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a r t i c l e

i n f o

a b s t r a c t
The laws governing cannabis are evolving worldwide and associated with changing patterns of use. The main
psychoactive drug in cannabis is Δ9-tetrahydrocannabinol (THC), a partial agonist at the endocannabinoid CB1
receptor. Acutely, cannabis and THC produce a range of effects on several neurocognitive and pharmacological
systems. These include effects on executive, emotional, reward and memory processing via direct interactions
with the endocannabinoid system and indirect effects on the glutamatergic, GABAergic and dopaminergic systems. Cannabidiol, a non-intoxicating cannabinoid found in some forms of cannabis, may offset some of these
acute effects. Heavy repeated cannabis use, particularly during adolescence, has been associated with adverse effects on these systems, which increase the risk of mental illnesses including addiction and psychosis. Here, we
provide a comprehensive state of the art review on the acute and chronic neuropsychopharmacology of cannabis
by synthesizing the available neuroimaging research in humans. We describe the effects of drug exposure during
development, implications for understanding psychosis and cannabis use disorder, and methodological considerations. Greater understanding of the precise mechanisms underlying the effects of cannabis may also give rise to
new treatment targets.
© 2018 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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Abbreviations: ACC, Anterior cingulate cortex; ASL, Arterial spin labelling; BOLD, Blood-oxygen-level dependent; CBD, Cannabidiol; CBF, Cerebral blood ﬂow; CB1R, Endocannabinoid
type 1 receptor; CT, Computed tomography; D2R, Dopamine type 2 receptor; DLPFC, Dorsolateral prefrontal cortex; DTI, Diffusion tensor imaging; EEG, Electroencephalography; OFC,
Orbitofrontal cortex; FDG, Fludeoxyglucose; fMRI, Functional magnetic resonance imaging; GABA, γ-Aminobutyric acid; MID, Monetary incentive delay; MRI, Magnetic resonance imaging; MRS, Magnetic resonance spectroscopy; NAA, N-Acetylaspartate; NAc, Nucleus accumbens; PCC, Posterior cingulate cortex; PET, Positron emission tomography; PFC, Prefrontal cortex;
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1. Introduction
Cannabis is one of the most widely used recreational drugs in the
world (United Nations Ofﬁce on Drugs and Crime (UNODC), 2018).
The past year prevalence of cannabis use disorders in the United
States has been estimated at 2.9%, or 30.6% among past-year users
(Hasin et al., 2015). There has been concern over the link between cannabis use and psychiatric illness since the 1960s (Advisory Committee
on Drug Dependence, 1969; Kolansky & Moore, 1972; Tennant &
Groesbeck, 1972), which has intensiﬁed following a series of large
scale epidemiological studies (Andreasson et al. 1987; Murray et al.,
2007) and wide public debate. A changing legal landscape for the drug
has been associated with increasing usage and reductions in the perception of harm (Cerdá et al., 2017). Acute intoxication and chronic heavy
use of cannabis have been associated with a range of effects. The potential long-term deleterious effects of particular concern are when heavy
cannabis use occurs during adolescence, a key developmental period
for the brain (Bossong & Niesink, 2010). Positive subjective acute effects
described as the ‘high’ include euphoria, relaxation and sensory intensiﬁcation (Green et al., 2003). Adverse acute effects include anxiety, paranoia, impaired psychomotor performance and cognitive dysfunction
(Broyd et al., 2016; Curran et al., 2016). Chronic heavy use of the drug
is associated with increased risk of dependence, psychosis and cognitive
impairment (Broyd et al., 2016; Curran et al., 2016; Marconi et al.,
2016). However, two large meta-analyses suggest that the adverse
effects of chronic cannabis use on cognition may improve following
abstinence (Schreiner & Dunn, 2012; Scott et al., 2018).
The main psychoactive substance in cannabis is Δ9tetrahydrocannabinol (THC) (Wachtel et al., 2002) which was ﬁrst
isolated from hashish in 1964 by Gaoni and Mechloulam. THC is gaining
interest for its broad therapeutic potential. This includes putative antiepileptic properties (Friedman & Devinsky, 2015), analgesic properties
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in neuropathic and chronic pain (Abrams et al., 2007; Mucke et al.,
2018; Narang et al., 2008; Svendsen et al., 2004; Wilsey et al., 2008),
anti-emetic properties in cancer (Davis, 2016; Smith, Azariah, et al.,
2015), and anti-spastic properties in stroke and multiple sclerosis
(Collin et al., 2007; Marinelli et al., 2017). THC was originally described
as an agonist of endocannabinoid CB1 receptors (CB1R) (Felder et al.
1992), however, there is growing evidence of partial agonist properties
at this site from both in vitro (Breivogel & Childers, 2000; Govaerts et al.,
2004; Kelley & Thayer, 2004; Petitet et al., 1998; Shen & Thayer, 1999;
Sim et al., 1996) and in vivo (Paronis et al., 2012) studies. The CB1R is
a widespread G protein-coupled receptor (Pertwee, 2008) found at
high concentrations in key brain regions associated with reward, emotional and cognitive processing including the neocortex (particularly
frontal and limbic areas), hippocampus, amygdala, cerebellum, thalamus and basal ganglia (see Fig. 1) (Glass et al., 1997). THC alters signalling of endocannabinoid transmitters such as 2-arachidonoylglycerol
and anandamide. These ligands are released endogenously by neurons
and act on CB1Rs in adjacent γ-aminobutyric acid (GABA)-ergic and glutamatergic nerve terminals resulting in retrograde signalling (see Fig. 2)
(Bloomﬁeld et al., 2016; Castillo et al., 2012). THC also demonstrates
partial agonist properties in vitro at the CB2 receptor, but with
lower efﬁcacy than at CB1R. (Pertwee, 2008). As THC has a number of
double bonds and stereoisomers, this review focuses on the main
THC isomer found in cannabis, (−)-trans-Δ9-tetrahydrocannabinol,
which is also referred to in some older studies by its alternative name
Δ1-tetrahydrocannabinol and as a pharmaceutical preparation using
the International Non-Proprietary Name dronabinol.
The cannabis plant synthesises at least 143 other cannabinoids in
addition to THC (Hanuš et al. 2016) such as cannabidiol (CBD). With
its excellent safety and tolerability proﬁle and lack of intoxicating
effects, CBD has generated signiﬁcant interest as a novel treatment
for psychosis, (Leweke et al., 2012; McGuire et al., 2017) epilepsy

Fig. 1. The distribution of CB1Rs across the human brain. These axial (left), coronal (middle) and sagittal (right) views schematically depict regions of medium and high endocannabinoid
type 1 receptor (CB1R) concentration. This was extrapolated from mean labelling densities as described by Glass et al. (1997). [3H]CPP55,940 binding N80 fmol/mg was deﬁned as high and
40-80 fmol/mg was deﬁned as medium. Regions with high CB1R concentration include (in alphabetical order): amygdala (not in view), cerebellum, cingulate gyrus, dorsal motor nucleus
of the vagus, entorhinal cortex, globus pallidus, hippocampal formation, middle frontal gyrus, substantia nigra, and Wernicke’s area. Regions with medium CB1R concentration include (in
alphabetical order): auditory cortex (right), caudate nucleus, mediodorsal nucleus of the thalamus, motor cortex, occipitotemporal gyrus, putamen, somatosensory cortex, and visual
cortex. Montreal Neurological Institute coordinates (x,y,z) are shown above.
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Fig. 2. THC and retrograde endocannabinoid signalling at the synaptic cleft. The cannabinoids 2-arachidonoylglycerol and anandamide are produced endogenously by neurons and act at
endocannabinoid type 1 receptors (CB1Rs) on adjacent synaptic terminals. CB1R activity leads to retrograde suppression of excitation in glutamatergic nerve terminals and retrograde
suppression of inhibition in GABAergic nerve terminals. Δ9-tetrahydrocannabinol (THC) disrupts this signalling process.

(Devinsky et al., 2017; Devinsky et al., 2018), anxiety disorders
(Bergamaschi et al., 2011; Crippa et al., 2004) and addictions
(Hindocha, Freeman, et al., 2018; Morgan et al., 2013; Ren et al.,
2009). When administered alone, CBD has minimal activity at CB1Rs,
but it can inhibit the effects of cannabinoid agonists by acting as a negative allosteric modulator of CB1Rs (Laprairie et al., 2015). Moreover,
CBD can inhibit the reuptake and hydrolysis of the endocannabinoid
anandamide (Bisogno et al., 2001). CBD has many additional targets
within and beyond the endocannabinoid system, including activation
of 5-HT1A receptors, α1-adrenoceptors and μ-opioid receptors (for a review see Pertwee, 2008). Whilst a balance of THC and CBD is typically
found in hashish or resin products produced by landrace crops, cannabis
plants are increasingly selected to produce THC only (Potter et al. 2008).
The acute harms of THC are dose-dependent (Curran et al., 2002;
D'Souza et al., 2004) and may be offset by CBD (Bhattacharyya et al.,
2010; Englund et al., 2013; Hindocha et al., 2015; Morgan et al., 2010).
THC levels and the THC:CBD ratio in cannabis have risen considerably
in the USA and Europe in the last two decades (ElSohly et al., 2016;
Pijlman et al., 2005; Potter et al., 2018; Zamengo et al., 2015), which
may increase the harms from repeated use (Di Forti et al., 2015;
Freeman & Winstock, 2015; Freeman, van der Pol, et al., 2018;
Schoeler et al., 2016). In this article, we refer to cannabis containing
THC only or with unknown quantities of CBD as ‘cannabis’, and we explicitly state when cannabis contains signiﬁcant levels of CBD.
Cannabis and THC can induce transient positive psychotic symptoms
in healthy individuals (Bhattacharyya et al., 2010; D'Souza et al., 2004;
Moreau, 1845; Morrison & Stone, 2011; Morrison et al., 2009;
Morrison et al., 2011). Increased sensitivity to the acute psychotogenic
effects of cannabis has been found in people with higher schizotypal
personality traits (Mason et al., 2009) and those with genetic vulnerability (Morgan et al. 2016). This increased sensitivity also has been
shown to be a predictor of subsequent psychotic disorders (Arendt
et al., 2005). THC can also elicit schizophreniform negative symptoms
which are distinct from sedation (Morrison & Stone, 2011). There is consistent epidemiological evidence that the drug is a risk factor for
schizophreniform psychotic disorders (Di Forti et al., 2015), exhibiting
dose-dependence (Gage et al., 2016; Marconi et al., 2016; Moore et al.,
2007) and dose-duration effects (Di Forti et al., 2009). Even in cannabis
users who do not have frank schizophrenia, drug use is associated with
increased paranoia; (Freeman et al., 2015; Freeman et al., 2013) a cardinal symptom of the illness. The available evidence indicates that cannabis causes psychosis in susceptible individuals (Murray et al., 2007).
However, there is some evidence to suggest that causal effects of cannabis on risk of psychosis may be smaller than reverse causation from psychosis risk to cannabis use (Gage et al., 2016; Pasman et al., 2018).

Studies in non-human animals show that THC produces morphological changes in brain regions with high CB1R expression including the
hippocampus (Chan et al., 1998), amygdala (Heath et al. 1980) and
cortex (Downer et al. 2001). These include reductions in synapses
(Heath et al., 1980), cell body size (Scallet et al., 1987) and dendritic
length (Landﬁeld et al., 1988). Additionally, THC and cannabis produce
complex effects on neuropharmacology including the dopaminergic system (Bloomﬁeld et al., 2016). Alterations in brain structure and function
have also been found in human cannabis users, particularly in CB1R-rich
areas of the brain that support executive, memory and emotional processing (Lorenzetti, Solowij, and Yucel, 2016; Yücel et al., 2007).
Heavy cannabis use has been associated with a range of
neurocognitive effects of relevance to mental illness, which may persist
after acute intoxication (Broyd et al., 2016; Curran et al., 2016; Volkow
et al., 2016). These include negative effects on attention (Crane et al.,
2013), executive function (Crean et al., 2011), learning (Crane et al.,
2013), memory (Jager et al., 2010), psychotic experiences (D'Souza
et al., 2004; Fletcher & Honey, 2006), anhedonia and anxiety (Dorard
et al., 2008). These deﬁcits may be reversible as a meta-analysis of
neurocognitive performance after at least 25 days of abstinence from
cannabis found no evidence of impairment (Schreiner & Dunn, 2012).
An additional meta-analysis of 69 studies found that cognitive impairments in frequent users were of a small effect size, and found no evidence
for impairment after more than 72 hours of abstinence (Scott et al., 2018).
It is thus timely to review the human imaging literature on the
neuropsychopharmacology of cannabis. We build upon and extend recent review articles (Blest-Hopley et al., 2018; Lorenzetti, Alonso-Lana,
et al., 2016; Weinstein et al., 2016; Yanes et al., 2018) by incorporating
multiple structural, functional, and pharmacological neuroimaging modalities with a focus on both the adolescent and adult brain to present a
comprehensive overview of the neuropsychopharmacology of cannabis.
We will begin by describing the effects of acute pharmacological challenge of either cannabis or THC before considering neuroimaging studies
of heavy cannabis users. As our focus is on cannabis we will omit imaging
studies of synthetic cannabinoids (sometimes referred to collectively as
“spice”). We will give additional consideration to the neuropharmacology
of cannabis during development because CB1R expression peaks during
the foetal period and adolescence (Jacobus et al., 2014), key periods
associated with neuroanatomical re-modelling (Bossong & Niesink,
2010; Raznahan et al., 2014). This is because of potential harms associated
with maternal cannabis exposure during gestation and breast-feeding,
and because adolescence and young adulthood is the period of peak
cannabis use (Copeland et al., 2013), and may be a particularly vulnerable period to the acute effects of cannabinoids (Curran et al., 2016).
Given the public health implications, we will synthesise the literature
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on implications for understanding psychosis and cannabis use disorder
before describing important methodological considerations.
2. Methodology
For this narrative review, a series of searches of the electronic databases PubMed, Medline, and Ovid were conducted to identify relevant
studies between 1966 and (19th September) 2018. Google Scholar updates were used for search terms ‘cannabis’, ‘marijuana’, ‘THC’, and key
papers were manually searched to identify further studies. The following
search terms were used: ‘cannabis’; ‘THC’; ‘Δ9-tetrahydrocannabinol’; ‘Δ1tetrahydrocannabinol’; ‘dronabinol’; ‘tetrahydrocannabinol’; ‘marijuana’;
‘endocannabinoid’; ‘cannabinoid’; ‘CB1’; ‘glutamate’; ‘glutamatergic’;
‘GABA’; ‘gamma-aminobutyric acid’; ‘dopamine’; ‘dopaminergic’;
‘N-acetylaspartate’; ‘neuropsychopharmacology’; ‘pharmacology’;
‘functional magnetic resonance imaging’; ‘fMRI’; ‘blood oxygen level
dependent’; ‘BOLD’; ‘diffusion tensor tractography’; ‘DTT’; ‘diffusion
tensor imaging’; ‘DTI’; ‘spectroscopy’; ‘electroencephalography’; ‘EEG’;
‘computed tomography’; ‘CT’; ‘single photon emission tomography’;
‘SPECT’; ‘positron emission tomography’; ‘PET’; ‘neuroimaging’; ‘brain
imaging’; ‘brain structure’; ‘cerebral blood ﬂow’; ‘cerebral perfusion’;
‘brain volume’; ‘attention’; ‘salience’; ‘awareness’; ‘response inhibition’;
‘reward’; ‘executive function’; ‘learning’; ‘memory’; ‘recall’; ‘amnesia’;
‘emotion’; ‘affect’; ‘decision’; ‘cognition’; ‘cognitive impairment’; ‘brain
activity’; ‘psychomotor’; ‘movement’; “brain function; ‘psychosis’;
‘schizophrenia’; ‘psychotomimetic’; ‘adolescent’; ‘young adult’; ‘brain
maturation’; ‘brain development’; ‘neurodevelopment’. There was no
language restriction. Articles were only included if they were directly
related to the topic and employed a quantitative research design.
3. The acute effects of cannabis and THC
3.1. Cerebral blood ﬂow and metabolism
The ﬁrst neuroimaging studies using acute cannabinoid challenge
were a series of experiments using 133Xe inhalation cerebral blood
ﬂow tomography. Acutely, THC alters global and regional cerebral
blood ﬂow (CBF) (Mathew et al., 1989; Mathew et al. 1992a; Mathew
et al. 1992b; Mathew & Wilson, 1993). Nearly every study using H2
[15O]- positron emission tomography (PET) found THC-induced
increases in CBF in the frontal cortex, insula and cingulate gyrus
(Mathew et al., 1997; Mathew et al., 1998; Mathew et al., 1999;
Mathew et al., 2002; O'leary et al., 2000; O'Leary et al., 2002; O'leary
et al., 2007). In contrast, one hour after smoking a ‘joint’, decreases in
cortical CBF were observed. Importantly, these pioneering studies
found relationships between cannabinoid-induced increases in CBF
and subjective intoxication, dissociation, depersonalisation and
confusion (Mathew et al., 1992b; Mathew et al., 1993). Subsequently,
magnetic resonance imaging (MRI) measures of CBF such as arterial
spin labelling (ASL) have corroborated the PET ﬁndings (van Hell
et al., 2011). In terms of metabolism, using [18F]-deoxyglucose (FDG)
PET, Volkow et al. (1996) demonstrated that acute THC increased
metabolism in the basal ganglia and the orbitofrontal cortex (OFC)
and prefrontal cortex (PFC). Taken together, these studies indicate
that acute THC causes region-speciﬁc increases in CBF and metabolism,
particularly in frontal regions (Table 1).
3.2. Resting state networks
In healthy volunteers, THC inhalation (2 mg or 6 mg) vs. placebo, increased functional connectivity in the sensorimotor network and dorsal
visual streams alongside reduced connectivity in the right hemisphere
between the superior frontal pole, middle and inferior frontal gyri
and dorsolateral prefrontal cortex (DLPFC) (Klumpers et al., 2012).
However, that study was compromised by a 41% drop-out rate during
THC challenge, particularly in women. Post-hoc analysis suggested this
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may have been due to higher peak plasma THC concentrations in
women compared to men. Another study found no effects of 10 mg
oral THC on frontostriatal connectivity in healthy volunteers (Grimm,
et al., 2018). However, this may have been attributable to low concentrations of THC during scanning. In the same study, the authors found
that CBD (600 mg oral) increased frontostriatal connectivity. THCinduced changes in functional connectivity have also been observed in
regular drug users, whereby THC (450 micrograms/kg inhaled) resulted
in reduced functional connectivity between the nucleus accumbens
(NAc) and the PFC, limbic lobe, striatum and thalamus in a manner similar to acute cocaine (300 mg oral; Ramaekers et al., 2016). Importantly,
those results were moderated by dopamine beta-hydroxylase enzyme
genotype, with CC/TT (low activity) carriers showing greatest reduction
in functional connectivity. Moreover, sub-cortical functional connectivity was inversely related to impulsivity scores on the matching familiar
ﬁgures test, indicating that those who experienced greater reductions in
functional connectivity following THC showed increased impulsivity at
the behavioural level (Table 1).
3.3. Attentional processing
Acute cannabis inhalation reduces CBF during the performance of focused attention tasks (dichotic listening and auditory reaction time
tasks) in visual and auditory cortices (O'Leary et al., 2002; O'leary
et al., 2007), and brain regions that are part of the attentional network
(parietal lobe, frontal lobe, and thalamus) (O'Leary et al., 2002). Using
a visual oddball task, 10mg oral THC increased activation in the right
PFC, attenuated activation in the right caudate and increased response
latency to oddball stimuli (Bhattacharyya et al., 2012). There was a negative relationship between THC-induced caudate hypoactivation and
both psychotic symptoms and effects on response latency. That study
also included a CBD challenge which found opposite effects compared
to THC alongside hippocampal hyper-activation. Acute inhaled
vaporised THC (6mg), compared to placebo, resulted in increased false
alarms and reduced target detection during a continuous performance
of sustained attention task (Bossong, Jansma, et al., 2013). Impaired
task performance was related to impaired deactivation of default
mode regions including the posterior cingulate and angular gyrus, without effects on the central executive system (Table 2).
3.4. Response inhibition
Using a Go/No-Go task 10mg oral THC increased the blood-oxygenlevel dependent (BOLD) response in temporal and posterior regions yet
attenuated responses in the anterior cingulate cortex (ACC) and inferior
frontal cortices (Borgwardt et al., 2008). Studies using a similar task and
dose (Bhattacharyya et al., 2010; Bhattacharyya et al., 2015) found that
THC attenuated parahippocampal activation and inferior frontal
activation, and the latter was inversely correlated with the frequency
of inhibition errors and severity of psychotic symptoms. Vulnerability
to inhibition errors is partially dependent on AKT1 genotype as A
allele carriers of the rs1130233 single nucleotide polymorphism
had increased inhibition errors compared to G allele homozygotes
(Bhattacharyya et al., 2014). This may be clinically important as people
who are more susceptible to the psychotogenic effects of cannabis are
more likely to make inhibition errors than those who do not have a
psychotogenic response (Atakan et al., 2013) and AKT1 genotype modulates risk of psychosis from cannabis use (Di Forti et al., 2012) and the
acute psychotogenic effects of cannabis (Morgan, et al., 2016) (Table 2).
3.5. Reward function
Monetary reward tasks have been used to probe reward processing.
Using the Monetary Incentive Delay (MID) task, inhaled THC (6mg
using a vaporizer) induced a widespread attenuation of BOLD response
to feedback in reward trials in the inferior parietal and temporal gyrus
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Table 1
Neuroimaging studies of the acute effects of THC and cannabis on cerebral blood ﬂow and metabolism, and resting state networks.
Author

Imaging User
Group Sample
Modality Groups Size (n)

Acute effects on cerebral blood ﬂow and metabolism
133
Mathew et al.
Xe
O/Fr/C 17/9/14
(1989)
SPECT

Dose of
THC

Route Increase (volume, blood
ﬂow, activation,
connectivity)

Decrease (volume, blood
ﬂow, activation,
connectivity)

Task Performance
(THC vs comparison
group or baseline)

Cannabis Resting

28.3 (8.3)

2.20%

S

Frontal, L temporal
(chronic users only)

Baseline global CBF
(chronic users only)

-

Cannabis Resting

25.3 (6.4)

1.75% or
3.55%
3.55%

S

R Frontal, R temporal

-

-

S

Middle Cerebral Artery

-

-

1.75% or
3.55%
2mg

S

Global CBF, R Frontal

-

-

IV

Basal banglia, OFC, PFC

Cerebellum (chronic
users)

-

Global CBF, frontal
cortex, R insula, R
cingulate gyrus, R
subcortical regions
ACC, insula, cerebellum

Frontal CBF at 1 hour.

