent cannabis use. Alcohol and other drug
se were assessed by self-report using the substance abuse module
f the Composite International Diagnostic Interview (CIDI) ( Robins 
t al., 1988 ) and verified by urine screening. 

.3. Whole blood gene expression analysis 

hole blood samples were obtained by venepuncture from all par-
icipants at the time of assessment. RNA was isolated and purified
rom whole blood using the PAXgene extraction kit (Qiagen, Hilden,
ermany) according to the manufacturer’s instructions. Total mRNA 
as quantified using Quant-itTM Ribogreen assay (Invitrogen, Cal- 
fornia, USA). RNA samples were prepared with the Illumina To-
alPrep kit (Invitrogen, California, USA) amplification and labelling 
rotocol. The samples were randomly distributed over the differ- 
nt arrays to prevent batch effects. Genome-wide RNA expression
rofiling was obtained with a HumanHT-12 v3 Beadchip (Illumina, 
alifornia, USA) that includes over 48,000 probes. Array hybridiza- 
ion was done using 750 ng of amplified and biotinylated labelled
RNA using Illumina’s standard protocol at the UCLA Neuroscience 
enomics Core facility. 

.4. Expression data preprocessing 

enomeStudio software version 3.2 was used to extract raw data
nd generate background-corrected gene expression data. Back- 
round correction was performed by subtracting the average value 
f negative control beads present on the array. Further pre-
rocessing was done using the Lumi package in R. A variance stabi-
izing transformation (VST) and robust spline normalization (RSN) 
ere applied to the data according to the Lumi procedure ( Du
t al., 2008 ). Genes were then filtered based on detection val-
es. Expression probes had to reach the detection p-value threshold
 0.01 in at least one sample. Array quality and outlier detection
as performed by assessing quality statistics and plots before and
fter transformation and normalization. 

.5. Bead chip array expression data analysis 

xpression values were taken as dependent variables and tested
or association with cannabis status as the independent variable
sing the Limma software package ( Smyth, 2005 ). Cigarette smok-
ng (present or absent), the use of other drugs besides cannabis
present or absent), age, gender and psychotic experiences were
aken along as covariates. Significance threshold was set at a False-
iscovery-Rate (FDR) corrected P < 0.05. 

.6. Quantitative real time PCR data analysis 

xpression levels of the genome wide significant transcripts was
nalysed by Quantitative Real Time PCR (qPCR) (Applied Biosys-
ems, California, USA). Absolute quantities were obtained by run-
ing all samples in quadruplicates. First-strand cDNA was synthe-
ized according to the manufacturer’s instructions. Quantitative 
CR was carried out using a TaqMan assay from Applied Biosystems.
he following TaqMan gene expression assays were used: PPFIA2
Hs01548846), PPFIA2 (Hs01548855), PPFIA2 (Hs01548860). GUSB 
ene was selected as reference gene and Ct values were normal-
zed against GUSB expression. Log-fold changes were calculated us-
ng a and delta-delta method and significance analysed using the
on-parametric Mann-Whitney test. 

.7. cis expression quantitative trait loci (eQTL) 

hole-genome Single Nucleotide polymorphisms (SNP) data of all 
ncluded subjects were available from a previous study. Expression
uantitative trait loci (eQTL) analysis was performed to identify
NP’s that regulate mRNA expression levels of the identified loci.
enetic association were calculated using PLINK ( Purcell et al.,
007 ), with a linear regression analysis, using gene expression as
 quantitative trait. The p-value significance threshold was set for
 Bonferroni correction for the number of SNP’s in cis (within 100
ase pairs of the gene). 

.8. Regulation of PPFIA2 after in vitro cannabinoid 

xposure 

.8.1. Cannabis exposure in monocytes 
hanges in PPFIA2 expression in response to cannabis were investi-
ated in blood cells. Baseline expression in monocytes ( N = 5) rel-
tive to reference genes Ribosomal protein S28 ( RPS28 ) and Glyc-
raldehyde 3-phosphate dehydrogenase ( GAPDH ) was measured in
onocytes. Based on a relative expression of 8.20 (arbitrary units
AU)) monocytes were identified as a suitable cell type. Therefore,
onocytes from 12 donors were isolated with CD14 microbeads
MACS sorting) (Miltenyl Biotec, Bergisch Gladbach, Germany) from 