-

Cerebellum

-

Global CBF (RNL), R
frontal, R insula, ACC
OFC, insula, temporal
poles, ACC, cerebellum

Basal ganglia, thalamus,
HPC, amygdala
Auditory cortex

-

Global CBF (RNL, ANP),
R insular, R ACC,
cerebellum (5mg only)
MPFC, insula, temporal
poles, ACC, cerebellum

-

-

Auditory cortex, Visual
cortex, Attentional
Network (parietal,
frontal, thalamus)
Auditory cortex, Visual
cortex

No signiﬁcant change

-

Drug

Task

133
Xe
SPECT
TCD

O

20

O = no cannabis for 3y; Fr = ≥10
joints/week for 3y; C = unknown
cannabis history
O = unclear previous use

O

10

O = unclear previous use

Cannabis Resting

25.9 (6)

133

Fr

35

Fr = unclear previous use

Cannabis Resting

21.7 (8)

O/Fr

8/8

THC

Resting

31 (6)

THC

Resting

32.5 (7.6)

3mg or
5mg

IV

3mg or
5mg
3mg or
5mg
20mg

IV

Xe
SPECT
18
F-FDG
PET

Mathew et al.
(1997)

H15
2 0 PET O

32

Fr = DSM-III criteria for cannabis
dependence, used for N18m, used for
mean 5.5y, r1-7d/w; O = used
cannabis btwice/y
O = mean onset age 15.7 (M) 17.6 (F)

Mathew et al.
(1998)
Mathew et al.
(1999)
O'leary et al.
(2000)

H15
2 0 PET Fr

46

O = mean 147 (SD 165.2) joints/y

THC

Resting

29.9 (6.5)

H15
2 0

PET O

59

O = mean onset age 16.8 (3.6)y

THC

Resting

31.8 (7.5)

H15
2 0

PET O

5

O = use b10 times/m for mean 3.2y

Cannabis Auditory
Attention
Task
THC
Resting

26.2 (8)

32.0 (8.3)

3mg or
5mg

IV

IV
S

No signiﬁcant change

Mathew et al.
(2002)

H15
2 0 PET Fr

47

Fr = mean 228.3 (SD 416.8) joints/y,
no dependence by DSM-III criteria

O'Leary et al.
(2002)

H15
2 0 PET O

12

O = use b10 times/m, mean 2.7
times/m

Cannabis Auditory
Attention
Task

30.5 (8.6)

20mg

S

O'leary et al.
(2007)

H15
2 0 PET O

12

O = use b10 times/m, mean 5.1
times/m, duration mean 3.1y

23.5 (4.3)

20mg

S

OFC, ACC, temporal
pole, insula, cerebellum

van Hell et al.
(2011)

ASL &
fMRI

26

O = mean use 19.0 (SD 11.2) in
last year

Cannabis Auditory
Attention
Task
THC
Resting

21.1 (2.1)

6mg

INH

ACC, superior frontal
cortex, insula, substantia
nigra, cerebellum

Post-central gyrus,
occipital gyrus

12

O = N1y of use duration, ≤1 use/w

THC

Resting

22 (2.9)

2mg or
6mg

INH

sensorimotor network,
dorsal-visual streams

Fr = mean use 7y duration, mean
44.8 uses in last 3m
≤5 uses in lifetime

THC

Resting

22.8 (3.7)

450μg/kg INH

-

THC

Resting

Range
18-50

10mg

No signiﬁcant changes

R superior frontal pole middle and inferior
frontal gyri - PFC network
NAc - PFC, limbic lobe,
striatum, thalamus
-

O

Acute effects on resting state networks
Klumpers et al.
fMRI
O
(2012)
Ramaekers et al.
(2016)
Grimm et al.
(2018)

fMRI

Fr

122

fMRI

O

16

PO

No signiﬁcant change

ACC = anterior cingulate cortex, ASL = arterial spin labelling, C = control users, CBF = cerebral blood ﬂow, d = day, DSM = Diagnostic & Statistic Manual of Mental Disorders, Fr = frequent cannabis users, F = female, fMRI = functional magnetic
resonance imaging, HPC = hippocampus, INH = inhaled, IV = intravenous, L = left, m = month, M = male, MPFC = medial prefrontal cortex, NAc = nucleus accumbens, O = occasional cannabis users, OFC = orbitofrontal cortex, PFC = prefrontal
cortex, PO = per os (oral), PET = positron emission tomography, r = range, R = right, S = smoked, SD = standard deviation, SPECT = single photon emission computed tomography, TCD = transcranial doppler, THC = Δ9-tetrahydrocannabinol,
VMPFC = ventromedial prefrontal cortex, w = week, y = year.
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Mathew et al.
(1992a)
Mathew et al.
(1992a)
Mathew & Wilson
(1993)
Volkow et al.
(1996)

User Age
Mean (SD)

Group Deﬁnition

Table 2
Neuroimaging studies of the acute effects of THC and cannabis on cognitive tasks.
Author

Imaging User
Modality Groups

Group Sample
Size (n)

O'Leary et al.
(2002)

H15
2 0 PET O

12

O'leary et al.
(2007)

H15
2 0 PET O

12

Bhattacharyya
et al. (2012)
Bossong, van
Hell, et al.
(2013)

fMRI

O

15

fMRI

O

20

Acute effects on response inhibition
Borgwardt
fMRI
O
et al. (2008)

Dose of
THC

Route Increase (volume,
blood ﬂow, activation,
connectivity)

Decrease (volume, blood ﬂow,
activation, connectivity)

Task Performance (THC vs
comparison group or baseline)

Cannabis Auditory
Attention Task

26.2 (8)

20mg

S

Auditory cortex

No signiﬁcant change

Cannabis Auditory
Attention Task

30.5 (8.6)

20mg

S

23.5 (4.3)

20mg

S

Auditory cortex, Visual cortex,
Attentional Network (parietal,
frontal, thalamus)
Auditory cortex, Visual cortex

No signiﬁcant change

Cannabis Auditory
Attention Task

OFC, insula, temporal
poles, ACC,
cerebellum
MPFC, insula,
temporal poles, ACC,
cerebellum
OFC, ACC, temporal
pole, insula,
cerebellum

THC

Drug

O = use b10
times/m for mean
3.2y
O = use b10
times/m, mean 2.7
times/m
O = use b10
times/m, mean 5.1
times/m, duration
mean 3.1y
O = b15 uses per
lifetime
O = mean 22.5
(SD 15.2) uses/last
year, mean onset
age 15.7 (SD 1.7),
mean 7.3 (SD 5.1)
years of use

Task

26.7 (5.7)

10mg

PO

R PFC

R caudate

↓ reaction time

THC

Visual Oddball
task
Continuous
Performance
Task

22.9 (4.9)

6mg

INH

PCC, angular gyrus

-

↑ false alarms, ↓ detected
targets

R ACC, R inferior frontal cortex

No signiﬁcant change

-

No signiﬁcant change

L inferior frontal cortex

↑ inhibition errors, ↓ inhibition
efﬁciency

Inferior parietal cortex, temporal
cortex, PCC, ACC, OFC, R superior
frontal cortex
NAc (Nicotine-Dependent
Group)

No signiﬁcant change

Auditory cortex, R HPC, R
parahippocampal gurys, R
amygdala, R ventral striatum

↑ Want to Listen to Music, ↑
Sound Perception

15

O = b15 uses per
lifetime

THC

Go/No-Go

26.7 (5.7)

10mg

PO

fMRI

O

15

O = b5 uses per
lifetime

THC

Go/No-Go

26.7 (5.7)

10mg

PO

Bhattacharyya
et al. (2015)

fMRI

O

36

O = b25 uses per
lifetime

THC

Go/No-Go

26.0 (5.5)

10mg

PO

14

O = ≥4 uses per
year

THC

Monetary
Incentive Delay

21.7 (2.3)

6mg

INH

-

Nicotine Addiction THC
Monetary
Group = mean
Incentive Delay
23.5 (SD 5.8) uses
in last y; C = mean
22.6 (SD 3.6) uses
in last y
Cannabis Musical Reward
O = mean 8.06
(SD 5.5) uses/m,
mean 8.94 (SD 7.0)

25.6 (2.1)

6mg

INH

-

26.2 (7.3)

6% or
12%

INH

-

Jansma et al.
(2013)

fMRI

Nicotine
Addiction
Group/C

10

Freeman,
Pope, et al.
(2018)

fMRI

O

16

No signiﬁcant change

(continued on next page)

137

Bhattacharyya
et al. (2010)

R HPC, R
parahippocampal
gyrus, R temporal
cortex, L PCC
Parahippocampal
gyrus, L insula, L
caudate
-

Acute effects on reward function
van Hell et al. fMRI
O
(2012)

No signiﬁcant change
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Acute effects on attentional processing
O'leary et al.
H15
5
2 0 PET O
(2000)

User Age
Mean (SD)

Group Deﬁnition
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Table 2 (continued)
Author

Imaging User
Modality Groups

Group Sample
Size (n)

Drug

Task

User Age
Mean (SD)

Dose of
THC

Decrease (volume, blood ﬂow,
Route Increase (volume,
blood ﬂow, activation, activation, connectivity)
connectivity)

Task Performance (THC vs
comparison group or baseline)

THC

Virtual Reality
Maze

27 (7.45)

17mg

S

Frontal cortex, ACC

Visual-Motor Areas

↑ Hitting the walls of the maze

Verbal Paired
Association Task
Cannabis Memory Search
Task

26.7

10mg

PO

Ventrostriatum

No signiﬁcant change

Range
18-45

S

Resting state theta power

↑ Errors, ↑Reaction time

O = mean 17.0
(SD 12.4) uses per
year
O = b10 uses per
lifetime
O = b25 uses per
lifetime

THC

Sternberg Item
Recognition

21.6 (2.1)

29.3mg,
49.1mg,
or
69.4mg
6mg

Parahippocampal
gyrus
-

R insula, R inferior frontal gyrus, L ↓ Performance accuracy
middle occipital gyrus

THC

Pavlovian Fear
Extinction
Verbal Learning
Task

Range
21-45
-

7.5mg

PO

Network-wide
increase, cuneus,
precuneus
VMPFC, HPC

-

No signiﬁcant change

10mg

PO

L HPC (TP group)

-

No signiﬁcant change

O = mean 2.0 (SD
2.4) uses/m
O = b15 uses per
lifetime

THC

Angry/Fearful
Face Matching
Gender
Discimination
Task/Viewing
Fearful Faces
(Mild/Intense)
Viewing Fearful
Faces
(Mild/Intense)
Happy/Fearful
Face Matching

20.8 (2.6)

7.5mg

PO

-

Amygdala

No signiﬁcant change

26.6 (5.7)

15mg

PO

Middle-frontal gyrus, PCC
(intense)

↑ SCR ﬂuctuations

26.7 (5.7)

10mg

PO

R parietal lobe, L
medial frontal gyrus
(mild)/L precuneus,
sensorimotor cortex
(intense)
Amygdala

L parahippocampal gyrus, R
temporal cortex, occipital cortex

No signiﬁcant change

21.5 (2.5)

6mg

INH

-

Amygdala-OFC-HPC-PFC-parietal
cortex-occipital cortex network

↓ Performance accuracy during
matching of fearful faces

Angry/Fearful
Face Matching
Emotion
Regulation Task
(Passive
experience of
negative
images – look,
maintain,
reappraise)

20.8 (2.6)

7.5mg

PO

-

No signiﬁcant change

24.9 (3.8)

7.5mg

PO

Amygdala

Amygdala-rostral ACC-MPFC
network
Amygdala-DLPFC network

Group Deﬁnition

years of use
Acute effects on learning and memory
18
Weinstein
F-FDG Fr
et al. (2008) PET

Bhattacharyya
et al. (2009)
Böcker et al.
(2010).

12

O

15

EEG

O

16

Bossong, Jager, fMRI
et al. (2012)

O

14

Rabinak et al.
(2014)
Bhattacharyya
et al. (2018)

fMRI

O

14/14

fMRI

O (TP/NP)

14/22

Acute effects on emotional processing
Phan et al.
fMRI
O
(2008)
Fusar-Poli
fMRI
O
et al. (2009)

16
15

THC

THC

THC

Bhattacharyya
et al. (2010)

fMRI

O

15

O = b5 uses per
lifetime

THC

Bossong, van
Hell, et al.
(2013)
Gorka et al.
(2015)
Gorka et al.
(2016)

fMRI

O

14

O = mean 20.0
(SD 9.4) uses/y

THC

fMRI

O

16

THC

fMRI

O

41

O = ≥10 uses per
lifetime, b1 use/d
O = b10 uses per
lifetime

THC

INH

↓ negative affect following
reappraise vs maintain
condition, ↑ negative affect
following maintain vs look, ↓
pleasant ratings and ↑ arousal
ratings of unpleasant images

ACC = anterior cingulate cortex, C = control users, d = day, DLPFC = dorsolateral prefrontal cortex, DSM = Diagnostic & Statistic Manual of Mental Disorders, EEG = electroencephalogram, Fr = frequent cannabis users, F = female, FDG =
ﬂudeoxyglucose, fMRI = functional magnetic resonance imaging, HPC = hippocampus, INH = inhaled, L = left, m = month, M = male, MPFC = medial prefrontal cortex, NAc = nucleus accumbens, NP = transient psychotic symptoms not induced
by THC, O = occasional cannabis users, OFC = orbitofrontal cortex, PFC = prefrontal cortex, PO = per os (oral), PET = positron emission tomography, r = range, R = right, S = smoked, SCR = skin conductance response, SD = standard deviation,
THC = Δ9-tetrahydrocannabinol, TP = transient psychotic symptoms induced by THC, VMPFC = ventromedial prefrontal cortex, w = week, y = year.
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fMRI