nonymous buffy coat blood donors. Cells were plated in 96 well
late with a density of 100,000 cells/ well in 100ul RPMI 1640
Life Technology, CA, USA) medium with 10% fetal bovine serum
FBS) (Life Technology, CA, USA). After inspection of dose-response
urves for 1, 10 and 100 uM of CBD and THC experiments were con-
ucted using 10 uM based on the fact that no responses were ob-
ained for 1 uM and at the dose of 100uM most of the cells died.
onocytes from 12 donors were treated with 10 uM of CBD (Sigma-
ldrich, Missouri, USA) and 10 uM THC (Farmalyse, Zaandam, NL).
ince ethanol was used to dissolve both THC and CBD, it was used as

http://www.cannabisquest.nl
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Table 1 Sample characteristics. 

Total group Cannabis naïve Heavy Cannabis users Statistic, p -value 

n 190 100 90 
Mean age (sd) 23.1 (2.0) 22.8 (1.8) 23.3 (2.2) B = 0.533, p = 0.07 
Gender (%male) 59.5 39.6 81.1 B = 0.411, p < 0.001 
Other drugs 52 (27%) 0 (0%) 52 (58%) B = 0.578, p < 0.001 
Cigarette smoking 80 (42%) 8 (8%) 71 (79%) B = 0.709, p < 0.001 
Alcohol use lifetime 170 (89%) 90 (90%) 80 (89%) B = −0.011, p = 0.805 
Medication use 46 (24%) 26 (26%) 20 (22%) B = −0.038, p = 0.550 
Psychotic experiences 93 (49%) 50 (50%) 43 (48%) X = 5.9, p = 0.864 
IQ score (sd) 107.69 (13.99) 113.19 (13.31) 101.33 (11.98) B = −11.860, p < 0.001 

Psychotic experiences measured by the Community Assessment of Psychic Experiences (CAPE). IQ score of the participants was calculated 
with measurement of four subtests of the WAIS: symbol substitution, math, block design, and information processing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

control condition. After 6 h, medium was removed and Phosphate-
buffered saline (PBS) was used to wash the cells. After TRIzol (In-
vitrogen, California, USA) addition for RNA isolation the cells were
stored at a temperature of −80 °C until cDNA synthesis. 

2.8.2. Cannabis exposure in neuroblastoma cell lines 
PPFIA2 is expressed in neurons and oligodendrocytes and plays an
important function in neurons ( Zhang et al., 2014 ). We therefore
assessed whether the expression of PPFIA2 in the neuroblastoma
cell line SH-SY5Y was affected by exposure to cannabinoids despite
the low baseline level of expression that we found in this cell line.
A human neuroblastoma cell line, SH-SY5Y was used as an in-vitro
model of neuronal response to cannabinoids even though the a pri-
ory suitability was not clear. We found that the baseline PPFIA2
mRNA expression level in SH-SY5Y cell line (normalized to our ref-
erence genes) was low (0.51 AU). Nevertheless, cells were plated
in 96-well plate with a density of 70,000 cells/well in DMEM high
glucose medium (Life Technology, CA, USA) with 10% of FBS. Dose
finding for THC and CBD stimulation of neuroblastoma cell line iden-
tified a similar optimal concentration of 10 uM as in the monocytes.
Ethanol was used as control condition and the protocol was the
same as the monocytes (6 h stimulation, PBS washout, TRIzol for
RNA isolation, storage at −80 °C until cDNA synthesis). 

2.8.3. RNA isolation and qPCR 

RNA was isolated using the TRIzol method. Complementary DNA
(cDNA) was synthesized by using the Reverse Transcription Kit (Qi-
agen, Hilden, Germany. Quantitative polymerase chain reaction
(qPCR) was performed to quantify mRNA expression level as de-
scribed before ( Melief et al., 2016 ). Ribosomal protein S28 ( RPS28 )
and Glyceraldehyde 3-phosphate dehydrogenase ( GAPDH ) were se-
lected as reference genes. The following primers were used: PP-
FIA2 forward (5’- GGCCCAGTGTCCGGTTTTTC −3’) and reverse (5’-
GGTAACCCCAAGCTGGGAAG −3’), RPS28 forward (5’- GACACGAGC-
CGATCCATCATC −3’) and reverse (5’- TGACTCCAAAAGGGTGAGCAC
−3’), and GAPDH forward (5’- TGCACCACCAACTGCTTAGC −3’) and
reverse (5’- GGCATGGACTGTGGTCATGA −3’). The response to dif-
ferent cannabinoids in gene expression was calculated as fold
change relative to its ethanol exposed control. 