Fr =≥1 use per
day, ≥5 years of
use, mean age of
onset 19y, met
DSM-IV criteria for
dependence
O = ≤15 uses per
lifetime
O = r2-9 uses per
month
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bilaterally, posterior and anterior cingulate, middle orbitofrontal gyrus,
and right superior frontal gyrus (van Hell et al., 2012). An additional
study by the same laboratory compared the effects of inhaled 6mg
THC versus placebo in 11 healthy controls and 10 people with nicotine
dependence (Jansma et al., 2013). THC did not inﬂuence response to reward feedback in healthy controls, consistent with the study by van Hell
and colleagues (van Hell et al., 2012). However, THC reduced the NAc
response to reward anticipation in nicotine-dependent participants.
There is also evidence that cannabis inﬂuences other (non-monetary) rewards, such as music. Inhaled cannabis (containing THC but not CBD)
dampened participants’ response to music reward in auditory cortex bilaterally and the right hemisphere hippocampus, parahippocampal
gyrus, amygdala and ventral striatum (Freeman, Pope, et al., 2018).
These effects were offset when participants were administered cannabis
containing CBD as well as THC. This suggests that THC dampens the effects of consummatory rewards (consistent with van Hell et al., 2012),
whereas CBD may offset this effect (Table 2).
3.6. Learning and memory
There is a high density of CB1Rs in the hippocampus and PFC (Curran
et al., 2016) and disruptions of learning and memory are some of the
most widely replicated acute effects of cannabis (Broyd et al., 2016).
Using a Sternberg item recognition paradigm with four conditions
(2–5 digits), THC caused a dose-dependent increase in reaction times
and decrease in performance accuracy as a function of memory load
(Böcker et al., 2010). This decline of working memory accuracy was
signiﬁcantly correlated with THC-induced decreases in resting state
electroencephalography (EEG) theta power measured after task performance (Böcker et al., 2010). Bossong, Jansma, et al. (2012) studied the
acute effects of THC inhalation (6 mg) on performance of a parametric
Sternberg item recognition paradigm with ﬁve difﬁculty levels. During
the placebo condition, brain activity increased linearly with rising
working memory load. THC administration enhanced activity for low
working memory loads, and reduced the linear relationship between
working memory load and activity in a network of working memory
related brain regions, and in left DLPFC, inferior temporal gyrus,
inferior parietal gyrus, and cerebellum in particular. In addition,
performance accuracy after THC was only reduced for moderately
high working memory loads. These results suggest that participants
exhibit enhanced brain activity during working memory tasks that
they perform at normal level, indicating inefﬁcient working memory
function after THC administration (Bossong, Jansma, et al., 2012). Whilst
no behavioural differences in recall tasks were observed during a
verbal paired associative learning task, oral 10mg THC (vs. placebo)
abolished the normal decrement in parahippocampal activation during
encoding and attenuated ventrostriatal activation during word retrieval
(Bhattacharyya et al., 2009). Under placebo conditions participants sensitive to the psychotogenic effects of cannabis had higher hippocampal
activation during verbal encoding compared to participants without a
psychotogenic response (Bhattacharyya et al., 2018). In keeping with
these ﬁndings, while THC (6 mg inhaled) reduced activity during
encoding in the right insula, the right inferior frontal gyrus, and the
left middle occipital gyrus during performance of a pictorial associative
memory task, activity during recall was signiﬁcantly increased in a network of recall-related brain regions, with most prominent effects in the
cuneus and precuneus. Although administration of THC did not affect
performance accuracy, better performance was associated with lower
recall activity during the placebo but not the THC condition (Bossong,
Jager, et al., 2012). Using a Pavlovian fear extinction paradigm, preextinction acute THC (compared to placebo) caused increased ventromedial PFC and hippocampal activation to a previously extinguished
conditioned stimulus during extinction memory recall (Rabinak et al.,
2014). When users were administered oral THC (17mg) challenge
while undergoing [18F]FDG PET and performing a virtual reality maze
(Weinstein et al., 2008) acute THC caused more navigation errors and
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this was associated with increased metabolism in the frontal and anterior cingulate cortices (regions associated with motor coordination
and attention), and reduced metabolism in areas that are related to visual integration of motion. Taken together these studies suggest that
even when THC dose is not sufﬁciently high to result in deleterious
effects on behavioural performance, increased brain activity has been
reported across a range of tasks. One common interpretation of such results is that THC reduces the neural ‘efﬁciency’ of learning and memory
processes. However, the term ‘efﬁciency’ in this context is problematic
(Poldrack, 2015), and these results are consistent with a number of alternative explanations (Table 2).
3.7. Emotional processing
There is a high density of cannabinoid receptors in key areas of the
brain involved in processing emotional stimuli, such as the amygdala
and ACC (Herkenham et al., 1991; Katona et al., 2001). Moreover, the
availability of CB1Rs receptor in the amygdala, assessed with PET imaging,
seems to mediate the salience of threatening cues; particularly relevant
to anxiety and salience processing in psychosis (Pietrzak et al., 2014).
Acute inhaled THC (8mg) impaired recognition of emotional faces at
the behavioural level (Hindocha et al., 2015). Some studies also suggest
that the effects of THC on emotional processing are valence speciﬁc.
Using an emotional matching task, inhaled THC (6mg) impaired task
performance, measured as mean percentage of correctly identiﬁed targets, for matching emotional faces with negative, but not positive emotional content (Bossong, van Hell, et al., 2013). In a network of brain
regions including amygdala, orbitofrontal gyrus, hippocampus and
PFC, neural activity was reduced while processing stimuli with a negative emotional content and increased during processing of positive
stimuli. Using a similar paradigm, Phan et al. (2008) found that 7.5mg
oral THC reduced amygdala reactivity to social signals of threat (angry
and fearful faces) with no effect on response times, accuracy or subjective anxiety. This suggests that THC may play an anxiolytic role in fear
behaviours. In a further analysis of the same data set, Gorka et al.
(2015) showed that THC reduced functional coupling between
the basolateral amygdala and superﬁcial amygdala with the rostral
ACC and medial PFC, respectively. It is possible that THC-induced
hypoconnectivity between the amygdala and cortex underlies the dissociation between subjective and behavioural responses.
Two papers analysed data from a study using a gender discrimination task involving looking at mildly fearful and intensely fearful faces
after 10mg oral THC in 15 healthy male volunteers. In the ﬁrst paper,
Fusar-Poli et al. (2009) found that THC increased skin conductance response amplitudes to fearful faces relative to both CBD and placebo.
Also, THC primarily modulated activity in the frontal and parietal cortex
to the faces, with no difference in the amygdala. Speciﬁcally, during processing of mildly fearful faces, THC increased activation in the right inferior parietal lobule, and decreased activation in the left medial frontal
gyrus. Activity in the left precuneus and primary sensorimotor cortex
increased during processing related to intensely fearful faces, with decreased activation seen in the middle frontal gyrus and posterior cingulate gyrus. During the processing of fearful faces (mild plus intense) THC
decreased activation in the right inferior frontal gyrus, right superior
temporal gyrus, and left medial frontal gyrus, and increased activation
in the left precuneus. This suggests that THC-induced anxiogenesis
may not be mediated through amygdala reactivity. In a subsequent
paper, Bhattacharyya et al. (2010) investigated areas where CBD and
THC had opposite effects, which included the cerebellum, fusiform
gyrus, lingual gyrus, lateral PFC and the amygdala. These opposite effects of THC and CBD are consistent with evidence that THC and CBD
have opposite effects on emotional face recognition at the behavioural
level, and that CBD can protect against THC-induced impairments in
face recognition (Hindocha, et al., 2015).
Further evidence of THC-induced increases in amygdalar response
during implicit and explicit emotional processing comes from research
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using the International Affective Picture System (Gorka, et al., 2016).
Compared to placebo, 7.5mg THC resulted in increased left amygdala
activation during the passive experience of unpleasant images compared to looking at neutral images. This suggests that amygdala activation to negative stimuli is greater after a THC challenge. Furthermore,
the THC group exhibited greater left amygdala activation, and less
amygdala-DLPFC coupling during cognitive reappraisal, in comparison
to placebo.
These studies indicate that THC has complex effects on BOLD responses to fearful faces, involving a pattern of increased and decreased
activation in both frontal and parietal areas. Although both studies
(Bossong, van Hell, et al., 2013; Fusar-Poli et al., 2009) found lower
THC-induced brain activity in prefrontal and temporal areas during processing of threatening stimuli, differences in the results (Bossong, van
Hell, et al., 2013; Fusar-Poli et al., 2009; Phan et al., 2008) may reﬂect
differences in the functional magnetic resonance imaging (fMRI) task.
In contrast to the other two studies, Fusar-Poli et al. (2009) used a gender discrimination task, which did not require explicit processing of the
emotional content of the stimuli. In a further exploration of this fMRI
study on emotional processing, Fusar-Poli et al. (2010) did not show
any effects of THC administration on connectivity between the amygdala and ACC. Nonetheless, all studies suggest a striking difference between the acute effects of THC on processing of emotions and on
experiencing of emotions. Whereas THC shifts the emotional bias
away from fearful stimuli in most studies (Bossong, van Hell, et al.,
2013; Fusar-Poli et al., 2009; Phan et al., 2008) its administration enhances subjective feelings of anxiety, particularly when high doses are
given to less experienced participants in a laboratory setting (Crippa
et al., 2009; D'Souza et al., 2004; Ilan et al., 2005; Karniol et al., 1974;
Morrison et al., 2009; Zuardi et al., 1982) (for a review see Crippa
et al. (2009)) (Table 2).
3.8. The dopaminergic system
PET can directly measure the dopaminergic system using
radiolabelled selective dopamine receptor antagonists such as [11C]raclopride. Using PET and the dopamine D2/3 receptor tracer [11C]raclopride in seven healthy volunteers, Bossong et al. (2009) found
that inhalation of THC (8 mg) induced a moderate but signiﬁcant
reduction in [11C]-raclopride binding in the ventral striatum and
precommissural dorsal putamen (3.4% and 3.9%, respectively), which
is consistent with an increase in dopamine levels in these regions
(Bossong et al., 2009). Stokes et al. (2009) scanned thirteen healthy
subjects using a similar PET methodology, but did not show effects of
oral THC administration (10 mg) on [11C]-raclopride binding, despite
an increase in schizophrenia-like symptoms. However, although
not statistically signiﬁcant, THC administration caused a radiotracer
displacement of 1.6% and 3.2% in the right and left ventral striatum,
respectively, which is within a similar range to that reported by Bossong
et al. (Stokes et al., 2009). A pooled re-analysis of these two studies revealed a signiﬁcant reduction in [11C]-raclopride binding in the limbic
striatum (−3.65%) after THC administration (Bossong et al., 2015).
Finally, using single photon emission computerized tomography and
[123I]-iodobenzamide, Barkus et al. (2011) failed to show an effect
of intravenously administered THC (2.5 mg) on striatal dopamine
concentrations in nine healthy men. Unfortunately, this study was not
conducted at radiotracer equilibrium conditions, thus not allowing
quantiﬁable information regarding the effects of the challenge. Collectively, these data provide human evidence for a modest increase in
striatal dopamine transmission after administration of THC compared
to other drugs of abuse.
3.9. Interactions with γ-aminobutyric acid (GABA)
Using EEG, Radhakrishnan et al. (2015) used pre-treatment with
iomazenil, an iodine analogue of the benzodiapine receptor competitive

antagonist ﬂumazenil, to demonstrate that GABA deﬁcits enhance the
neuropsychopharmacological effects of intravenous THC (1.05mg/kg).
When pre-treated with iomazenil, THC induced signiﬁcantly greater
psychotic symptoms, perceptual alterations, subjective distress and a
concomitant reduction in THC-induced P300 amplitude. This may be
clinically important because reductions in P300 amplitude have been
observed in psychiatric illnesses including schizophrenia (Bramon
et al., 2004).
4. The chronic effects of cannabis and THC
4.1. Whole brain volume
Early studies used computed tomography (CT) to investigate
whether cannabis use was associated with structural alterations in the
brain and found that cannabis users did not exhibit gross atrophic
changes (Co et al., 1977; Hannerz & Hindmarsh, 1983; Kuehnle et al.,
1977). However, early CT suffered from having limited volumetric
data from soft tissue. Since then, no study has reported signiﬁcant differences in whole brain volume between cannabis users and controls,
although differences have been reported when cortical grey and white
matter are examined separately (Lorenzetti et al., 2010). One study
(Wilson et al., 2000) found that early cannabis exposure was associated
with decreased grey matter volume and increased white matter volume
in early onset users, although this was not replicated by another study
(Tzilos et al., 2005).
4.2. Regional brain structure
As per initial CT research, early MRI studies did not ﬁnd signiﬁcant
structural deﬁcits associated with cannabis use (Block, O'Leary,
Ehrhardt, et al., 2000; Jager et al., 2007; Tzilos et al., 2005). Subsequently, hippocampal and parahippocampal atrophy have been associated with chronic cannabis use (Ashtari et al., 2011; Demirakca et al.,
2011; Filbey et al., 2015; Lorenzetti et al., 2015; Matochik et al., 2005;
Yücel et al., 2008). Even in studies that did not ﬁnd signiﬁcant reductions in users compared to non-users, there was evidence of a negative
correlation between cannabis exposure and dependence severity with
hippocampal volume (Chye et al., 2018; Cousijn et al., 2012). Since the
lack of regional effects may be inﬂuenced by lateralisation, a metaanalysis found that when the left and right hippocampi are combined
there was evidence of hippocampal reduction (Rocchetti et al., 2013).
However, a longitudinal study of hippocampal volume in heavy cannabis users (mean age 21 years) compared to non-users (Koenders et al.,
2016; Koenders et al., 2017) did not ﬁnd cannabis-induced effects at
baseline or 39-month follow-up using voxel-based and manual tracing
approaches. This is consistent with another, recent study using voxelbased analysis, which also revealed no structural changes to the hippocampal volume in chronic users (Moreno-Alcazar et al., 2018). Nonetheless, inconsistencies may be due to dependence and/or speciﬁc effects
within the hippocampus as other recent work has found that volume
deﬁcits are most prominent in the cornu ammonis 1-3 subﬁelds and
dentate gyrus in cannabis-dependent users (Chye, Suo, et al., 2017).
This would tie in with previous ﬁndings that cannabis use disorder
was associated with morphological differences within the hippocampus
that were related to episodic memory impairments (Smith, Cobia, et al.,
2015). Atrophic and dysmorphogenic effects of cannabis on subcortical
structures have been extended to the amygdala and NAc (Lorenzetti
et al., 2015; Yücel et al., 2008), and hypertrophic changes have also
been described in the basal ganglia of cannabis users (Moreno-Alcazar
et al., 2018). In terms of cortical regions, heavy cannabis users have
abnormal gyriﬁcation (type III), reduced orbitofrontal volume (Chye,
Solowij, et al., 2017) and reduced right anterior cingulate volume compared to non-users, which is inﬂuenced by CB1R haplotype variation
(Hill et al., 2016) (Table 3).

Author

Imaging Users/Controls (n)
Modality

Chronic effects on whole brain structural volume
Co et al. (1977) CT
12/34
Kuehnle et al.
CT
19/19
(1977)
CT
12/12
Hannerz and
Hindmarsh
(1983)
Wilson et al.
sMRI &
57/0
(2000)
H15
2 0 PET

Block, O'Leary,
Ehrhardt,
et al. (2000)
Tzilos et al.
(2005)
Jager et al.
(2007)

Tzilos et al.
(2005)
Jager et al.
(2007)
Yücel et al.
(2008)
Ashtari et al.
(2011)

Duration of use (y), mean (SD)
unless otherwise stated

User onset age (y), Use frequency in joints/cones/uses,
mean (SD) unless mean (SD) unless otherwise speciﬁed
otherwise stated

Increase (volume, blood
ﬂow, activation,
connectivity)

24.1 (-)
23.8 (-)

6.6 (-)
Inpatient ward study (21d)

17.4 (-)
-

9 (-)/d
34.7 (-)/m

No signiﬁcant changes
No signiﬁcant changes

26.1 (-)

10.25 (-)

-

-

No signiﬁcant changes

31.3 (7)

16.8 (3.6)

WM volume (early-onset
[b17y] users only)

GM volume, whole
brain (early onset
users [b17yo] only)

-

240.8 (198.1) early onset [b17yo]
males and females 146.5 (128.7), late
onset [N17yo] males 205.6 (587.0)
and females 128.2 (186.8)/y
18 (2)/w

-

Ventricles

sMRI

18/13

22.3 (0.5)

16.9 (6.4) early onset [b17yo]
males and females 13.4 (6.0),
late onset [N17yo] males 13.9
(6.9) and females 14.0 (6.6)
3.9 (0.4)

sMRI

22/26

38.1 (6.2)

22.6 (5.7)

16 (4.0)

≧1/d

No signiﬁcant changes

sMRI

20/20

24.5 (5.2)

-

-

322.5 (-)/y

No signiﬁcant changes

22.3 (0.5)

3.9 (0.4)

-

18 (2)/w

No signiﬁcant changes

29.7 (4.7)

7.5 (5.5)

15.7 (2.5)

34.7 (17.6)/w

Chronic effects on regional brain structure
sMRI
18/13
Block, O'Leary,
Ehrhardt,
et al. (2000)
Matochik et al.
sMRI
11/8
(2005)

Decrease (volume,
blood ﬂow, activation,
connectivity)

User age, mean (SD) unless
otherwise stated
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Table 3
Neuroimaging studies of the chronic effects of cannabis on brain structure and volume

HPC GM, R
parahippocampal GM,
L parietal WM.

sMRI

22/26

38.1 (6.2)

22.6 (5.7)

16 (4.0)

≧1/d

Precuneus, thalamus,
parahippocampal gyrus,
pons, lentiform nucleus,
fusiform gyrus.
No signiﬁcant changes

sMRI

20/20

24.5 (5.2)

-

-

322.5 (-)/y

No signiﬁcant changes

sMRI

15/16

39.8 (8.9)

39.8 (8.9)

20.1 (6.9)

28 (4.6)/m

-

HPC, amygdala

sMRI

14/14

19.3 (0.8)

-

13.1 (-)

5.8 (-)/d

-

HPC (note 6.7m
abstinent before trial)
141
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Table 3 (continued)
Imaging Users/Controls (n)
Modality

User age, mean (SD) unless
otherwise stated

Duration of use (y), mean (SD)
unless otherwise stated

User onset age (y), Use frequency in joints/cones/uses,
mean (SD) unless mean (SD) unless otherwise speciﬁed
otherwise stated

Increase (volume, blood
ﬂow, activation,
connectivity)

Decrease (volume,
blood ﬂow, activation,
connectivity)

Demirakca et al.
(2011)
Cousijn et al.
(2012)

sMRI

11/13

r19-25

5.4 (-)

-

-

-

R anterior HPC

sMRI

33/42

21.3 (2.4)

2.5 (1.9)

18.8 (2.3)

4.9 (1.5)/w

Anterior Cerebellum

Filbey et al.
(2014)
Filbey et al.
(2015)

sMRI &
fMRI
sMRI

48/62

28.3 (8.3)

9.8 (8.0)

18.1 (3.4)

11.1 (1.4)/w

24.9 (8.8) [cannabis users],
23.3 (7.3) [cannabis +
nicotine users]

-

-

80.6 (14.2)/last 90d [cannabis users],
82.2 (11.5)/last 90d [cannabis +
nicotine users]

Lorenzetti et al.
(2015)
Smith, Cobia,
et al. (2015)

sMRI

36 (cannabis users)/19
(nicotine users)/19
(cannabis + nicotine
users)/16 (controls)
15/16

OFC-Forceps Minor
Network Connectivity
-

HPC, amygdala
(correlates with
amount of cannabis
use)
Orbifrontal gyrus
volume
HPC (cannabis users
and cannabis +
nicotine users)

40 (9)

21 (-)

-

28 (3)/m

-

10 (cannabis users)/28
(SZP)/15 (SZP +
cannabis users)/44
(controls)
34 (split into
lower/higher cannabis
use groups)/54

-

2.6 (2.5)

16.7 (-)

80% were daily users

Altered HPC morphology (cannabis users and SZP
+cannabis users vs. controls)

27.2 (4.3) [lower use], 26.4
(2.8) [higher use]

3.0 (2.9) [lower use], 6.3 (3.1)
[higher use]

18.1 (4.4) [lower
use], 18.5 (-)
[higher use]

9,167.9 (16,770.9) [lower], 17,756.2
(21,036.3) [higher]/lifetime

-

20.5 (2.1)

-

14.5 (1.65)

4.7 (1.6) [baseline], 2.9 (2.3) [39m]/w No signiﬁcant changes

20.6 (2.2)

-

16.1 (2.3)

36.2 (11.7) [ND], 30.3
(10.0) [D]

-

17.2 (3.2) [ND],
16.4 (3.4) [D]

4.7 (1.6) [baseline], 5.1 (2.3) [39m
follow-up]/w
21.9 (10.3) [ND], 27.4 (4.5) [D]/m

sMRI

Hill et al. (2016) sMRI

Koenders et al.
(2016)
Koenders et al.
(2017)
Chye, Solowij,
et al. (2017)

sMRI

sMRI

20/22
baseline, 39m
20/23
baseline, 39m
22 ND/39 D/35 controls

Chye, Suo, et al.
(2017)
Chye et al.
(2018)

sMRI

140/121

28.0 (10.2)

-

17.8 (3.3)

334.1 (322.3)/m

sMRI

1: 140 [cannabis
users]/121 [controls]
2: 50 [ND]/70 [D]/106
[controls]
3: 41 [ND]/41 [D]/41
[controls]
14/28 (control group
1)/100 (control group
2)

1: 28.0 (10.3) [cannabis
users], 2: 27.1 (7.3) [ND],
26.7 (9.2) [D], 3: 28.6
(10.8) [ND], 26.7 (8.5) [D]

-

1: 334.1 (322.3)/m [cannabis users],
2: 229.8 (202.3)/m [ND], 351.6
(291.0)/m [D], 3: 235.4 (209.9)/m
[ND], 278.9 (172.8)/m [D]

30.1 (5.2)

14.4 (6.7)

1: 17.8 (3.4)
[cannabis users],
2: 17.8 (2.7) [ND],
17.4 (3.4) [D], 3:
17.8 (2.8) [ND],
17.5 (2.6) [D]
17.1 (2.1)

Moreno-Alcazar
et al. (2018)

sMRI

sMRI

8.4 (3.8)/d

HPC, amygdala

R anterior cingulate
(associated with
CNR1 haplotype
variation)

No signiﬁcant changes
-

CA1, CA2, CA3,
CA4/dentate gyrus,
total HPC GM
No signiﬁcant changes in users vs control;
medial-lateral OFC (D vs ND only, FNM)
HPC volume [D only]

GM cluster in basal ganglia
(caudate, putamen,
pallidum, NAc); larger
volume in putamen,
pallidum

-

CA = cornu ammonis, CNR1 = cannabinoid receptor 1 gene, CT = computed tomography, d = day, D = dependent cannabis user, F = female, fMRI = functional magnetic resonance imaging, GM = gray matter, HPC = hippocampus, L = left, m =
month, M = male, NAc = nucleus accumbens, ND = non-dependent cannabis user, OFC = orbitofrontal cortex, PET = positron emission tomography, r = range, R = right, SD = standard deviation, sMRI = structural magnetic resonance imaging,
SZP = schizophrenia, w = week, WM = white matter, y = year.
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Table 4
Neuroimaging studies of the chronic effects of cannabis on structural connectivity
Author

Imaging
Modality

Users/Controls (n)

Duration of use (y),
mean (SD) unless
otherwise stated

User onset age (y),
mean (SD) unless
otherwise stated

Use frequency in
joints/cones/uses, mean (SD)
unless otherwise speciﬁed

Increase (volume, blood
ﬂow, activation,
connectivity)

26.8 (3.6)

-

14.1 (-)

39.4/w

No signiﬁcant changes

23.0 (4.4)

N1y

b18

r:1/d to 3/w

No signiﬁcant changes

25.0 (2.9)

9.0 (3.5)

15.2 (2.8)

44.1 (29.4)/w

19.3 (0.9)

3.3 (2.5)

16.0 (2.3)

5 (1.7)/w

Corpus Callosum (Mean
Diffusivity)
Clustering Coefﬁcients

33.4 (10.9)

15.6 (9.5)

16.7 (3.3)

147 (142)/m

-

10.1 (9.7)

14.9 (2.5)

25.5(27.8)/w

R Genu (Higher trace)

18.1 (3.6) [D]/17.0
(2.6) [ND]

80.8 (14.3) [D]/82.5 (14.8)
[ND]/last 90d

Amygdala-ACG [D]
connectivity,
NAc-OFC-HPC [ND]
connectivity
-

Gruber et al.
(2011)
Filbey & Dunlop
(2014)

DTI

15/15

25.0 (8.7)

DTI

31 D/24 ND

24.4 (6.9) [D]/24.4 5.8 (5.8) [D]/7.6 (7.8)
(8.0) [ND]
[ND]

Becker et al.
(2015)

DTI

23/0
baseline, 2y

19.5 (0.7)

N1y

15.4 (1.2)

3032.6 (2395.3)/last y
[baseline]

Epstein & Kumra
(2015)

DTI

16.6 (1.5)

-

b17

712 (399) d/lifetime

-

Orr et al. (2016)

DTI &
sMRI

19 [D]/34 EOSS
(occasional cannabis
users)/29 controls
baseline, 18m
466 (Human
Connectome Project)

r22-35

-

r b14 to N21

r 1-5/lifetime to
N1000/lifetime

-

Decrease (volume, blood ﬂow, activation,
connectivity)

Global network efﬁciency/Altered cingulate
connectivity
R ﬁmbria of HPC (fornix), splenium of corpus
callosum, commissural ﬁbres [changes associated
with age of onset use]
L Frontal (FA)
-

Growth of superior longitudinal fasciculus, L
superior frontal WM, L corticospinal tract, R
anterior thalamic radiation (FA)
R central/posterior superior longitudinal
fasciculus, corticospinal tract, posterior
cingulum (diffusion)
L inferior longitudinal fasciculus, L
inferior-fronto-occipital fasciculus (FA)
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Chronic effects on structural connectivity
DTI
10/10
Gruber &
Yurgelun-Todd
(2005)
Delisi et al.
DTI
10/10
(2006)
Arnone et al.
DTI
11/11
(2008)
Kim et al. (2011) DTI (with 12/13
graph
theory)
Zalesky et al.
DW-MRI
59/33
(2012)

User age, mean
(SD) unless
otherwise stated

WM coherence in superior & inferior
longitudinal fasciculus, corpus callosum
(major & minor forceps, occipital & frontal
lobe levels); changes correlate with age of
onset of cannabis use only - no group
differences in cannabis users vs non-users.