2.9. Statistical analyses of qPCR PPFIA2 expression 

data and estimated IQ 

Linear regression was used to analyse the association of PPFIA2
expression as outcome with cannabis use as main indicator. Age,
gender, smoking, other drug consumption (yes/no) and psychotic
experiences were added as covariate. A separate linear regression
model was used to analyse the relation of PPFIA2 expression with an
estimate of IQ, using IQ as outcome and cannabis use as well as PP-
FIA2 expression as indicators and age, gender, smoking, other drug
consumption and psychotic experiences were added as covariate.
Multivariate Analysis Of Covariance (MANCOVA) was used to anal-
yse the relation of PPFIA2 expression with 4 subtests of the Wech-
sler Adult Intelligence Scale (WAIS) simultaneously ( Hijman et al.,
2003 ). Age, gender, smoking, drug consumption, psychotic experi-
ences and cannabis use were added as covariates in the model. PP-
FIA2 expression differences after cannabinoids stimulation in mono-
cytes and neuroblastoma cells were analysed using the nonpara-
metric Wilcoxon paired test. P -values smaller than 0.05 were con-
sidered to be statistically significant. 

3. Results 

3.1. Sample 

Data on a total of 100 cannabis naïve subjects and 90
heavy cannabis users was analysed after exclusion of two
participants with failed expression data due to techni-
cal outliers. No significant difference in psychotic experi-
ences between cannabis naïve group and heavy cannabis
group was present (due to the selective sampling). The
IQ score in the heavy cannabis users was significantly
lower than cannabis naïve participants. IQ heavy cannabis
users: Mean = 101.33, sd = 11.98; IQ cannabis naïve partic-
ipants: Mean = 113.19, sd = 13.31 ( B = −11.86, p < 0.001).
Also, overall performance on all four cognitive test was sig-
nificantly different in the group of heavy cannabis users
(F(171,4) = 3.9, p = 0.004). Posthoc analysis showed that the
differences were pronounced for all subtests: symbol substi-
tution (F(174) = 22.0, p < 0.001); block design (F(174) = 8.2,
p < 0.0035); math (F(174) = 9.2, p < 0.005) and information
processing (F(174) = 8.1, p < 0.005). Table 1 presents the
sample characteristics. 

3.2. Whole genome expression analysis 

After filtering and quality control, 20,765 probes (42.5%)
remained for further analysis. Linear regression analy-
sis yielded 2131 probes with a nominal significance be-
tween users and non-users. Supplementary Table 1 gives
the full results of the nominal significant probes. After
FDR-correction at the 0.05 level, the expression of two
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Table 2 Gene transcripts with genome wide association to cannabis and validation. 

Gene Transcript Probe_ID Array fold change Array p -value FDR p -value qPCR fold change qPCR p -value 

PPFIA2 ILMN_7280 ILMN_1803318 3.2 3.27 × 10 −08 0.04 1.4 0.05 
CX3CR1 ILMN_8593 ILMN_1745788 0.74 3.59 × 10 −08 0.04 1.0 0.50 
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Fig. 1 The association between PPFIA2 expression and IQ in 
cannabis non-users and heavy cannabis users. 
The y-axis is the PPFIA2 expression level after adjust age, gen- 
der, smoking, other drug consumption and psychotic experi- 
ences. The x -axis is the IQ score. Significant negative associ- 
ation between IQ estimate and PPFIA2 expression was present 
in the non-cannabis using group ( N = 100, B = −28.5, p = 0.04) 
but not in the heavy-cannabis using group. 
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ranscripts, Protein Tyrosine Phosphatase Receptor Type F 
olypeptide-Interacting Protein Alpha-2 ( PPFIA2 ) (probe ID: 
LMN_1,803,318) (LogFold Change 0.17, p = 3.27 × 10 −08 , 
DR adjusted p = 0.038) and C-X3-C Motif Chemokine Recep-
or 1 ( CX3CR1 ) (probe ID: ILMN_1,745,788) (LogFold Change 
0.42, p = 3.59 × 10 −08 , FDR adjusted p = 0.038) were sig-
ificantly associated with cannabis use, see Table 2 . 