ACG = anterior cingulate gyrus, d = day, D = dependent cannabis user, DTI = diffusion tensor imaging, DW-MRI = diffusion-weighted magnetic resonance imaging, EOSS = early-onset schizophrenia spectrum disorder, FA = fractional anisotropy,
fMRI = functional magnetic resonance imaging, HPC = hippocampus, L = left, m = month, NAc = nucleus accumbens, ND = non-dependent cannabis user, OFC = orbitofrontal cortex, r = range, R = right, SD = standard deviation, sMRI = structural magnetic resonance imaging, w = week, WM = white matter, y = year.
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4.3. Structural connectivity
One of the three early diffusion tensor imaging studies found evidence of structural dysconnectivity in cannabis users (Arnone et al.,
2008; Delisi et al., 2006; Gruber & Yurgelun-Todd, 2005) in the form of
reduced mean diffusivity in the prefrontal section of the corpus callosum.
Chronic cannabis users were later found to also have microstructural
dysconnectivity in the splenium of the corpus callosum, fornix and commissural ﬁbres (Zalesky et al., 2012). Applying graph theory to diffusion
tensor imaging and tractography, Kim, et al. (2011) found that cannabis
users had less efﬁciently integrated global structural networks alongside
altered local connectivity in the cingulate. There is also evidence from a
small study that reduced frontal white matter connectivity was associated with impulsivity in cannabis users (Gruber et al., 2011), however
since impulsivity is a risk factor for drug use it is possible that this predates the cannabis use. Nonetheless, other studies have found effects
on orbitofrontal connectivity whereby structural fractional anisotropy
in the forceps minor increased with regular use but then decreased following long-term heavy use (Filbey et al., 2014), which would support
an effect of drug use on structural connectivity.
The ﬁrst longitudinal evidence for cannabis effects on white matter
structure came from two studies (Becker et al., 2015; Epstein &
Kumra, 2015). Compared to controls, adolescents with cannabis use
disorder had reduced connectivity in the left inferior longitudinal fasciculus (Epstein & Kumra, 2015) while cannabis using young adults had attenuated growth in white matter connectivity in several key pathways
(Becker et al., 2015). Importantly, greater cannabis consumption was
associated with reduced connectivity. These ﬁndings were corroborated
by a large study of 466 adults reporting recreational cannabis use from
the Human Connectome Project (Orr et al., 2016). Whilst that study
did not ﬁnd group differences between recreational users and nonusers, there was a relationship between age of onset of cannabis use
and reduction in white matter coherence in tracts reported previously
including the superior and inferior longitudinal fasciculi, and the
major and minor forceps of the corpus callosum connecting the left
and right occipital and frontal lobes, respectively (Table 4).
4.4. Resting cerebral blood ﬂow and metabolism
A range of neuroimaging techniques have been used to measure the
long-term effects of THC on CBF including [133Xe] cerebral blood ﬂow
tomography, H2[15O]- PET, single-photon emission computed tomography, fMRI and ASL. [133Xe] inhalation comparing CBF in long-term cannabis users after cessation compared to controls has found lower global
(Tunving et al., 1986) and frontal (Lundqvist et al., 2001) CBF, although
this has not been replicated in all studies (Mathew et al., 1986). In contrast to ﬁndings in “inexperienced users”, [133Xe] imaging found that
there was no signiﬁcant effect of acute inhaled cannabis on CBF in
“experienced users” relative to placebo (Mathew et al., 1989). More recent studies using ASL (Jacobus et al., 2012) have found that cannabis
users have reduced CBF in the left superior and middle temporal gyri,
left insula, medial frontal gyri and left supramarginal gyrus alongside increased CBF in the right precuneus. Studies using H2 [15O]-PET have
found reductions of 18% in regional CBF in ventral PFC and bilateral posterior cerebellar hemisphere in “frequent” cannabis users, compared to
controls after 26 hours of abstinence (Block, O'Leary, Hichwa, et al.,
2000). Paradoxically, in one study (Wilson et al., 2000) earlier age of
ﬁrst cannabis use was associated with relatively higher global CBF compared to those who started later. More novel MRI methods including dynamic susceptibility contrast MRI and phase contrast MRI have yielded
conﬂicting results including increased blood volume in the right frontal
and temporal cortices and cerebellum (Sneider et al., 2008) in users,
which were not present upon four weeks cessation, and increased
striatal CBF (Filbey et al., 2018).
A limited number of studies have investigated brain metabolism in
cannabis users with [18F]FDG PET. Wiers et al. (2016) found that people

with cannabis use disorder had frontal hypometabolism, including in
the anterior cingulate, which was associated with negative emotionality. Upon methylphenidate challenge cannabis users had an attenuated
whole-brain glucose metabolic response with the most pronounced effects in the striatum. Within cannabis users methylphenidate-induced
metabolic increases in the putamen were inversely related with
addiction severity. Of note, there were signiﬁcant sex effects, such that
both the group differences at baseline in frontal metabolism and the attenuated regional brain metabolic responses to methylphenidate were
observed in female but not male users. The hypofrontality ﬁndings
above are in line with those of one previous study which found that cannabis users had hypometabolism in the OFC, precuneus and putamen
(Sevy et al., 2008). Importantly, there was no relationship between dopamine receptor availability and glucose metabolism (Sevy et al., 2008)
(Table 5).
4.5. Functional connectivity
Long-term cannabis use is associated with a range of functional connectivity alterations. Cannabis abuse and dependence have also been associated with increased local functional connectivity in the ventral
striatum and midbrain (Manza et al., 2018) alongside striatofrontal
hypoconnectivity (Filbey & Dunlop, 2014; Lichenstein et al., 2017). This
is associated with escalating patterns of use, anhedonia and lower educational achievement at age 22 years (Lichenstein et al., 2017). In addition,
cannabis users showed increased functional connectivity in the ventral
part of the posterior cingulate cortex (PCC) and decreased functional
connectivity in the dorsal PCC-precuneus junction alongside hippocampal hypoconnectivity such that aberrant default mode and hippocampal
connectivity were related to memory impairments (Pujol et al., 2014).
Compared to controls, male cannabis users had increased resting state
activity in diffuse regions corresponding to those with high CB1R expression (Cheng et al., 2014). Increased functional connectivity observed between these regions and increased resting state activity was related to
impulsivity. In line with structural hyperconnectivity of the OFC seen in
young cannabis users described above there is evidence that users have
increased functional connectivity in the OFC and the minor forceps
which was associated with age of onset of drug use (Filbey & Dunlop,
2014). This ﬁnding was replicated in a separate study using seeds in
the OFC (Lopez-Larson et al., 2015) whereby increased orbitofrontal connectivity with the PFC and ACC was observed in adolescent heavy cannabis users (Lopez-Larson et al., 2015). Importantly, this was related to
both cannabis use and impulsivity (Table 5).
4.6. Executive function
Cannabis use is associated with executive dysfunction. Using the
Iowa Gambling Task (Bechara et al., 1994) and H2[15O]- PET (Bolla
et al., 2005; Vaidya et al., 2012) there is evidence, including doseeffects, that chronic cannabis users have prefrontal dysfunction. These
ﬁndings were extended using fMRI whereby heavy cannabis users had
hyperactivation to win versus loss evaluation in the right OFC, right
insula, and left superior temporal gyrus compared to non-users
(Cousijn et al., 2013). One study (Gruber et al., 2017) examined the effects of three months exposure to “medical” cannabis. While that
study reported improved task performance and purported normalisation of aberrant BOLD response, the clinical groups were heterogeneous,
there was no placebo group, and the doses of phytocannabinoids were
not reported, which limits the inferences that can be made.
Cannabis users exhibit deﬁcits in attention, however there are conﬂicting ﬁndings in the neuroimaging literature regarding underlying
mechanisms. For example, both increases and decreases in right PFC
function have been reported (Abdullaev et al., 2010; Chang, Yakupov,
et al., 2006) as well as no signiﬁcant effects (Jager et al., 2006). In a
study of the interactions between attention-deﬁcit hyperactivity disorder and cannabis use with a prospective cohort (Kelly et al., 2017)

Table 5
Neuroimaging studies of the chronic effects of cannabis on cerebral blood ﬂow and metabolism, and functional connectivity.
Imaging
Modality

Users/Controls
(n) unless
otherwise stated

Pre-trial abstinence,
mean days (SD)
unless otherwise stated

Chronic changes on cerebral blood ﬂow and metabolism
Mathew et al. 133Xe SPECT 17/16
0.5 (-)
(1986)
133
r1-12 (n=9)/r9-60
Xe SPECT 9 [cannabis
Tunving et al.
(n=4)
users]/4 [users
(1986)
re-examined after
further
abstinence]/0
controls
Block, O'Leary, H15
17/12
1.3 (0.0)
2 0 PET
Hichwa,
et al. (2000)
14 (-)
Wilson et al.
sMRI & H15
2 0 57/0
PET
(2000)

Lundqvist
et al.
(2001)
Sevy et al.
(2008)
Sneider et al.
(2008)

Jacobus et al.
(2012)

Duration of
use, mean
years (SD)

Use onset
age (SD)

Use frequency in
joints/cones/uses, mean (SD)
unless otherwise stated

Increase
(volume, blood
ﬂow, activation,
connectivity)

Resting

25.5 (8)

6.9 (-)

-

14.0 (-)/w

No Signiﬁcant Changes

Resting

24.2 (-)

9.8 (-)

-

6.7 (-)/w

Frontal (cannabis
users at follow-up
after abstinence)

Global CBF

-

Resting

22.4 (0.5)

3.9 (0.5)

-

≧7 (3)/w

-

VPFC, posterior cerebellar
hemisphere

-

Resting

31.3 (7)

early onset [b17yo] 240.8
(198.1) [M] and 146.5
(128.7) [F], late onset
[N17yo] 205.6 (587.0) [M]
and 128.2 (186.8) [F]/y

Global (in early
onset [b17yo] vs late
onset [N17yo])

-

2.4 (1.7) grams/day

-

Frontal, Global

-

R OFC, putamen,
precueneus
-

-

L superior and middle
temporal gyri, L insula,

-

14/14

1.6 (-)

Resting

29.8 (5.0)

16.8 (3.6)
early onset
[b17yo] 16.9
(6.4) [M]
and 13.4
(6.0) [F],
late onset
[N17yo] 13.9
(6.9) [M]
and 14.0
(6.6) [F]
8.3 (5.6)
-

6/6

60 (20)

Resting

20.1 (1)

7.0 (1.0)

12.0 (2.0)

16.0 (12.0) grams/day

-

DSC-MRI

15/17

0/7/28 [longitudinal
study over 28 days of
abstinence]

Resting

38.3 (5.6) note users
signiﬁcantly
older than
controls

-

-

20,601.3 (13,540.8)/lifetime

ASL

23/23

5.1 (3.8)

Resting

17.7 (0.7)

-

-

17.9 (9.2)/m

R frontal, L temporal,
cerebellum (day 0)/R
frontal, temporal,
cerebellum (day 7,
MNF)/L temporal
area, cerebellum
(day 28)
R precuneus

133

18

Xe SPECT

F-FDG PET

Task Performance
(cannabis user vs
comparison group)

Decrease
(volume, blood ﬂow,
activation, connectivity)

Activity Mean User
Age (SD)

-
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Table 5 (continued)
Activity Mean User
Age (SD)

Duration of
use, mean
years (SD)

Use onset
age (SD)

Use frequency in
joints/cones/uses, mean (SD)
unless otherwise stated

Increase
(volume, blood
ﬂow, activation,
connectivity)

Wiers et al.
(2016)

18

24/24

-

Resting

29.0 (8.8)
[M], 24.6
(4.3) [F]

12.9 (9.1)
[M], 9.0
(4.7) [F]

14.8 (3.0)
[M], 15.2
(2.4) [F]

4.9 (3.8)/d [M], 4.8 (2.9)/d
[F]

-

Filbey et al.
(2018)

TOFA,
PC-MRI,
TRUST-MRI,
ASL

74/101

3.3 (0.4)

Resting

31.3 (7.9)

10.6 (7.3)

-

14,173.8 (10,866.0)/lifetime

Global OEF and
CMRO2, R
pallidum/putamen,
global CBF & R
superior frontal
cortex (positively
correlated with
serum THC levels)

-

Resting

24.4 (6.9)
[D]/24.4
(8.0) [ND]

18.1 (3.6)
5.8 (5.8)
[D]/7.6 (7.8) [D]/17.0
(2.6) [ND]
[ND]

80.8 (14.3) [D]/82.5 (14.8)
[ND]/last 90d

Chronic effects on functional connectivity
DTI
31 [D]/24 [ND]
Filbey &
Dunlop
(2014)

Decrease
(volume, blood ﬂow,
activation, connectivity)

Task Performance
(cannabis user vs
comparison group)

medial frontal gyri, L
supramarginal gyrus
Frontal including ACC
(F only), striatum
(post-methyphenidate
challenge)
-

-

-

-

-

-

-

Cheng et al.
(2014)

fMRI

12/13

N0.5

Resting

19.3 (1.0)

3.3 (2.4)

16.0 (2.3)

12.8 (10.9)/w

Pujol et al.
(2014)

fMRI

28/29

31 (-)

Resting

21.0 (2.0)

6.0 (2.5)

14.9 (1.0)

899 (560)/y

Amygdala-ACG
connectivity
[D]/NAc-OFC-HPC
connectivity [ND]
Increase resting
state in diffuse
regions (expressing
CB1R)
Ventral PCC

Lopez-Larson
et al.
(2015)
Lichenstein
et al.
(2017)

fMRI

43/31

No abstinence

Resting

18.0 (1.2)

-

14.7 (1.4)

14.8 (15.0)/w

OFC-PFC-ACC

Dorsal PCC-precuneus, HPC (related to memory
impairments)
-

fMRI

29 (divided into
stable-high use
[A], escalating use
[B], stable-low use
[C])
30/30
[Human
Connectome
Project]

-

Resting

20.0 (0.0)

-

15.7 (2.0)

9.5 (12.2)/m

NAc-MPFC [A/C]

NAc-MPFC [B]

-

-

Resting

29.2 (3.1)

-

-

-

Ventral striatum,
Midbrain,
Brainstem, Lateral
thalamus

-

-

Manza et al.
(2018)

fMRI

A = stable-high use, ACC = anterior cingulate cortex, ACG = anterior cingulate gyrus, ASL = arterial spin labelling, B = escalating use, C = stable-low use, CB1R = endocannabinoid 1 receptor, CBF = cerebral blood ﬂow, CMRO2 = Cerebral Metabolic Rate of Oxygen, d = day, D = dependent users, DTI = diffusion tensor imaging, F = female, fMRI = functional magnetic resonance imaging, FDG = ﬂudeoxyglucose, h = hour, HPC = hippocampus, L = left, m = month, M =male, MPFC =
medial prefrontal cortex, NAc = nucleus accumbens, ND = non-dependent users, OEF = Oxygen Extraction Fraction, OFC = orbitofrontal cortex, PCC = posterior cingulate cortex, PC-MRI = phase contrast magnetic resonance imaging, PET =
positron emission tomography, PFC = prefrontal cortex, r = range, R = right, SPECT = single photon emission computed tomography, SD = standard deviation, THC = Δ9-tetrahydrocannabinol, TOFA = time of ﬂight angiogram, TRUST-MRI =
T2 relaxation under spin tagging magnetic resonance imaging, VPFC = ventral prefrontal cortex, w = week, y = year.
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Imaging
Modality

F-FDG PET

Users/Controls
(n) unless
otherwise stated

Pre-trial abstinence,
mean days (SD)
unless otherwise stated

Author

Table 6
Neuroimaging studies of the chronic effects of cannabis on executive function and motor performance.
Author

Imaging Users/Controls
Modality (n) unless
otherwise stated

Activity

Mean User
Age (SD)

Duration of
use, mean
years (SD)

Use onset
age (SD)

Use frequency in
joints/cones/uses, mean (SD)
unless otherwise stated

Increase
(volume, blood
ﬂow, activation,
connectivity)

Decrease
(volume, blood
ﬂow, activation,
connectivity)

Task Performance
(cannabis user vs
comparison group)

1 (-)

Stroop Task

25 (-)

7.5 (-)

15.7 (-)

34.7/w

HPC

r6-36h

37.9 (7.4)

-

-

19,200 (-)/lifetime

28 (-)

Spatial Working
Memory Task
Iowa Gambling Task

26 (-)

7.9 (-)

-

41 (-)/w

PFC, ACC, basal
ganglia
L cerebellum
(Moderate
UsersNHeavy Users)

L ACC, L lateral
PFC
-

No signiﬁcant
change
No signiﬁcant
change
↓Performance score

-

14.1 (-)

39.4 (-)/w

Midcingulate cortex

R OFC, R DLPFC
(Moderate
UsersNHeavy
Users)
ACC

↑Commission errors

fMRI &
DTI

9/9

-

Stroop Task

26.8 (3.6)

fMRI

24 [12 abstinent,
12 active]/19

r4-24h

Visual Attention
Task

27.9
(10.8)
[active],
29.6 (8.7)
[abstinent]

15.5 (0.9) 27.9 (1.1) [active], 26.7 (1.4)
[abstinent]/m
[active],
14.7 (0.4)
[abstinent]

fMRI

10/10

N7

22.7 (4.2)

7.1 (3.9)

-

350 (-)/y [median]

fMRI

16/16

1.60 (2)

Selective Attention
Task
Go/No-Go Task

R PFC, medial
and dorsal
parietal cortex,
medial
cerebellar
regions
(cerebellar
changes
normalised with
abstinence)
No Signiﬁcant Changes

24.6 (1.5)

8.2 (1.3)

16.4 (0.7)

76.3 (17.7)/m

-

ACC, R insula

fMRI

14/14

2 (-)

19.5 (0.8)

5.1 (-)

14.7 (-)

132 (-)/y

R PFC

-

↑Reaction time, ↑
Errors

Becker et al.
(2010a)

fMRI

26 [early-onset
b16y cannabis
users]/17
[late-onset N16y]

-

Attention Network
Task, Use
Generation Task
Verbal Working
Memory

4.48 (3.4)
[early onset],
3.88 (2.6) [late
onset]

L superior parietal
lobe (early-onset)

-

↑Reaction time in
early-onset on
1-back task

fMRI

21/24

35.7 (29.4)

Rule Based Learning

-

13.9 (1.0)
[early
onset],
17.0 (1.5)
[late
onset]
13.2 (2.3)

17.2 (10.7) [early onset], 9.8
(9.9) [late onset]/m

Jager et al.
(2010)

21.0 (2.8)
[early
onset],
24.5 (3.4)
[late
onset]
17.2 (1.0)

741.0 (772.0)/y

Vaidya et al.
(2012)

H15
2 0 PET 46/38

1 (-)

Iowa Gambling Task

24.3 (3.9)

6.2 (3.2)

16.4 (1.9)

24.6 (6.2)/m

Prefrontal regions
(novel task vs
automised task)
VMPFC, cerebellum

Cousijn et al.
(2013)

fMRI

1.6 (2.2)

Iowa Gambling Task

21.9 (2.4)

2.9 (2.0)

-

4.9 (2.1)/w

Gruber &
Yurgelun-Todd
(2005)
Chang, Yakupov,
et al. (2006)

Jager et al.
(2006)
Hester et al.
(2009)
Abdullaev et al.
(2010)

32/41
Baseline, 6m

Various frontal,
parietal, occipital
regions

R OFC, R insula, L
superior temporal
gyrus

No signiﬁcant
change

No signiﬁcant
change
↓Error awareness
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Chronic effects on executive function
Eldreth et al.
H15
2 0 PET 11/11
(2004)
Kanayama et al.
fMRI
12/10
(2004)
Bolla et al.
H15
2 0 PET 11/11
(2005)

Pre-trial abstinence,
mean days (SD)
unless otherwise
stated

No signiﬁcant
change
-

-

No signiﬁcant
change on standard
IGT, ↓performance
on variant IGT
No signiﬁcant
change
147

(continued on next page)

148

Table 6 (continued)
Imaging Users/Controls
Modality (n) unless
otherwise stated

Pre-trial abstinence,
mean days (SD)
unless otherwise
stated

Activity

Mean User
Age (SD)

Duration of
use, mean
years (SD)

Use onset
age (SD)

Use frequency in
joints/cones/uses, mean (SD)
unless otherwise stated

Increase
(volume, blood
ﬂow, activation,
connectivity)

Decrease
(volume, blood
ﬂow, activation,
connectivity)

Task Performance
(cannabis user vs
comparison group)

Filbey &
Yezhuvath
(2013)

fMRI

44 [D]/30 [ND]

3 (-)

Stop Signal Task

23.7 (6.5)
[D], 24.8
(8.2) [ND]

5.5 (5.5) [D],
7.7 (7.5) [ND]

17.3 (2.5)
[D], 17.4
(2.6) [ND]

3.4 (2.0) [D], 4 (4.0) [ND]/d

-

No signiﬁcant
change

Asmaro et al.
(2014)

EEG &
fMRI

13/15

1 (-)

Stroop Task

22.3 (3.0)

-

-

5.8 (1.6)/w

-

↓Accuracy
(drug-containing
blocks)

Behan et al.
(2014)
Cousijn et al.
(2014)

fMRI

17/18

-

Go/No-Go Task

16.5 (0.2)

-

13.0 (0.2)

178.4 (38)/m

-

↓Accuracy

fMRI

32/41
Baseline, 6m

1.8 (2.3)

N-back Working
Memory Task

21.9 (2.4)

3.0 (1.9)

18.9 (2.4)

4.9 (2.1)/w

-

No signiﬁcant
change

Colizzi et al.
(2015)

fMRI

91/117 [CNR1
rs1406977 AA
subjects/G
carriers]

-

2-Back Working
Memory Task

26.7 (6.3)

-

↓Accuracy (G
carriers)

fMRI

45 [medical
cannabis users]/0
Baseline, 3m

No abstinence

Multi-Source
Inference Test
(MSIT)

50.6
(13.2)

25.0
(42.4) [AA
subjects],
10 (31.25)
[G
carriers]
-

-

Gruber et al.
(2017)

93.2% used for
N5 years [AA
subjects],
93.75% used
for N5years [G
carriers]
-

R frontal-control
network, substantia
nigra-subthalamic
nucleus network
EEG: Early positive
enhancement L
frontal scalp,
posterior/fMRI: L
VMPFC, MOFC.
Parietal-Cerebellar
Network
Working-Memory
Network (VLPFC,
DLPFC, premotor
cortex,
paracingulate
cortex, inferior
parietal cortex) predicted weekly
cannabis use at 6
months
L VLPFC (G allele
carriers)

5.3 (2.0)/w

ACC

↑Performance at 3m

Tervo-Clemmens
et al. (2018)

fMRI

14 [occasional
users]/46 [chronic
users]/15
[non-users]

-

Working Memory
Task

28.2 (0.7)

-

15.1 (2.3)

1.4 (2.7)/d

DLPFC

Normalisation of
aberrant BOLD
signal at 3
months vs
baseline
PCC (correlates
with age of onset
of cannabis use)

r0.3-1.5

Finger Sequencing

37.3 (6.7)

21.0 (4.9)

18.4 (5.9)

-

-

-

Finger Tapping Task

23.0 (-)

6.5 (-)

-

6 (-)/w

No Signiﬁcant Changes

-

28 (-)

Finger Tapping Task

37.7 (6.2)

-

-

-

-

SMA

-

0.5 (-)

Multiple
Psychomotor/Motor
Tasks

21 (-) [M], 6.5 (-) [M], 5.3
22.5 (-) [F] (-) [F]

14.5 [M],
16.0 [F]

6.5 (-)/w

SMA

-

↓Psychomotor
speed (M only)

Chronic effects on motor performance
Pillay et al.
fMRI
9/16
(2004)
Murphy et al.
fMRI
20/25
(2006)
Pillay et al.
fMRI
11/16
(2008)
King et al. (2011) fMRI
30/30

SMA

Overall ↑
performance in
cannabis users,
↑Reaction times
(earlier age of onset
vs later age of onset)

-

ACC = anterior cingulate cortex, BOLD = blood oxygen level dependent, CNR1 = cannabinoid receptor 1 gene, d = day, D = dependent users, DLPFC = dorsolateral PFC, DTI = diffusion tensor imaging, EEG = electroencephalography, F = female,
fMRI = functional magnetic resonance imaging, h = hour, HPC = hippocampus, IGT = Iowa Gambling Task, L = left, m = month, M =male, MOFC = medial orbitofrontal cortex, ND = non-dependent users, OFC = orbitofrontal cortex, PCC =
posterior cingulate cortex, PET = positron emission tomography, PFC = prefrontal cortex, r = range, R = right, SMA = supplementary motor area, SD = standard deviation, VLPFC = ventrolateral prefrontal cortex, VMPFC = ventromedial prefrontal
cortex, w = week, y = year.

M.A.P. Bloomﬁeld et al. / Pharmacology & Therapeutics 195 (2019) 132–161

Author

M.A.P. Bloomﬁeld et al. / Pharmacology & Therapeutics 195 (2019) 132–161

there were distinct effects of diagnosis and cannabis use on network
connectivity. Importantly, that study did not report cannabisassociated exacerbations of impaired network connectivity, which
were found in patients with attention-deﬁcit hyperactivity disorder.
However, this may be due to cannabis users who were regular but not
daily users. Taken together there is evidence that disrupted executive
network function may underlie the behavioural attentional deﬁcits
seen in cannabis use.
In terms of response inhibition, there is electrophysiological evidence from a drug Stroop task that cannabis users have an enhanced
early attentional bias to drug-related cues (Asmaro et al., 2014). Using
the Stroop and Go/No-go tasks, cannabis users have impaired response
inhibition compared to non-users (Gruber & Yurgelun-Todd, 2005;
Hester et al., 2009) associated with anterior cingulate hypoactivation,
which has also been reported in the absence of behavioural differences
in performance (Eldreth, Matochik, Cadet, & Bolla, 2004). In terms
of connectivity, Go/No-go and stop-signal experiments (Behan et al.,
2014; Filbey & Yezhuvath, 2013) found that poor inhibitory control in
cannabis users was related to parieto-cerebellar hyperconnectivity and
cannabis dependence was associated with fronto-nigro-subthalamic
hyperconnectivity during successful response inhibition.
There is converging evidence that cannabis use is associated with
working memory impairments associated with hyperactivation and
hyperconnectivity of working memory circuits particularly in the PFC
(Becker et al., 2010a; Colizzi et al., 2015; Jager et al., 2010; Kanayama
et al., 2004; Tervo-Clemmens et al., 2018). These effects have been associated with total cannabis exposure (Tervo-Clemmens et al., 2018)
which may be mediated by CB1R genotype (Colizzi et al., 2015). Whilst
a study in chronic heavy users did not ﬁnd a signiﬁcant difference
between cannabis users and controls, there was a disturbance of the
normal relationship between performance improvement and concomitant changes in network function (Cousijn et al., 2013). Working memory effects may predict severity of subsequent drug use (Cousijn et al.,
2014). However, these effects do not appear to persist into abstinence
(Jager et al., 2006) (Table 6).
4.7. Motor performance
Studies have used ﬁnger-sequencing and ﬁnger-tapping to measure
ﬁne motor function. Cannabis use was associated with impaired
psychomotor performance and increased supplementary motor cortex
activation in one study (King et al., 2011). However, when studying
withdrawal from cannabis there is evidence (Pillay et al., 2004) of
decreased task-induced activation in supplementary motor area which
persists to 28 days of cessation (Pillay et al., 2008). However, these ﬁndings were not replicated in a separate study (Murphy et al., 2006)
(Table 6).
4.8. Reward processing
Cross-sectional studies using the MID task have provided mixed results. There is evidence of ventral striatal hyperactivity during reward
anticipation (Nestor et al., 2010) and putamen and caudate hyperactivity during anticipation of neutral trials (Jager et al., 2013). However,
other studies have not found differences between cannabis users and
controls on striatal response to reward anticipation (Enzi et al., 2015;
Karoly et al., 2015) or report a blunted caudate response to reward
anticipation in chronic cannabis users compared to non-smoking and
smoking control groups (van Hell et al., 2010). Importantly, a longitudinal study following 108 volunteers at age 20, 22 and 24 years found that
cannabis use was associated with blunted NAc response to reward
anticipation at subsequent time points; there was no evidence for associations in the reverse direction (Martz et al., 2016).
In terms of feedback trials on the MID task, cross-sectional ﬁndings
have also been mixed. Cannabis users have shown a blunted response
to reward feedback in the left caudate and inferior frontal gyrus
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(Enzi et al., 2015) and increased right putamen response to reward
feedback relative to smokers and non-using controls (van Hell et al.,
2010). However, other studies have not found differences between cannabis users and controls in reward feedback, but instead have found
striatal hyperactivation during reward anticipation (Jager et al., 2013).
There is also evidence for blunted response to reward loss and loss
avoidance in the left insula (Nestor et al., 2010). Blunted responses to
reward loss may be clinically relevant, as ventral striatal hyperactivation
during loss feedback predicted abstinence at 21 days in a group of dependent users following behavioural treatment for cannabis cessation
(Yip et al., 2014). In an fMRI task of passive listening to preferred and
neutral instrumental music (Ford et al., 2014) cannabis users did not
show signiﬁcant differences in activation compared to non-users and
people experiencing depression. However, depressed cannabis users
exhibited increased activation to preferred music in the putamen, anterior cingulate and right frontal regions compared to non-users and nondepressed users. This suggests that depression associated with cannabis
use may be associated with disrupted reward processing (Table 7).
4.9. Learning and memory
Chronic cannabis use has been associated with negative effects
across learning and memory including impaired recall (reviewed by
Bossong et al. (2014) and Broyd et al. (2016)). Several mechanisms
may be underlying this in addition to working memory dysfunction described earlier. For example, impaired error-related learning is associated with hypoactivity of the anterior cingulate and left hippocampus
in cannabis users (Carey et al., 2015). A study using H2[15O]-PET found
that chronic cannabis users have lower prefrontal blood ﬂow and altered hippocampal lateralization during memory processing (Block
et al., 2002). There is evidence that cannabis users and recently abstinent users exhibit parahippocampal dysfunction during encoding and
retrieval (Becker et al., 2010b; Jager et al., 2007; Nestor et al., 2008). Episodic memory dysfunction in cannabis use, including increased risk of
false memories, has been related to altered medial temporal lobe morphology (Smith, Cobia, et al., 2015) and function (Riba et al., 2015). In
terms of spatial memory, compared to controls, cannabis users had
right parahippocampal hypoactivation during a virtual water maze
(Sneider et al., 2013) (Table 7).
4.10. Emotional processing
Cannabis users show behavioural impairments in the recognition of
facial affect (Platt et al., 2010) and these were found to be robust after
accounting for sex differences and schizotypal personality traits
(Hindocha et al., 2014). Studies in adult heavy and regular cannabis
users have found decreases in BOLD response within the cingulate,
frontal cortex and the amygdala including during negative emotional
stimuli presentation (Gruber et al., 2009; Zimmermann et al., 2017).
This was alongside hypoconnectivity between the amygdala and DLPFC
in active users and orbitofronto-striatal and amygdalar hyperconnectivity
following 28 days of abstinence (Zimmermann et al., 2018) (Table 7).
4.11. CB1 receptor availability
Though the regional brain pattern of reduction in CB1R availability
differed between studies, active cannabis use is associated with reduced
CB1R availability that appears to normalise after abstinence. The ﬁrst
study (Hirvonen et al., 2012) measured CB1R binding using the selective
radioligand [18F]FMPEP-d2 in 30 heavy cannabis users compared to 28
controls. This showed a 20% reduction in binding in the neocortex and
limbic cortex of cannabis users which normalised after 4 weeks of monitored abstinence. The former ﬁnding was supported by a subsequent
PET study (Ceccarini et al., 2015) of 10 chronic cannabis users using
the CB1R inverse agonist radiotracer [18F]MK-9470 which showed a
global 11.7% decrease in availability compared to controls. Region-of-
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interest analysis showed signiﬁcant reductions in CB1R expression in
the temporal lobe, ACC, PCC and NAc. A greater reduction in a similar
study (D'Souza et al., 2016) using a different CB1R speciﬁc ligand
([11C]OMAR) demonstrated a 15% reduction in CB1R availability in limbic, cortical and striatal brain regions at 8-12 hours after last cannabis
exposure. This reduction then rapidly normalised with non-signiﬁcant
reductions in CB1R availability evident after only two days abstinence.
4.12. The dopaminergic system
Several studies have imaged dopaminergic function in cannabis
users. Using PET, striatal dopamine synthesis capacity was reduced in
cannabis users and this was driven by users who were dependent on
the drug (Bloomﬁeld, Morgan, Egerton, et al., 2014). Importantly, within
users, motivation levels were related to striatal dopamine synthesis capacity in the associative striatum (Bloomﬁeld, Morgan, Kapur, et al.,
2014). Two further studies using PET showed a reduction in striatal dopamine release in cannabis users in response to amphetamine challenge
(van de Giessen et al., 2017; Volkow et al., 2014), however, a consistent
pattern was not observed in recently abstinent cannabis users (Urban
et al., 2012) suggesting this reduction is dependent on active use. The
reduction in dopamine release also correlated with cognitive deﬁcits including poor working memory (van de Giessen et al., 2017). These ﬁndings were supported by another PET study showing reduced metabolic
response in the striatum in cannabis users after a methylphenidate challenge (Wiers et al., 2016). Another study that examined the interaction
between chronic cannabis use and stress-induced dopamine release
found no signiﬁcant alteration in dopamine release, but did ﬁnd a significant positive correlation between duration of cannabis use and dopamine release in the limbic striatum (Mizrahi et al., 2013). Further
evidence of reduced dopaminergic activity in cannabis users came
from PET imaging to examine dopamine transporter availability, showing lower dopamine transporter availability in the ventral striatum, the
midbrain, the middle cingulate and the thalamus (ranging from -15 to
-30%; Leroy et al., 2012). Several studies (Urban et al., 2012; van de
Giessen et al., 2017; Volkow et al., 2014) have shown no signiﬁcant
striatal dopamine 2 receptor (D2R) availability differences between cannabis or ex-cannabis users and cannabis naïve participants. Nonetheless, one study (Albrecht et al., 2013) found a strong negative
association between D2R availability and level of current cannabis use
suggesting a potential dose-dependent effect. Similarly, another study
(Urban et al., 2012) found a negative relationship between D2R availability and age of ﬁrst use.
4.13. Glutamatergic and GABAergic systems
Five studies have investigated in vivo differences in glutamaterelated metabolites in cannabis users (Colizzi et al., 2016). All of these
studies used 1H magnetic resonance spectroscopy (MRS) in chronic cannabis users versus controls. The ﬁrst study to do this (Chang, Cloak,
et al., 2006) found a 9.5% reduction in basal ganglia glutamate metabolite levels in 24 daily cannabis users in comparison to 30 non-using controls. This study used the same model of analysis to look at frontal white
matter glutamate metabolite levels in a sample including 42 people
who were human immunodeﬁciency virus positive, half of whom
were cannabis users, compared to 24 healthy cannabis users and 30
that were cannabis naïve (total n = 96). This further analysis showed
even greater reductions (12-13%) in glutamate metabolite levels in
chronic cannabis users, with healthy cannabis users having lower levels.
The reduction in glutamate metabolite levels found in the basal ganglia
and frontal white matter was also shown by two different studies
(Prescot et al., 2011; Prescot et al., 2013) from the same research team
(2011, n=34; 2013, n = 29) that found a similar 15% reduction in glutamate signal in the ACC and a concomitant reduction in GABA signal.
However, these reductions in the same brain region were not found in
another study (Sung et al., 2013), though this had a smaller sample

size (n=8) and subjects were concurrently using methamphetamine.
Only one imaging study to date (Muetzel et al., 2013) has looked at glutamate proﬁles of heavy cannabis users (n=27) versus healthy controls
(n=26) in the striatum. This found no signiﬁcant reduction in glutamate levels in the dorsal striatum but did ﬁnd lower levels of glutamate
and glutamine in female cannabis users but not males, compared to
controls, suggesting a possible sex related difference.
These samples differed with respect to period of abstinence from
cannabis prior to imaging. The ﬁrst study (Chang, Cloak, et al., 2006)
had no speciﬁc criteria regarding abstinence from cannabis use prior
to scanning while another sample (Muetzel et al., 2013) only included
those who were abstinent for over 12 hours. The two studies (Prescot
et al., 2011; Prescot et al., 2013) showing signiﬁcant reductions in glutamate metabolite levels in the ACC reported 54% of cannabis using participants had used cannabis in the preceding 24 hours. This could lead to
signiﬁcant variation in THC levels in the brain and animal studies have
shown paradoxical outcomes on glutamate levels dependent on acute
or chronic exposure to THC (Castaldo et al., 2010). Participants also differed signiﬁcantly with regard to existing psychopathology. Three studies (Muetzel et al., 2013; Prescot et al., 2011; Prescot et al., 2013)
included participants who had existing mental health problems, the
ﬁrst two of which included participants receiving antidepressant treatment for depression, which could impact glutamatergic systems
(Duman, 2014; Sanacora et al., 2012). Outcome metabolite measures
with MRS imaging also differed signiﬁcantly. Two studies (Muetzel
et al., 2013; Sung et al., 2013) measured both glutamate and glutamine
metabolites, while all others only accounted for glutamate. Measurements also varied with regard to correction comparison of metabolite
levels differing between correcting against water (Prescot et al., 2011;
Prescot et al., 2013), cerebrospinal ﬂuid (Chang, Cloak, et al., 2006),
total creatinine (Muetzel et al., 2013) or phosphocreatinine and creatinine (Sung et al., 2013).
4.14. Other systems
Using [18F]2-F-A-85830 PET, Broyd et al. (2016) found that tobacco
smokers with concurrent heavy cannabis use (deﬁned as over 22 days
per months) had higher α4β2 nicotinic acetylcholine receptor availability than smokers without drug use. Interestingly, ﬁndings in cannabis
using smokers were similar to those seen in heavy caffeine users. Given
the very different pharmacology of cannabis and caffeine, this suggests
that the increased nicotinic acetylcholine receptor availability in tobacco
users may not be speciﬁcally mediated by heavy cannabis use.
Given the putative neurotoxic effects of cannabis (Pope et al., 2010),
there is interest in the impact of heavy cannabis use on regional levels of
N-acetylaspartate (NAA), a proxy marker of neuronal integrity (Moffett
et al., 2007). The ﬁrst MRS study on this subject found that the NAA to
total creatine ratio was decreased in the DLPFC of heavy cannabis
users versus controls (Hermann et al., 2007). A decrease in NAA to
total creatine ratio was since replicated in the neighbouring inferior
frontal gyrus of polydrug users, which was negatively correlated with
degree of cannabis use only (Cowan et al., 2009), and the mid-frontal
anterior cingulate area of methamphetamine and cannabis users versus
methamphetamine users alone (Sung et al., 2013). These results suggest
that heavy cannabis use may cause disruption of neuronal architecture
in frontal structures. This corroborates ﬁndings of decreased
orbitofrontal gyrus (Filbey et al., 2014) and ACC (Hill et al., 2016) volumes, decreased resting state CBF to the ACC (Wiers et al., 2016) and
orbitofrontal gyrus (Sevy et al., 2008), and alterations in ACC (Carey
et al., 2015; Ford et al., 2014), inferior frontal gyrus (Enzi et al., 2015)
and DLPFC (Jager et al., 2007) activity during emotional processing, reward and learning in chronic cannabis users. Decreases in NAA were
also reported in the hippocampus of cannabis users relative to controls,
alongside a reduction in hippocampal volume (Yücel et al., 2016).
However these ﬁndings were not present in those with evidence of
CBD exposure, or in abstinent users. These ﬁndings are consistent with