.3. qPCR validation 

ue to depletion of RNA quantity, only 65 heavy users and
8 samples from cannabis naïve participants were avail- 
ble for qPCR validation. These participants did not dif- 
er from the original sample with respect to the distribu-
ion of covariates. We confirmed the upregulation of one of
he PPFIA2 transcript (log Fold Change 1.40, p = 0.046), the
ther PPFIA2 transcripts were undetectable. The downregu- 
ation of CX3CR1 could not be validated (Fold Change 1.04,
 = 0.516), see Table 2 . 

.4. cis expression quantitative trait loci (eQTL) 

he cis eQTL analysis of 262 SNP’s in the PPFIA2 gene region
rom 190 participants shows no significant association with 
he expression of the PPFIA2 gene at a Bonferroni multiple
esting threshold of 1.9 × 10 −04 . In the GTEx database also
o significant eQTLs are reported in blood, but in the hip-
ocampus an eQTL SNP is identified; rs35137985 (GRCh38, 
hr12:80,919,319) that is located in an intron of the LIN7A
ene that is associated with learning disabilities ( Matsumoto 
t al., 2014 ). 

.5. PPFIA2 expression and estimated IQ 

europsychological function (IQ score) was estimated from 

our subtests of the WAIS: symbol substitution, math, block 
esign, and information processing. A significant negative 
ssociation between IQ estimate and PPFIA2 expression 
as present in the entire group (unadjusted for cannabis 
se) ( B = −22.95, p = 0.002), and in the non-cannabis us-
ng group ( N = 100, B = −28.5, p = 0.04) but not in the en-
ire group while adjusting for cannabis use ( Fig. 1 ). The
ANOVA overall test indicated that the scores on the 
our subtests were significantly related to PPFIA2 expres- 
ion (F(171,4) = 3.9, p = 0.004) over and above the role of
annabis use (F(171,4) = 7.2, p < 0.001)). Posthoc analysis 
howed that the differences are most pronounced for the 
ubtests: symbol substitution (F(174) = 9.5, p = 0.002) and 
lock design (F(174) = 8.8, p = 0.003) and to a lesser extent
or math (F(174) = 3.5, p = 0.064) and information process-
ng (F(174) = 3.3, p = 0.072). The results indicate that the
elationship between PPFIA2 expression and cognitive func- 
ion is specifically strong for particular sub domains of cog-
itive function. 

.6. Regulation of PPFIA2 gene expression in 

esponse to cannabinoids 

he response of monocytes to cannabinoids showed a large
ariability in PPFIA2 expression: Eight of 12 donors (66.7%)
howed increase PPFIA2 expression in response to CBD 10uM 

median fold change = 2.92, Wilcoxon paired rank test,
 = 0.04). One expression level of PPFIA2 in CBD exposed
onocytes was an outlier (3 standard deviations from the
ean) and censoring this observation reduced the signifi- 
ance to ( p = 0.075). Gene expression in monocytes after
HC stimulation, showed an increase in 6 of 9 (66.7%), (me-
ian fold change = 1.6, Wilcoxon paired rank test, p = 0.26).
ee Fig. 2 . 

PPFIA2 gene expression in SH-SY5Y slightly increased af- 
er 6 h stimulation by CBD (mean fold change = 1.56) and
HC (mean fold change = 1.37) but the differences did not
each statistical significance. See Fig. 3 . 

. Discussion 

omparison of gene expression in whole blood of heavy 
annabis users ( N = 90) and cannabis naïve participants
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Fig. 2 PPFIA2 expression fold change after cannabinoids stim- 
ulation in monocytes. 
The horizontal bar represents the median fold change. Mono- 
cytes were treated with 10 uM of cannabidiol (CBD) ( N = 12), 
or THC for 6 h. PPFIA2 expression fold change was calculated 
by cannabinoid stimulation divided by their ethanol control. 
Three data points in the THC group that were undetectable 
were omitted. ∗p < 0.05. 
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Fig. 3 PPFIA2 expression fold change after cannabinoids stim- 
ulation in SH-SY5Y. 
The horizontal bar represents the median fold change. SH-SY5Y 
cells were treated with 10 uM of CBD or THC for 6 h. PPFIA2 
expression fold change was calculated by cannabinoid stimu- 
lation divided by ethanol control. Plotted values are based on 
triplicates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

( N = 100), showed that PPFIA2 and CX3CR1 expression were
significantly higher in heavy cannabis users. Upregulated ex-
pression of PPFIA2 in heavy cannabis users was confirmed
with qPCR. PPFIA2 expression was also significantly nega-
tively related with estimated IQ in the cannabis abstinent
group. Supportive evidence for a direct relation between
cannabinoid and PPFIA2 expression comes from data from
monocytes that also show PPFIA2 upregulation in response
to cannabinoid stimulation, particularly cannabidiol (CBD). 