Table 7
Neuroimaging studies of the chronic effects of cannabis on reward processing, learning and memory, and emotional processing.
Author

Imaging Users/Controls (n)
Modality unless otherwise
stated

Activity

9 (-)

23.1 (1.2)
Monetary
Incentive Delay
Task
24.0 (4.4)
Monetary
Incentive Delay
Task

Van Hell et al.
(2010)

fMRI

14 [cannabis
smokers]/14 [tobacco
smokers]/13
[non-smoking
controls]

N7

Jager et al.
(2013)

fMRI

21/24

35.7 (29.4)

Ford et al.
(2014)

fMRI

15 [cannabis
users]/15 [MDD]/14
[cannabis users with
MDD]/17 [healthy
controls]

-

Yip et al.
(2014)

fMRI

20/20 [measured at
21 days of
abstinence]

20 (-)

Enzi et al.
(2015)

fMRI

15/15

1.1 (1.1)

Karoly et al.
(2015)

fMRI

N0.1
14 [cannabis
users]/34 [tobacco
only]/12 [alcohol
only]/17 [cannabis +
tobacco]/17 [cannabis
+ tobacco +
alcohol]/38
[non-using controls]

Mean User
Age (SD)

Duration of use,
mean years (SD)

Use onset age
(SD)

Increase
Use frequency in
joints/cones/uses, mean (SD) (volume, blood
ﬂow, activation,
unless otherwise stated
connectivity)

Decrease
(volume, blood
ﬂow, activation,
connectivity)

Task Performance
(cannabis user vs
comparison group)

6.1 (-)

16.1 (0.4)

7,258 (-)/lifetime

Ventral striatum

-

No signiﬁcant
change

-

-

3841 (2645.3)/lifetime

R putamen (during
reward feedback)
(cannabis smokers
vs tobacco smokers
and non-smokers)

No signiﬁcant
change

Striatum
(anticipation of
neutral trials)
Putamen, ACC, R
frontal regions
(preferred music,
depressed cannabis
users)

NAc (cannabis
and tobacco
smokers vs
non-smokers),
caudate
(cannabis
smokers vs
tobacco smokers
and
non-smokers)
(during reward
anticipation)
-

-

No signiﬁcant
change

-

No signiﬁcant
change

-

No signiﬁcant
change

Monetary
Incentive Delay
Task
Music
Listening
Paradigm
(Neutral and
Preferred
Music)
Monetary
Incentive Delay
Task

17.2 (1.0)

-

13.2 (2.3)

4,006 (7,555)/lifetime

20.2 (1.3)
[cannabis
users], 19.9
(1.7) [MDD
+ cannabis
users]
26.7 (2.2)

6.8 (0.4)
[cannabis users]
6.9 (0.4)
[cannabis users
+ MDD]

-

22.0 (6.2) [cannabis users],
20.5 (9.2) [cannabis users
+ MDD]/m

14.4 (3.3)
[abstinent], 8.7
(1.9)
[non-abstinent]

13.4 (0.5)
[abstinent],
14.1 (0.6)
[non-abstinent]

Monetary
Incentive Delay
Task
Monetary
Incentive Delay
Task

26.3 (2.9)

8.5 (3.0)

15.8 (2.7)

13.3 (7.3)/w

15.8 (1.4)
[cannabis
users], 15.8
(1.2)
[cannabis
+ tobacco],
15.9 (1.0)
[cannabis
+ tobacco
+ alcohol]

-

12.9 (1.9)
[cannabis
only], 11.4
(2.1) [cannabis
+ tobacco],
10.5 (2.6)
[cannabis +
tobacco +
alcohol]

20.4 (8.9)/m [cannabis
only], 24.4 (6.5)/m
[cannabis + tobacco], 24.8
(6.9)/m [cannabis +
tobacco + alcohol]

Ventral striatum
(response to loss of
reward, predicted
abstinence at 21
days)
L caudate, inferior
frontal gyrus

No Signiﬁcant Changes (cannabis users
vs other groups)

No signiﬁcant
change
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Chronic effects on reward processing
Nestor et al.
fMRI
14/14
(2010)

Pre-trial abstinence,
mean days (SD)
unless otherwise
stated

No signiﬁcant
change

151

(continued on next page)

152

Table 7 (continued)

15.4 (53.9)
used cannabis
by age 16

17.5 (58.1)/y [age 20], 30.4
(87.6)/y [age 22], 31.8
(89.9) [age 24]

-

Word List
Learning
Pictorial
Memory Task
Face-Name
Pairs Task

-

-

-

18 (2)/w

24.5 (5.2)

-

-

1,900 (-)/lifetime

24.4 (1.4)

7.2 (1.1)

17.0 (0.9)

19.1 (2.7)/m

Cerebellum/Altered PFC
lateralisation in HPC
Parahippocampal
regions, R DLPFC
Parahippocampal
R superior
gyrus
temporal gyrus, R
superior frontal
gyrus, R middle
frontal gyrus, L
superior frontal
gyrus

fMRI

N2

1.2 (0.0)

Mean User
Age (SD)

Becker et al.
(2010b)

fMRI

42 [21 high frequency 86.5 (235.7)
users, 21 low
frequency users]/0

Face Encoding
& Retrieval
Task

22.5 (3.5)

-

15.1 (2.0)

14.2 (11.0)/m

Sneider et al.
(2013)

fMRI

10/18

0.5 (-)

Morris Water
Maze Task

20.3 (3.6)

4.0 (2.4)

15.6 (1.2)

10.7 (5.5)/w

L parahippocampal
gyrus (encoding,
high frequencyNlow
frequency)
-

Carey et al.
(2015)

fMRI

15/15

4.2 (1.6)

22.4 (4.3)

6.4 (1.1)

16.0 (0.4)

72.5 (12.6)/m

-

Riba et al.
(2015)

fMRI

16/16

≧28

Paired
Associate
Learning Task
Modiﬁed
Deese-Roediger-McDermott
paradigm

-

21 (-), r3-39

17 (-), r12-20

5 (-) [r1-24]/d

Viewing
Happy/Fearful
Faces
Cognitive
Emotion
Regulation
Paradigm

25.0 (8.8)

-

14.9 (2.5)

21.24 (2.6)

4.3 (2.8)

Emotional
Processing
Paradigm

23.8 (3.2)

5.9 (2.9)

Chronic effects on emotional processing
Gruber et al.
fMRI
15/15
(2009)

N0.5

Zimmermann
et al.
(2017)

fMRI

23/20

3.6 (1.8)

Zimmermann
et al.
(2018)

fMRI

21/20

167.0 (280.1)

-

↓Performance
No signiﬁcant
change
No signiﬁcant
change in fMRI
experiment
(n=14), but
↓performance in
chronic users
(n=35) in
preliminary
experiment
No signiﬁcant
change

R
parahippocampal
gyrus, cingulate
gyrus
dorsal ACC, L HPC

↓Memory Retrieval

-

↓ Recall
error-correction
rate
lateral and medial ↑Susceptibility to
false memories
temporal lobe,
parietal regions,
frontal regions

25.6 (27.8)/w

-

ACC, amygdala

-

16.0 (2.0)

5.7 (1.4)/w

-

↓Emotional
regulation success

14.9 (1.3)

27.3 (5.9)/m

frontal network
(precentral, middle
cingulate cortex,
SMA),
amygdala-DLPFC
connectivity
MOFC, MOFC-dorsal
striatum,
MOFC-amygdala
connectivity

-

No signiﬁcant
change

ACC = anterior cingulate cortex, d = day, DLPFC = dorsolateral PFC, fMRI = functional magnetic resonance imaging, h = hour, HPC = hippocampus, L = left, m = month, MDD = major depressive disorder, MOFC = medial orbitofrontal cortex, NAc
= nucleus accumbens, PET = positron emission tomography, PFC = prefrontal cortex, r = range, R = right, SMA = supplementary motor area, SD = standard deviation, w = week, y = year.
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-

Martz et al.
(2016)

3.4 (2.0)

No signiﬁcant
change

20.1 (1.4),
Monetary
Incentive Delay 22.1 (1.5),
23.8 (1.7)
Task

Activity

-

NAc (reward
anticipation)

Increase
Use frequency in
joints/cones/uses, mean (SD) (volume, blood
ﬂow, activation,
unless otherwise stated
connectivity)

Pre-trial abstinence,
mean days (SD)
unless otherwise
stated

Chronic effects on learning and memory
Block et al.
H15
2 0 PET 18/13
(2002)
Jager et al.
fMRI
20/20
(2007)
Nestor et al.
fMRI
14/14
(2008)

Task Performance
(cannabis user vs
comparison group)

Use onset age
(SD)

Imaging Users/Controls (n)
Modality unless otherwise
stated
108/0 (longitudinal
cohort at age 20, 22,
24, cross-lagged
model)

Decrease
(volume, blood
ﬂow, activation,
connectivity)

Duration of use,
mean years (SD)

Author
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a protective role of CBD on hippocampal dependent memory (Englund
et al., 2013; Morgan et al., 2010) and for recovery of impaired performance following abstinence (Schreiner & Dunn, 2012; Scott et al.,
2018).
5. Developmental effects of cannabis
Key periods for brain development occur in utero and during adolescence. Importantly, prenatal exposure to cannabis may produce persistent effects on working memory and executive function in adulthood
(Smith et al., 2006; Smith et al., 2016). Given the potential of multiple
confounds associated with investigating the effects of in utero drug exposure and effects which are very distal to the exposure, further larger
prospective studies are needed to corroborate these ﬁndings given the
potential public health impact of consuming cannabis during pregnancy
and breast-feeding.
Heavy cannabis use during adolescence likely represents a critical
period of vulnerability to cannabis-induced changes in brain function
because the brain undergoes signiﬁcant developmental changes at this
age (Choudhury et al., 2006). Hippocampal hypertrophy has been associated with adolescent cannabis use (mean age 17 years, mean exposure
duration two years) (Medina et al., 2007), although this was not found
by Gilman, et al. (2014). Findings of increased grey matter density in
other limbic subcortical structures in young cannabis users may reﬂect
cannabis-induced changes in arborisation (Gilman et al., 2014). In parallel, there is some evidence of a relationship between prefrontal volume and executive dysfunction in adolescent users (Medina et al.,
2009). These structural ﬁndings were extended by a study (Ashtari
et al., 2009) of young male heavy cannabis users who, compared to
non-users, had reduced frontotemporal structural connectivity via the
arcuate fasciculus. Importantly, there is longitudinal evidence of structural hypoconnectivity associated with cannabis use in adolescents
(Epstein & Kumra, 2015). In terms of functional connectivity, a large
study (Thijssen et al., 2017) in adolescents found a relationship between
duration of cannabis use and reduced functional connectivity within the
default mode, executive control and auditory networks. In a study of adolescents admitted for treatment of cannabis dependence, the level of
dependence was associated with reduced interhemispheric yet increased right intrahemispheric resting functional connectivity (Orr
et al., 2013). Some studies have investigated the functional signiﬁcance
of dysconnectivity. For example, in young male long-term heavy cannabis users, drug use was associated with reduced striato-frontal connectivity (Blanco-Hinojo et al., 2017). These connectivity alterations were
associated with lower arousal in response to affective pictures as measured with the International Affective Picture System and normalized
after abstinence. A separate, longitudinal study of resting functional
connectivity in adolescents demonstrated dysconnectivity between
the caudal ACC, dorsolateral and orbitofrontal cortices over an 18
month follow-up period (Camchong et al., 2017). Amounts of cannabis
use during this period were associated with inattention and impaired
cognition. Another study found greater bilateral amygdalar activity during emotional processing, rather than the reduction seen in adults, to
angry faces rather than neutral faces in 70 adolescent cannabis users
(Spechler et al., 2015). However, this may simply be because the adolescent participants in Spechler’s sample had very minimal exposure in
comparison to studies of heavy adult users. These studies suggest that
adolescence may be a particularly critical time for cannabis’ effects on
emotional and cognitive function. These ﬁndings are in keeping with a
recent literature review suggesting that early, heavy cannabis use in adolescence predicts poor emotional processing and cognition in adulthood (Levine et al., 2017).
However, the signiﬁcance of these neuroimaging ﬁndings relative to
cognitive performance is unclear. A systematic review in 2016 found
that whilst adolescent heavy cannabis users have radiological evidence
of dysconnectivity, their performance in cognitive tasks is similar to
controls (Lorenzetti, Alonso-Lana, et al., 2016). This led the authors to
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question whether functional dysconnectivity in these adolescents is
caused by cannabis use, or is an adaptation that affords normal cognitive
functioning. Further longitudinal studies are needed to clarify the significance of cannabis use in adolescence on cognition (James et al., 2013).
Moreover, experimental, placebo-controlled studies are warranted. The
only study to date (Mokrysz et al., 2016) found that adolescent cannabis
users showed a proﬁle characterised by resilience to some acute effects
of cannabis (memory impairment, psychotic-like symptoms) and vulnerability to others (lack of satiety, impaired inhibitory processing).
Cognitive task performance may alter with abstinence (Scott et al.,
2018). Abstinent adolescent cannabis users showed left orbitofrontal
hypoactivation to non-reward vs. risky rewards which was related to
cannabis use duration (De Bellis et al., 2013) whereas a separate study
found evidence of fronto-parietal hyperactivation during response inhibition (Tapert et al., 2007). Whilst causal inferences are limited, these
ﬁndings would be in keeping with increased incentive salience toward
riskier rewards alongside less efﬁcient response inhibition – which
may be related to addictions generally and not speciﬁcally cannabis use.
There is consistent preclinical and neuropsychological evidence for
cognitive effects of cannabis use during adolescence (Jager & Ramsey,
2008; Schweinsburg et al., 2008). Adolescents exhibit a similar pattern
to adults of task performance and brain activity associated with nonacute cannabis effects (Bossong et al., 2014). Adolescent cannabis use
is associated with increases in brain activity in prefrontal and parietal
brain areas (Jacobsen et al., 2007; Jager et al., 2010; Schweinsburg
et al., 2008; Schweinsburg et al., 2010) which may reﬂect reduced cortical efﬁciency. Adolescent cannabis use is also associated with greater
task-induced de-activation (Schweinsburg et al., 2008; Schweinsburg
et al., 2005; Schweinsburg et al., 2010) which is consistent with increased effort to maintain task performance. Comparisons between
adult and adolescent studies are limited by lower cumulative exposure,
lower duration of exposure in adolescents than in adults alongside differences in durations of abstinence. Nonetheless, it remains possible
that the effects of cannabis use on the adolescent brain may be more
harmful given the potential to alter developmental trajectories
(Bossong & Niesink, 2010; Curran et al., 2016).
6. Cannabis use disorders
Based on population-based data from the United States in 20122013, the past year prevalence of cannabis use disorders was estimated
at 2.9%, or 30.6% among past-year users (Hasin et al., 2015). Given the
high rate of cannabis use worldwide, estimated at 183 million past
year users (United Nations Ofﬁce on Drugs and Crime (UNODC),
2018), a substantial number of people currently meet criteria or at risk
of developing a cannabis use disorder. In terms of clinical implications,
cannabis now accounts for around half of all ﬁrst-time entrants to specialist drug treatment worldwide (United Nations Ofﬁce on Drugs and
Crime (UNODC), 2018) and has now superseded opiates as the primary
reason for ﬁrst-time treatment entry of all illicit drugs in Europe
(European Monitoring Centre for Drugs and Drug Addiction
(EMCDDA)., 2018). One possible contributor to the increase in
cannabis-related treatment admissions may be the increase potency of
cannabis products, resulting in a higher dose of THC and greater harm
to users. A 16-year study in the Netherlands found that changes in the
THC concentration of cannabis sold in national retail outlets were positively associated with the number of people subsequently entering
treatment for cannabis problems (Freeman, van der Pol, et al., 2018).
Psychological interventions such as Cognitive Behavioural Therapy
and Motivational Interviewing have limited effectiveness, and there
are no approved pharmacotherapies available.
The high density of CB1Rs in reward and habit circuits, and the key
role of the endocannabinoid system in reinforcement may underpin
the effects of THC in the development, withdrawal and relapse of cannabis use disorders (Curran, et al., 2016). Chronic THC exposure is associated with downregulation of CB1Rs (Ceccarini et al., 2015; D'Souza et al.,
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2016; Hirvonen et al., 2012). Moreover, withdrawal from chronic cannabis administration is associated with reduced dopamine transmission
in the NAc (Diana et al., 1998) and the reduction in striatal dopamine
synthesis capacity shown found in cannabis users was driven by those
meeting clinical Diagnostic & Statistic Manual of Mental Disorders IV
criteria for cannabis use disorders (Bloomﬁeld, Morgan, Egerton, et al.,
2014). Evidence for blunting of the dopamine system in cannabis use
disorders (Bloomﬁeld et al., 2016) is consistent with prospective evidence from a longitudinal analysis of adults aged 20, 22, and 24
(Martz et al., 2016). That study found that cannabis use predicted a
blunted NAc response to reward anticipation at subsequent time points.
If cannabis use dampens anticipatory reward processing over time, as
suggested by this study, chronic use may increase vulnerability to mental health disorders across diagnostic categories including addiction to
other substances and gambling (Luijten et al., 2017) depression and
psychosis (Hagele et al., 2015).
7. Cannabis and psychoss
When considering the links between cannabis use and psychosis it
is important to remember that the schizophreniform clinical syndrome
lies at a conﬂuence of phenotypes including hallucinations, paranoia,
amotivation and cognitive impairment. All of these have been associated with acute exposure to THC (Bhattacharyya et al., 2010; Broyd
et al., 2016; Curran et al., 2016; D'Souza et al., 2004; Moreau, 1845;
Morrison & Stone, 2011; Morrison et al., 2009) and long-term heavy
cannabis use (Broyd et al., 2016; Curran et al., 2016; Freeman et al.,
2013; Marconi et al., 2016) in vulnerable individuals. Cannabis produces
complex neuropharmacological effects on systems underlying these experiences. There are several important ﬁndings that stand out which relate to executive function, memory and the limbic system. For example,
THC alters the neural response during working memory performance
(Böcker et al., 2010; Bossong, Jager, et al., 2012) as seen in schizophrenia
(Sutcliffe et al., 2016). Likewise, psychosis is associated with altered
threat processing (Freeman et al., 2013) and THC produces complex effects on neural systems underlying fear processing including altered
amygdalar response to threat and reduced amygdalo-cortical coupling
(Gorka et al., 2015), and THC may be anxiogenic via non-amygdalar
pathways. Recent work has shown that CB1Rs are involved in midbrain
threat processing (Back & Carobrez, 2018) and further work is needed to
understand the potential involvement of these pathways in the pathophysiology of psychosis. Structurally, changes associated with early
onset heavy use include hippocampal (Rocchetti et al., 2013) and
amygdalar atrophy (Lorenzetti et al., 2015) alongside aberrant selfprocessing and executive network connectivity (Cheng et al., 2014;
Filbey & Dunlop, 2014; Lopez-Larson et al., 2015; Orr et al., 2016),
which map conceptually onto schizophreniform symptomatology. At
the molecular level, heavy cannabis use is associated with perturbations
of the endocannabinoid system (D'Souza et al., 2016). The development
of clinical schizophrenia following heavy use may be through nonhyperdopaminergic processes (Bloomﬁeld et al., 2016) in contrast to
idiopathic schizophrenia (Howes & Kapur, 2014), with potential
candidate mechanisms including excitatory-inhibitory imbalance between GABA-ergic (Radhakrishnan et al., 2015) and glutamatergic
(Prescot et al., 2013) systems, which are intimately modulated by the
endocannabinoid system. Together these neurocognitive, neurochemical and structural changes could therefore give rise to clinical schizophrenia in people who are vulnerable to the deleterious effects of
cannabis use across the dimensions of the clinical syndrome.
Broadly speaking there are two possible explanations for this which
are not mutually exclusive: (1) cannabis is exacerbating the same vulnerabilities that cause idiopathic schizophrenia and (2) cannabis causes
additional routes to the phenotype. One of the ﬁrst neuroimaging studies in cannabis and psychosis used CT (Wiesbeck & Taeschner, 1991) to
compare a drug-using group of patients with psychotic symptoms to a
non-using group of patients found no differences between the two

groups. Subsequently, Cunha et al. (2013) found that cannabis using patients with ﬁrst episode psychosis did not have grey matter volume deficits in the medial temporal lobe or PFC that were typical of psychotic
patients without cannabis use suggesting that cannabis use induced
psychosis via different neurodevelopmental pathways to idiopathic
schizophrenia. In support of this, a small study (Dragogna et al., 2014)
found that patients with cannabis-induced psychosis had hypermetabolism in the posterior cingulate and precuneus compared to patients
with schizophrenia without cannabis use. In a study comparing white
matter connectivity in adolescent-onset schizophrenia with and without cannabis use (over three times per week for at least six months)
there was decreased fractional anisotropy in the internal capsule, corona radiata, superior and inferior longitudinal fasciculus (James et al.,
2011). However, a previous study limited by small sample size (Peters
et al., 2009) found contrary evidence. THC-induced effects have been
extended to functional connectivity in patients with schizophrenia
and co-morbid cannabis use disorder, assessed after seven days of abstinence (Fischer et al., 2014). At baseline, patients in this study had
hypoconnectivity between the NAc and frontal reward regions including the OFC and ACC, which was reversed upon THC challenge. One possible explanation is that patients with schizophrenia may be motivated
to use cannabis in order to restore their dysregulated brain reward circuitry. In addition, in a study of adolescents with early onset schizophrenia (Epstein et al., 2014), cannabis use was associated with impaired
attention network function compared to patients without cannabis
use disorder. Atakan et al. (2013) compared brain function between
subjects who did (N=11) and did not (N=10) experience psychotic
effects following oral THC administration (10 mg). THC showed
stronger effects on inhibition errors in the group of participants with
psychotic symptoms, accompanied by increased psychosis-related
activity in the right middle temporal gyrus and decreased activity in
the parahippocampal and fusiform gyri. Following this, a large study of
patients at clinical high risk of schizophrenia (Buchy et al., 2015) examined the relationship between thalamic dysconnectivity and cannabis
use. Whilst there was no discernible effects on thalamic connectivity
based on current cannabis use status, there was some evidence that
within patients at high clinical risk of schizophrenia who were also cannabis users, there was a relationship between thalamo-sensorimotor
hypoconnectivity and age of onset of cannabis use.
Findings of differences between patients with psychosis with and
without cannabis use (Cunha et al., 2013; Dragogna et al., 2014; James
et al., 2011) may support the presence of a potentially distinct
ecophenotypic subtype of schizophrenia secondary to heavy cannabis
use which could have implications for prevention and treatment
thereby necessitating further work to investigate how these differences
relate to phenomenology on the one hand. On the other hand, understanding shared mechanisms has the potential to yield new treatment
targets - which would be most welcome for a disorder which has seen
minimal progress in meaningful new treatments since Kane’s
pioneering work on clozapine 30 years ago (Kane et al., 1988).
8. Discussion
The large body of work reviewed indicates that cannabis can alter
brain structure, interfere with executive function, subvert the reward
system, and produce complex effects on emotional processing. A wide
range of neuropharmacological systems likely underlie these effects including the endocannabinoid, dopamine, glutamate and GABA systems.
The mounting evidence is testament to the importance and broad interest in the topic over the last few decades. The imaging methods used
(from early volumetric CT studies, to contemporary functional imaging)
are diverse, and many of the methods themselves have been undergoing signiﬁcant development in the same time period. Beyond the experimental methods, the literature is extremely varied in a number of other
factors including the participant population studied, route of administration and dose used (for acute challenge studies), and the deﬁnitions
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of usage (for studies of chronic users). All these factors present challenges to the construction of a coherent synthesis. Nonetheless, we
have presented a number of themes and a set of relatively consistent results that we have seen emerge. We will now describe some of the
methodological considerations that limit the interpretations that we
have made from this ﬁeld of research.
8.1. Pharmacological considerations
There are a range of factors that may account for disparities in the results between studies. Firstly, in some experiments participants were
given cannabis, whereas in other studies pure THC was administered.
Although THC is the main psychoactive ingredient, cannabis contains
at least 144 phytocannabinoids (Hanuš et al., 2016), and therefore the
acute effects of THC and cannabis are likely to be different. Secondly,
studies applied different methods of administration with varying
doses of THC, resulting in different pharmacokinetic and pharmacodynamic effects (Grotenhermen, 2003). Thirdly, oral consumption generally leads to slower absorption and lower bioavailability of THC, and a
delay in the onset of acute behavioural effects compared to inhalation
(Agurell et al., 1986; Grotenhermen, 2003). Finally, variation in the participants’ history of cannabis use between studies may have affected the
ﬁndings, as frequent cannabis use may result in blunted responses to
acute effects of cannabis (Curran et al., 2018; D'Souza et al., 2008). For
studies on the chronic effects of cannabis, interpretation of the results
is signiﬁcantly hampered by large differences in characteristics of
study populations. These include frequency, quantity, history and age
of onset of cannabis use, time that subjects were abstinent from using
cannabis, and rates of tobacco smoking, alcohol consumption and use
of other illicit drugs. For the studies on the chronic effects of cannabis,
differences in the composition of cannabis may also be important. The
effects of cannabis appear to depend on the ratio between THC and
CBD as both substances may have opposite neural effects during fMRI
(Bhattacharyya et al., 2012; Bhattacharyya et al., 2010). Therefore, the
composition of cannabis may have been a confounding factor when investigating non-acute effects of cannabis. The composition of cannabis
has also changed over time (ElSohly et al., 2016; Pijlman et al., 2005;
Potter et al., 2018; Zamengo et al., 2015) which may have affected the
comparison of ﬁndings between studies as well as individual results
within studies. Furthermore, deﬁnitions of what constitutes a “cannabis
user” are highly inconsistent across studies and alongside this, consensus is needed in the ﬁeld as to how to measure the amount of cannabis/THC being consumed i.e. an internationally agreed standard unit of
THC and THC:CBD ratio for users, clinicians and scientists (Hindocha,
Norberg, and Tomko, 2018). Lastly, there is the perennial challenge of
retrospective recall of the amount of cannabis that is being consumed
which can only be addressed through robust prospective designs.
8.2. Imaging considerations
The imaging methods used are diverse and range from early studies
looking at volumetric measures with CT images, PET studies with various ligands, diffusion MRI, functional MRI, and even some EEG studies.
Each of these methods has their own set of advantages and drawbacks
that are generally relatively well-known and adequately described elsewhere. We will, therefore, focus on speciﬁc idiosyncrasies that apply to
the literature reviewed above.
There is an emerging awareness that many neuroscience studies
may be severely under-powered in a statistical sense (Button et al.,
2013; Nord et al., 2017) and neuroimaging studies may be particular examples, because their relatively high cost (in both money, and researcher time) make collecting large samples difﬁcult. Under-powered
studies can produce false positive results (the “winner’s curse” effect;
Button et al., 2013) that subsequently fail to replicate (Cremers et al.,
2017) and over time this potentially leads to a large number of inconsistent results, and low reproducibility in the literature as a whole. Low

155

power may be a particular issue in pharmacological neuroimaging research as many studies use between-subjects designs (e.g. comparing
cannabis users and non-users), or within-subjects designs where the
relevant comparisons are on different days and/or scan sessions (e.g.
comparing placebo and active cannabis), sometimes weeks apart. Both
of these designs inherently have higher noise levels (and therefore
lower power) than a more ‘standard’ neuroimaging experimental design where, for example, active task and rest conditions are compared
within a single scan session. In addition, neuroimaging is a rapidly
evolving ﬁeld, with major advancements continuing to be made in
both acquisition (hardware and software) and analysis methods.
These innovations mean that the acquisition and analysis procedures
in methods such as fMRI are not fully standardised, and may not be
for the foreseeable future. For example, in early fMRI studies it was relatively common to use uncorrected thresholds of p b 0.001 in grouplevel analyses (e.g. Kanayama, et al., 2004) but this would be deemed
unacceptably lax in most modern studies. Recent high-proﬁle work
has highlighted somewhat more subtle, but important, statistical issues
(Eklund et al., 2016) which may also contribute to the production of
false-positive results in the literature. There is little practical utility in
an exercise of formally re-assessing large sections of the literature in
light of these advancements, however the enlightened reader should
certainly bear these issues in mind when evaluating previous work, particularly the older studies, with relatively small numbers of subjects.
The methods continue to advance, and recent innovations such as
lightweight, wireless EEG systems (Ratti et al., 2017), high ﬁeldstrength MRI scanners (Duyn, 2012) highly accelerated scanning sequences for fMRI (Demetriou et al., 2018), machine-learning based
analysis methods (Doyle et al., 2015) and combined PET/MR scanners
(Sauter et al., 2010) are of great interest, but will also necessarily entail
their own sets of caveats and compromises. Larger-scale publicallyavailable data sets with many hundreds of subjects such as the
Human Connectome Project (HCP; e.g. Pagliaccio, et al., 2015) and the
UK Biobank (Sudlow et al., 2015) are also beginning to address the
issues of small sample sizes and low experimental power. True
standardisation of methods in human neuroimaging is unlikely while
the ﬁeld is undergoing such rapid and continuous advancement, but attempts to unite around common standards for at least some aspects of
the procedures are making some headway (e.g. Esteban et al., 2018).
All these developments are highly positive, and can only lead to
higher-quality, more robust, and more reproducible future work.
8.3. The future
Great progress has been made in our understanding of the effects of
cannabis and THC on the human brain. This progress will likely intensify, given the public health implications of heavy use, changes to the
legal landscape of the drug and new medicines in the pipeline that
will target the endocannabinoid system. Given the changing patterns
of use, with heavy use appearing to carry the most risk, there is an urgent need to fully elucidate the effects of heavy cannabis use during development and their reversibility. Beyond THC, we must understand the
diverse effects of the myriad of phytocannabinoids in cannabis and the
synthetic cannabinoids that are being increasingly used recreationally.
Likewise, we must reach a precise understanding of the neurobiological
mechanisms underlying cannabis dependence and psychosis. This
should include systematic multimodal imaging that can better update
our understanding of such complex mechanisms than single neuroimaging methods. In parallel, greater understanding of these systems
may offer hope to the many millions of people suffering from mental illnesses throughout the world in the form of new treatments.
9. Conclusions
There is a mounting body of evidence informing us of both the
mechanisms underlying the psychoactive effects of THC and the long-

156

M.A.P. Bloomﬁeld et al. / Pharmacology & Therapeutics 195 (2019) 132–161

term effects of cannabis use. The available evidence suggests the drug
disrupts emotional processes, executive function and reward function
via the endocannabinoid system which likely underlie the mental
health problems associated with heavy cannabis use. While also
informing the underlying pathophysiology of a range of disorders,
improved understanding of these systems may lead to new treatment
targets in the future. Both longitudinal studies and well-designed pharmacological challenges are needed to elucidate the precise effects of
THC, CBD and the other major cannabinoids on the brain.
Conﬂict of interest statement
Dr Wall’s primary employer is Invicro, a private company which
performs contract research for the pharmaceutical and biotechnology
industries. Otherwise, the authors declare that there are no conﬂicts of
interest.
Acknowledgements
Dr Bloomﬁeld is funded by a UCL Excellence Fellowship, the British
Medical Association Foundation for Medical Research and the National
Institute of Health Research (NIHR) (UK). Drs Bloomﬁeld and Hindocha
are supported by the University College London Hospitals National
Institute of Health Research Biomedical Research Centre. Dr Hindocha
was funded by a Medical Research Council (UK) Studentship (Grant
code: MR/K501268/1). Dr Freeman was funded by a senior academic
fellowship from the Society for the Study of Addiction.
References
Abdullaev, Y., Posner, M. I., Nunnally, R., & Dishion, T. J. (2010). Functional MRI evidence
for inefﬁcient attentional control in adolescent chronic cannabis abuse. Behavioural
Brain Resarch 215, 45–57.
Abrams, D. I., Jay, C. A., Shade, S. B., Vizoso, H., Reda, H., Press, S., et al. (2007). Cannabis in
painful HIV-associated sensory neuropathy - A randomized placebo-controlled trial.
Neurology 68, 515–521.
Advisory Committee on Drug Dependence (1969). Cannabis: Report by the Advisory Committee on Drug Dependence (Wootton Report). London: Her Majesty’s Stationary Ofﬁce
(HMSO).
Agurell, S., Halldin, M., Lindgren, J. E., Ohlsson, A., Widman, M., Gillespie, H., et al. (1986).
Pharmacokinetics and metabolism of delta 1-tetrahydrocannabinol and other cannabinoids with emphasis on man. Pharmacological Reviews 38, 21–43.
Albrecht, D. S., Skosnik, P. D., Vollmer, J. M., Brumbaugh, M. S., Perry, K. M., Mock, B. H.,
et al. (2013). Striatal D(2)/D(3) receptor availability is inversely correlated with cannabis consumption in chronic marijuana users. Drug and Alcohol Dependence 128,
52–57.
Andreasson, S., Engstrom, A., Allebeck, P., & Rydberg, U. (1987). Cannabis and schizophrenia - a longitudinal-study of Swedish conscripts. Lancet 2, 1483–1486.
Arendt, M., Rosenberg, R., Foldager, L., Perto, G., & Munk-Jørgensen, P. (2005). Cannabisinduced psychosis and subsequent schizophrenia-spectrum disorders: follow-up
study of 535 incident cases. The British Journal of Psychiatry 187, 510–515.
Arnone, D., Barrick, T. R., Chengappa, S., Mackay, C. E., Clark, C. A., & Abou-Saleh, M. T.
(2008). Corpus callosum damage in heavy marijuana use: preliminary evidence
from diffusion tensor tractography and tract-based spatial statistics. NeuroImage 41,
1067–1074.
Ashtari, M., Avants, B., Cyckowski, L., Cervellione, K. L., Roofeh, D., Cook, P., et al. (2011).
Medial temporal structures and memory functions in adolescents with heavy cannabis use. Journal of Psychiatric Research 45, 1055–1066.
Ashtari, M., Cervellione, K., Cottone, J., Ardekani, B. A., Sevy, S., & Kumra, S. (2009). Diffusion abnormalities in adolescents and young adults with a history of heavy cannabis
use. Journal of Psychiatric Research 43, 189–204.
Asmaro, D., Carolan, P. L., & Liotti, M. (2014). Electrophysiological evidence of early attentional bias to drug-related pictures in chronic cannabis users. Addictive Behaviours 39,
114–121.
Atakan, Z., Bhattacharyya, S., Allen, P., Martin-Santos, R., Crippa, J., Borgwardt, S., et al.
(2013). Cannabis affects people differently: inter-subject variation in the
psychotogenic effects of Δ 9-tetrahydrocannabinol: a functional magnetic resonance
imaging study with healthy volunteers. Psychological Medicine 43, 1255–1267.
Back, F. P., & Carobrez, A. P. (2018). Periaqueductal gray glutamatergic, cannabinoid and
vanilloid receptor interplay in defensive behavior and aversive memory formation.
Neuropharmacology 135, 399–411.
Barkus, E., Morrison, P. D., Vuletic, D., Dickson, J. C., Ell, P. J., Pilowsky, L. S., et al. (2011).
Does intravenous Δ9-tetrahydrocannabinol increase dopamine release? A SPET
study. Journal of Psychopharmacology 25, 1462–1468.
Bechara, A., Damasio, A. R., Damasio, H., & Anderson, S. W. (1994). Insensitivity to future
consequences following damage to human prefrontal cortex. Cognition 50, 7–15.