Cannabis consumption is significantly positively associ-
ated with PPFIA2 expression and negatively associated with
IQ. Since PPFIA2 expression is also significantly associated
with IQ in the entire sample, the association between
cannabis and PPFIA2 expression is potentially driven by the
different IQ level between the cannabis using and non-
using groups instead of cannabis use itself. However, as the
association between PPFIA2 expression and IQ is strongest
in the cannabis naïve participants, this demonstrates a
relation of PPFIA2 expression with IQ independent from
cannabis use. 

The identified gene: Protein Tyrosine Phosphatase Recep-
tor Type F Polypeptide-Interacting Protein Alpha-2 ( PPFIA2 )
encodes the liprin- α−2 protein. It is highly expressed in neu-
rons and oligodendrocytes ( Zhang et al., 2014 ). Important
functions of liprin- α proteins in neuronal cells are suggested
by its localization in mossy fibre endings in the CA3 region
of the hippocampus, in synapses, axons, dendrites and the
cell body ( Spangler et al., 2011 ). A role of liprin- α−2 in axon
guidance function was suggested by reports that liprin- α−2
contributes to the normal density and growth of excitatory
synapses and dendritic spines ( Baran and Jin, 2002; Dunah
et al., 2005; Pulido et al., 1995; Serra-Pagès et al., 1998 )
in hippocampal neurons. In the synapse active zone in hip-
pocampal neurons Liprin- α proteins have a role in organizing
pre and post synaptic vesicle preparation and neurotrans-
mitter function ( Ko et al., 2003; Olsen et al., 2005; Owald
et al., 2012; Patel et al., 2006 ). Liprin-alpha-2 is one of the
predominant Liprin isoforms in the hippocampus ( Spangler
et al., 2011; Zürner et al., 2011 ) where it is likely in-
volved in dendrite development ( Spangler and Hoogenraad,
2007 ) long term depression (LTD) ( Dickinson et al., 2009 )
and neuropsychological function ( Kolkman et al., 2004 ). By
forming a liprin- α-GRIP-GluA2 complex, liprin- α interacts
with muscarinic acetylcholine receptors (mAChR) and plays
a role in mAChR dependent LTD (mAChR-LTD) in hippocam-
pus ( Dickinson et al., 2009 ). Interestingly, previous study
discovered that activation of mAChR could enhance the re-
lease of endogenous cannabinoids in the hippocampus ( Kim
et al., 2002 ). Such increased endocannabinoids could trigger
LTD and mediated the release of neurotransmitters in the
hippocampal inhibitory synapses ( Chevaleyre and Castillo,
2003; Kano et al., 2009 ). However, when the exogenous
cannabinoids, such as THC for example, are administered
they can block the endocannabinoid-mediated LTD in the
hippocampus ( Mato et al., 2004 ) and lead to disruption
of GABA and glutamate neurotransmitter release ( Bossong
and Niesink, 2010 ). Therefore, heavy cannabis consump-
tion could disrupt the balance of endocannabinoids system
and might further influence the liprin- α level by involving
mAChR-LTD. The result from the current study did not di-
rectly support a prevailing hypothesis on the role of the
dopamine system ( Bloomfield et al., 2016; Freund et al.,
2003 ) and white matter changes ( Jakabek et al., 2016; van
de Giessen et al., 2016 ) in the relation between cannabis
and neuropsychological function. Nevertheless, this shows
the advantage of a genome-wide approach to discover new
potential pathways. 

To overcome the limitation of our cross-sectional discov-
ery in blood RNA, in vitro experimental studies in monocytes
and a neuroblastoma cell line were conducted to support
a causal relationship between cannabis and PPFIA2 expres-
sion. In monocytes, PPFIA2 expression increased after expo-
sure to cannabinoids, particularly in response to CBD. Such
a relation in an experiment whereby the unexposed cells
from the same donor are used as reference gives strong sup-
port for longitudinal changes in response to these cannabi-
noids. We do not know how other blood cell types respond
to cannabinoids. However, the results from exposing the
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euroblastoma cell line to cannabinoids did not show a ro-
ust increase in PPFIA2 expression and this demonstrates 
hat large differences between tissue types exist. Several 
xplanations may account for the differences that were ob- 
erved between monocytes and the neuroblastoma cell line. 
ne reason may be the differences in baseline expression. 
he expression of PPFIA2 is quite low in the SH-SY5Y cell
ine. PPFIA2 expression in SH-SY5Y was less than 10% com- 
ared to monocytes (0.50 versus 8.20 AU respectively). Such 
 low expression in SH-SY5Y may lead to a relatively low
ensitivity to cannabinoids. Further research is required to 
nvestigate whether other cells are also involved in the re-
ponse to cannabinoids, particularly hippocampal cell lines. 
The finding that particularly CBD lead to increased PP- 

IA2 expression is noteworthy, since CBD is generally viewed 
s the less toxic of the cannabinoids overall human stud-
es suggest that CBD could counteract adverse effects from 

HC consumption when administrate with THC simultane- 
usly ( Iseger and Bossong, 2015 ). CBD is also researched for
fficacy in treatment of anxiety and potentially psychosis 
 Mcguire et al., 2018; Schubart et al., 2011 a, b; Schubart
t al., 2014 ). However the effects of CBD on psychosis treat-
ent is not always consistent ( Boggs et al., 2018 ). Our find-

ng hint that particularly CBD may play a role in the adverse
ognitive effects of cannabis, but since the observations are 
ased on work in monocytes only, further studies are re-
uired. 
A finding that was not further investigated in this study 

s the result of the genome wide gene expression profil-
ng that suggested that cannabis use leads to downregu- 
ation of CX3CR1 in whole blood. CX3CR1 is the receptor
f neuron-produced Fractalkine ( CX3CL1 ), exclusively ex- 
ressed by microglia in the central nerve system. The inter-
ction between CX3CL1 and CX3CR1 constitutes the neuron- 
icroglial signalling system ( Ransohoff and Khoury, 2016 ) 
nd deficiency either of them could increase the produc- 
ion of pro-inflammatory molecules ( Sheridan and Murphy, 
013 ). Though the role of CX3CR1 was not validated by qPCR
alidation in our study, considering the limited power in our
tudy and its role in the central nerve systems, CX3CR1 re-
ains a potential candidate for further study. 
This is the first human genome wide gene expression 

tudy to identify genes that may be involved in a cognitive
ffect of cannabis smoking. Strongpoints are the exclusive 
nclusion of heavy cannabis users or cannabis naïve individ- 
als to maximize the potential contrast in gene expression 
hanges ( Boks et al., 2007 ) and matching for psychotic
ike experiences to remove the influence of psychotic 
xperiences from the study. Previous studies on cannabis 
nduced gene-expression investigated preselected genes 
f interest, thus limiting the ability to discover new genes 
hat are involved in the biological pathway of the cannabis 
nfluence. A limitation of this study is the self-report of
annabis use. Though we applied a urine screen to verify
elf-report abstinence on the day of blood draw, the screen 
annot effectively distinguish cannabis use anywhere in the 
ast few days and the same day. Therefore, there was no
ay to effectively validate abstinence on the day of testing
n the heavy cannabis users and although there is no reason
o assume effects of acute cannabis use, it is also not
ossible to rule these out. Another limitation of this study 
s the crude measure of neuropsychological function. These 
our subtests of the WAIS can reliably estimate IQ but do not
rovide a comprehensive overview of cognitive function. 
nother limitation of this study is the potential presence of
esidual confounding including smoking and social economic 
tatus. This limitation is inherent to the cross-sectional 
iscovery. Furthermore, selective sampling of non-, or 
eavy cannabis users and those with low or high psychotic
ymptoms, limits the generalizability. The current study 
oes not aim to resolve the debate on the relation between
annabis use and neuropsychological functions. Analysis 
f estimated IQ is merely used to identify a putative role
f the identified cannabis associate gene transcript. The 
ata presented from the follow up in vitro studies that
how expression changes in response to cannabinoids are 
n essential step to tie CBD exposure to the PPFIA2 changes
nd increases the level of evidence. Questions that remain
re how neurons (and particularly hippocampal neurons) re- 
pond to cannabinoids and how neuropsychological function 
s altered in human experimental studies of cannabidiol. 
Overall the upregulation of PPFIA2 in response to 

annabidiol and the correlation with estimated IQ suggest 
 role of this gene in the pathways underlying the adverse
ffects of cannabis on neuropsychological function. 
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