Becker, B., Wagner, D., Gouzoulis-Mayfrank, E., Spuentrup, E., & Daumann, J. (2010a). The
impact of early-onset cannabis use on functional brain correlates of working memory. Progress in Neuropsychopharmacology and Biological Psychiatry 34, 837–845.
Becker, B., Wagner, D., Gouzoulis-Mayfrank, E., Spuentrup, E., & Daumann, J. (2010b). Altered parahippocampal functioning in cannabis users is related to the frequency of
use. Psychopharmacology 209, 361–374.
Becker, M. P., Collins, P. F., Lim, K. O., Muetzel, R. L., & Luciana, M. (2015). Longitudinal
changes in white matter microstructure after heavy cannabis use. Developmental
Cognitive Neuroscience 16, 23–35.
Behan, B., Connolly, C. G., Datwani, S., Doucet, M., Ivanovic, J., Morioka, R., et al. (2014). Response inhibition and elevated parietal-cerebellar correlations in chronic adolescent
cannabis users. Neuropharmacology 84, 131–137.
Bergamaschi, M. M., Queiroz, R. H. C., Chagas, M. H. N., De Oliveira, D. C. G., De Martinis, B.
S., Kapczinski, F., et al. (2011). Cannabidiol reduces the anxiety induced by simulated
public speaking in treatment-naive social phobia patients. Neuropsychopharmacology
36, 1219–1226.
Bhattacharyya, S., Atakan, Z., Martin-Santos, R., Crippa, J., Kambeitz, J., Malhi, S., et al.
(2015). Impairment of inhibitory control processing related to acute psychotomimetic effects of cannabis. European Neuropsychopharmacology 25, 26–37.
Bhattacharyya, S., Crippa, J. A., Allen, P., Martin-Santos, R., Borgwardt, S., Fusar-Poli, P.,
et al. (2012). Induction of psychosis by Δ9-tetrahydrocannabinol reﬂects modulation
of prefrontal and striatal function during attentional salience processing. Archives of
General Psychiatry 69, 27–36.
Bhattacharyya, S., Fusar-Poli, P., Borgwardt, S., Martin-Santos, R., Nosarti, C., O’Carroll, C.,
et al. (2009). Modulation of mediotemporal and ventrostriatal function in humans
by Δ9-tetrahydrocannabinol: a neural basis for the effects of Cannabis sativa on
learning and psychosis. Archives of General Psychiatry 66, 442–451.
Bhattacharyya, S., Iyegbe, C., Atakan, Z., Martin-Santos, R., Crippa, J., Xu, X., et al. (2014).
Protein kinase B (AKT1) genotype mediates sensitivity to cannabis-induced impairments in psychomotor control. Psychological Medicine 44, 3315–3328.
Bhattacharyya, S., Morrison, P. D., Fusar-Poli, P., Martin-Santos, R., Borgwardt, S., WintonBrown, T., et al. (2010). Opposite effects of Δ9-tetrahydrocannabinol and cannabidiol
on human brain function and psychopathology. Neuropsychopharmacology 35, 764–774.
Bhattacharyya, S., Sainsbury, T., Allen, P., Nosarti, C., Atakan, Z., Giampietro, V., et al.
(2018). Increased hippocampal engagement during learning as a marker of sensitivity to psychotomimetic effects of Δ9-THC. Psychological Medicine, 1–9.
Bisogno, T., Hanuš, L., De Petrocellis, L., Tchilibon, S., Ponde, D. E., Brandi, I., et al. (2001).
Molecular targets for cannabidiol and its synthetic analogues: effect on vanilloid
VR1 receptors and on the cellular uptake and enzymatic hydrolysis of anandamide.
British Journal of Pharmacology 134, 845–852.
Blanco-Hinojo, L., Pujol, J., Harrison, B. J., Macia, D., Batalla, A., Nogue, S., et al. (2017). Attenuated frontal and sensory inputs to the basal ganglia in cannabis users. Addiction
Biology 22, 1036–1047.
Blest-Hopley, G., Giampietro, V., & Bhattacharyya, S. (2018). Residual effects of cannabis
use in adolescent and adult brains - A meta-analysis of fMRI studies. Neuroscience
and Biobehavioral Reviews 88, 26–41.
Block, R. I., O'Leary, D. S., Ehrhardt, J. C., Augustinack, J. C., Ghoneim, M. M., Arndt, S., et al.
(2000a). Effects of frequent marijuana use on brain tissue volume and composition.
Neuroreport 11, 491–496.
Block, R. I., O'Leary, D. S., Hichwa, R. D., Augustinack, J. C., Ponto, L. L., Ghoneim, M. M., et al.
(2000b). Cerebellar hypoactivity in frequent marijuana users. Neuroreport 11,
749–753.
Block, R. I., O'Leary, D. S., Hichwa, R. D., Augustinack, J. C., Ponto, L. L. B., Ghoneim, M. M.,
et al. (2002). Effects of frequent marijuana use on memory-related regional cerebral
blood ﬂow. Pharmacology Biochemistry and Behavior 72, 237–250.
Bloomﬁeld, M. A., Ashok, A. H., Volkow, N. D., & Howes, O. D. (2016). The effects of Delta
(9)-tetrahydrocannabinol on the dopamine system. Nature 539, 369–377.
Bloomﬁeld, M. A., Morgan, C. J., Egerton, A., Kapur, S., Curran, H. V., & Howes, O. D.
(2014a). Dopaminergic function in cannabis users and its relationship to cannabisinduced psychotic symptoms. Biological Psychiatry 75, 470–478.
Bloomﬁeld, M. A., Morgan, C. J., Kapur, S., Curran, H. V., & Howes, O. D. (2014b). The link
between dopamine function and apathy in cannabis users: an [18F]-DOPA PET imaging study. Psychopharmacology 231, 2251–2259.
Böcker, K. B., Hunault, C. C., Gerritsen, J., Kruidenier, M., Mensinga, T. T., & Kenemans, J. L.
(2010). Cannabinoid modulations of resting state EEG theta power and working
memory are correlated in humans. Journal of Cognitive Neuroscience 22, 1906–1916.
Bolla, K. I., Eldreth, D. A., Matochik, J. A., & Cadet, J. L. (2005). Neural substrates of faulty
decision-making in abstinent marijuana users. NeuroImage 26, 480–492.
Borgwardt, S. J., Allen, P., Bhattacharyya, S., Fusar-Poli, P., Crippa, J. A., Seal, M. L., et al.
(2008). Neural basis of Δ-9-tetrahydrocannabinol and cannabidiol: effects during response inhibition. Biological Psychiatry 64, 966–973.
Bossong, M. G., Jager, G., Bhattacharyya, S., & Allen, P. (2014). Acute and non-acute effects
of cannabis on human memory function: a critical review of neuroimaging studies.
Current Pharmaceutical Design 20, 2114–2125.
Bossong, M. G., Jager, G., van Hell, H. H., Zuurman, L., Jansma, J. M., Mehta, M. A., et al.
(2012b). Effects of Δ9-tetrahydrocannabinol administration on human encoding
and recall memory function: a pharmacological FMRI study. Journal of Cognitive
Neuroscience 24, 588–599.
Bossong, M. G., Jansma, J. M., van Hell, H. H., Jager, G., Kahn, R. S., & Ramsey, N. F. (2013a).
Default mode network in the effects of Δ9-Tetrahydrocannabinol (THC) on human
executive function. PLoS One 8, e70074.
Bossong, M. G., Jansma, J. M., van Hell, H. H., Jager, G., Oudman, E., Saliasi, E., et al. (2012a).
Effects of Δ9-tetrahydrocannabinol on human working memory function. Biological
Psychiatry 71, 693–699.
Bossong, M. G., Mehta, M. A., van Berckel, B. N., Howes, O. D., Kahn, R. S., & Stokes, P. R.
(2015). Further human evidence for striatal dopamine release induced by

M.A.P. Bloomﬁeld et al. / Pharmacology & Therapeutics 195 (2019) 132–161
administration ofΔ 9-tetrahydrocannabinol (THC): selectivity to limbic striatum.
Psychopharmacology 232, 2723–2729.
Bossong, M. G., & Niesink, R. J. (2010). Adolescent brain maturation, the endogenous cannabinoid system and the neurobiology of cannabis-induced schizophrenia. Progress in
Neurobiology 92, 370–385.
Bossong, M. G., Van Berckel, B. N., Boellaard, R., Zuurman, L., Schuit, R. C., Windhorst, A. D.,
et al. (2009). Δ9-tetrahydrocannabinol induces dopamine release in the human striatum. Neuropsychopharmacology 34, 759–766.
Bossong, M. G., van Hell, H. H., Jager, G., Kahn, R. S., Ramsey, N. F., & Jansma, J. M. (2013b).
The endocannabinoid system and emotional processing: a pharmacological fMRI
study with 9-tetrahydrocannabinol. European Neuropsychopharmacology 23,
1687–1697.
Bramon, E., Rabe-Hesketh, S., Sham, P., Murray, R. M., & Frangou, S. (2004). Meta-analysis
of the P300 and P50 waveforms in schizophrenia. Schizophrenia Research 70,
315–329.
Breivogel, C. S., & Childers, S. R. (2000). Cannabinoid agonist signal transduction in rat
brain: comparison of cannabinoid agonists in receptor binding, G-protein activation,
and adenylyl cyclase inhibition. Journal of Pharmacology and Experimental
Therapeutics 295, 328–336.
Broyd, A. L., Hubert, R., Mamoun, M. S., Enoki, R., Garcia, L. Y., Abraham, P., et al. (2016).
Nicotinic acetylcholine receptor availability in cigarette smokers: effect of heavy caffeine or marijuana use. Psychopharmacology 233, 3249–3257.
Broyd, S. J., van Hell, H. H., Beale, C., Yücel, M., & Solowij, N. (2016). Acute and chronic effects of cannabinoids on human cognition—a systematic review. Biological Psychiatry
79, 557–567.
Buchy, L., Cannon, T. D., Anticevic, A., Lyngberg, K., Cadenhead, K. S., Cornblatt, B. A., et al.
(2015). Evaluating the impact of cannabis use on thalamic connectivity in youth at
clinical high risk of psychosis. BMC Psychiatry 15, 276.
Button, K. S., Ioannidis, J. P., Mokrysz, C., Nosek, B. A., Flint, J., Robinson, E. S., et al. (2013).
Power failure: why small sample size undermines the reliability of neuroscience.
Nature Reviews. Neuroscience 14, 365–376.
Camchong, J., Lim, K. O., & Kumra, S. (2017). Adverse effects of cannabis on adolescent
brain development: a longitudinal study. Cerebral Cortex 27, 1922–1930.
Carey, S. E., Nestor, L., Jones, J., Garavan, H., & Hester, R. (2015). Impaired learning from
errors in cannabis users: dorsal anterior cingulate cortex and hippocampus
hypoactivity. Drug and Alcohol Dependence 155, 175–182.
Castaldo, P., Magi, S., Cataldi, M., Arcangeli, S., Lariccia, V., Nasti, A. A., et al. (2010). Altered
regulation of glutamate release and decreased functional activity and expression of
GLT1 and GLAST glutamate transporters in the hippocampus of adolescent rats perinatally exposed to Delta(9)-THC. Pharmacological Research 61, 334–341.
Castillo, P. E., Younts, T. J., Chavez, A. E., & Hashimotodani, Y. (2012). Endocannabinoid signaling and synaptic function. Neuron 76, 70–81.
Ceccarini, J., Kuepper, R., Kemels, D., van Os, J., Henquet, C., & Van Laere, K. (2015). [18 F]
MK-9470 PET measurement of cannabinoid CB 1 receptor availability in chronic cannabis users. Addiction Biology 20, 357–367.
Cerdá, M., Wall, M., Feng, T., Keyes, K. M., Sarvet, A., Schulenberg, J., et al. (2017). Association of state recreational marijuana laws with adolescent marijuana use. JAMA
Pediatrics 171, 142–149.
Chan, G. C. K., Hinds, T. R., Impey, S., & Storm, D. R. (1998). Hippocampal neurotoxicity of
Δ9-tetrahydrocannabinol. Journal of Neuroscience 18, 5322–5332.
Chang, L., Cloak, C., Yakupov, R., & Ernst, T. (2006a). Combined and independent effects of
chronic marijuana use and HIV on brain metabolites. Journal of Neuroimmune
Pharmacology 1, 65–76.
Chang, L., Yakupov, R., Cloak, C., & Ernst, T. (2006b). Marijuana use is associated with a
reorganized visual-attention network and cerebellar hypoactivation. Brain 129,
1096–1112.
Cheng, H., Skosnik, P. D., Pruce, B. J., Brumbaugh, M. S., Vollmer, J. M., Fridberg, D. J., et al.
(2014). Resting state functional magnetic resonance imaging reveals distinct brain
activity in heavy cannabis users - a multi-voxel pattern analysis. Journal of
Psychopharmacology 28, 1030–1040.
Choudhury, S., Blakemore, S. J., & Charman, T. (2006). Social cognitive development during adolescence. Social Cognitive and Affective Neuroscience 1, 165–174.
Chye, Y., Lorenzetti, V., Suo, C., Batalla, A., Cousijn, J., Goudriaan, A. E., et al. (2018).
Alteration to hippocampal volume and shape conﬁned to cannabis dependence: a
multi-site study. Addiction Biology. https://doi.org/10.1111/adb.12652 (Epub ahead
of print).
Chye, Y., Solowij, N., Suo, C., Batalla, A., Cousijn, J., Goudriaan, A. E., et al. (2017a).
Orbitofrontal and caudate volumes in cannabis users: a multi-site mega-analysis
comparing dependent versus non-dependent users. Psychopharmacology 234,
1985–1995.
Chye, Y., Suo, C., Yucel, M., den Ouden, L., Solowij, N., & Lorenzetti, V. (2017b). Cannabisrelated hippocampal volumetric abnormalities speciﬁc to subregions in dependent
users. Psychopharmacology 234, 2149–2157.
Co, B. T., Goodwin, D. W., Gado, M., Mikhael, M., & Hill, S. (1977). Absence of cerebral atrophy in chronic cannabis users. Evaluation by computerized transaxial tomography.
Journal of the American Medical Association 237, 1229–1230.
Colizzi, M., Fazio, L., Ferranti, L., Porcelli, A., Masellis, R., Marvulli, D., et al. (2015). Functional
genetic variation of the cannabinoid receptor 1 and cannabis use interact on prefrontal
connectivity and related working memory behavior. Neuropsychopharmacology 40,
640–649.
Colizzi, M., McGuire, P., Pertwee, R. G., & Bhattacharyya, S. (2016). Effect of cannabis on
glutamate signalling in the brain: A systematic review of human and animal evidence. Neuroscience and Biobehavioral Reviews 64, 359–381.
Collin, C., Davies, P., Mutiboko, I. K., Ratcliffe, S., & Sativex Spasticity in MS Study Group
(2007). Randomized controlled trial of cannabis-based medicine in spasticity caused
by multiple sclerosis. European Journal of Neurology 14, 290–296.

157

Copeland, J., Rooke, S., & Swift, W. (2013). Changes in cannabis use among young people:
impact on mental health. Current Opinion in Psychiatry 26, 325–329.
Cousijn, J., Wiers, R. W., Ridderinkhof, K. R., van den Brink, W., Veltman, D. J., &
Goudriaan, A. E. (2012). Grey matter alterations associated with cannabis use:
results of a VBM study in heavy cannabis users and healthy controls. NeuroImage 59,
3845–3851.
Cousijn, J., Wiers, R. W., Ridderinkhof, K. R., van den Brink, W., Veltman, D. J., & Goudriaan,
A. E. (2014). Effect of baseline cannabis use and working-memory network function
on changes in cannabis use in heavy cannabis users: a prospective fMRI study. Human
Brain Mapping 35, 2470–2482.
Cousijn, J., Wiers, R. W., Ridderinkhof, K. R., van den Brink, W., Veltman, D. J., Porrino, L. J.,
et al. (2013). Individual differences in decision making and reward processing predict
changes in cannabis use: a prospective functional magnetic resonance imaging study.
Addiction Biology 18, 1013–1023.
Cowan, R. L., Joers, J. M., & Dietrich, M. S. (2009). N-acetylaspartate (NAA) correlates inversely with cannabis use in a frontal language processing region of neocortex in
MDMA (Ecstasy) polydrug users: A 3 T magnetic resonance spectroscopy study.
Pharmacology Biochemistry and Behavior 92, 105–110.
Crane, N. A., Schuster, R. M., Fusar-Poli, P., & Gonzalez, R. (2013). Effects of cannabis on
neurocognitive functioning: recent advances, neurodevelopmental inﬂuences, and
sex differences. Neuropsychology Review 23, 117–137.
Crean, R. D., Tapert, S. F., Minassian, A., MacDonald, K., Crane, N. A., & Mason, B. J. (2011).
Effects of chronic, heavy cannabis use on executive functions. Journal of Addiction
Medicine 5, 9.
Cremers, H. R., Wager, T. D., & Yarkoni, T. (2017). The relation between statistical power
and inference in fMRI. PLoS One 12, e0184923.
Crippa, J. A., Zuardi, A. W., Garrido, G. E., Wichert-Ana, L., Guarnieri, R., Ferrari, L., et al.
(2004). Effects of cannabidiol (CBD) on regional cerebral blood ﬂow.
Neuropsychopharmacology 29, 417–426.
Crippa, J. A., Zuardi, A. W., Martín-Santos, R., Bhattacharyya, S., Atakan, Z., McGuire, P.,
et al. (2009). Cannabis and anxiety: a critical review of the evidence. Human
Psychopharmacology: Clinical and Experimental 24, 515–523.
Cunha, P. J., Rosa, P. G., Ayres Ade, M., Duran, F. L., Santos, L. C., Scazufca, M., et al. (2013).
Cannabis use, cognition and brain structure in ﬁrst-episode psychosis. Schizophrenia
Research 147, 209–215.
Curran, H. V., Freeman, T. P., Mokrysz, C., Lewis, D. A., Morgan, C. J., & Parsons, L. H. (2016).
Keep off the grass? Cannabis, cognition and addiction. Nature Reviews. Neuroscience
17, 293–306.
Curran, H. V., Hindocha, C., Morgan, C. J. A., Shaban, N., Das, R. K., & Freeman, T. P. (2018).
Which biological and self-report measures of cannabis use predict cannabis dependency and acute psychotic-like effects? Psychological Medicine, 1–7. https://doi.org/
10.1017/S003329171800226X.
Curran, V. H., Brignell, C., Fletcher, S., Middleton, P., & Henry, J. (2002). Cognitive and subjective dose-response effects of acute oral Δ 9-tetrahydrocannabinol (THC) in infrequent cannabis users. Psychopharmacology 164, 61–70.
Davis, M. P. (2016). Cannabinoids for symptom management and cancer therapy: The evidence. Journal of the National Comprehensive Cancer Network 14, 915–922.
De Bellis, M. D., Wang, L., Bergman, S. R., Yaxley, R. H., Hooper, S. R., & Huettel, S. A. (2013).
Neural mechanisms of risky decision-making and reward response in adolescent
onset cannabis use disorder. Drug and Alcohol Dependence 133, 134–145.
van de Giessen, E., Weinstein, J. J., Cassidy, C. M., Haney, M., Dong, Z., Ghazzaoui, R., et al.
(2017). Deﬁcits in striatal dopamine release in cannabis dependence. Molecular
Psychiatry 22, 68–75.
Delisi, L. E., Bertisch, H. C., Szulc, K. U., Majcher, M., Brown, K., Bappal, A., et al. (2006). A
preliminary DTI study showing no brain structural change associated with adolescent
cannabis use. Harm Reduction Journal 3, 17.
Demetriou, L., Kowalczyk, O. S., Tyson, G., Bello, T., Newbould, R. D., & Wall, M. B. (2018). A
comprehensive evaluation of increasing temporal resolution with multibandaccelerated protocols and effects on statistical outcome measures in fMRI.
NeuroImage 176, 404–416.
Demirakca, T., Sartorius, A., Ende, G., Meyer, N., Welzel, H., Skopp, G., et al. (2011). Diminished gray matter in the hippocampus of cannabis users: possible protective effects of
cannabidiol. Drug and Alcohol Dependence 114, 242–245.
Devinsky, O., Cross, J. H., Laux, L., Marsh, E., Miller, I., Nabbout, R., et al. (2017). Trial of
cannabidiol for drug-resistant seizures in the Dravet syndrome. New England
Journal of Medicine 376, 2011–2020.
Devinsky, O., Patel, A. D., Cross, J. H., Villanueva, V., Wirrell, E. C., Privitera, M., et al. (2018).
Effect of Cannabidiol on Drop Seizures in the Lennox–Gastaut Syndrome. New
England Journal of Medicine 378, 1888–1897.
Di Forti, M., Iyegbe, C., Sallis, H., Kolliakou, A., Falcone, M. A., Paparelli, A., et al. (2012).
Conﬁrmation that the AKT1 (rs2494732) genotype inﬂuences the risk of psychosis
in cannabis users. Biological Psychiatry 72, 811–816.
Di Forti, M., Marconi, A., Carra, E., Fraietta, S., Trotta, A., Bonomo, M., et al. (2015). Proportion of patients in south London with ﬁrst-episode psychosis attributable to use of
high potency cannabis: a case-control study. The Lancet Psychiatry 2, 233–238.
Di Forti, M., Morgan, C., Dazzan, P., Pariante, C., Mondelli, V., Marques, T. R., et al. (2009).
High-potency cannabis and the risk of psychosis. The British Journal of Psychiatry 195,
488–491.
Diana, M., Melis, M., Muntoni, A. L., & Gessa, G. L. (1998). Mesolimbic dopaminergic decline after cannabinoid withdrawal. Proceedings of the national academy of sciences
of the United States of America. Vol. 95. (pp. 10269–10273).
Dorard, G., Berthoz, S., Phan, O., Corcos, M., & Bungener, C. (2008). Affect dysregulation in
cannabis abusers. European Child & Adolescent Psychiatry 17, 274–282.
Downer, E., Boland, B., Fogarty, M., & Campbell, V. (2001). Delta 9-tetrahydrocannabinol
induces the apoptotic pathway in cultured cortical neurones via activation of the
CB1 receptor. Neuroreport 12, 3973–3978.

158

M.A.P. Bloomﬁeld et al. / Pharmacology & Therapeutics 195 (2019) 132–161

Doyle, O. M., Mehta, M. A., & Brammer, M. J. (2015). The role of machine learning in
neuroimaging for drug discovery and development. Psychopharmacology 232,
4179–4189.
Dragogna, F., Mauri, M. C., Marotta, G., Armao, F. T., Brambilla, P., & Altamura, A. C. (2014).
Brain metabolism in substance-induced psychosis and schizophrenia: a preliminary
PET study. Neuropsychobiology 70, 195–202.
D'Souza, D. C., Cortes-Briones, J. A., Ranganathan, M., Thurnauer, H., Creatura, G., Surti, T.,
et al. (2016). Rapid changes in CB1 receptor availability in cannabis dependent males
after abstinence from cannabis. Biological Psychiatry Cognitive Neuroscience and
Neuroimaging 1, 60–67.
D'Souza, D. C., Perry, E., MacDougall, L., Ammerman, Y., Cooper, T., Wu, Y. T., et al. (2004).
The psychotomimetic effects of intravenous delta-9-tetrahydrocannabinol in
healthy individuals: implications for psychosis. Neuropsychopharmacology 29,
1558–1572.
D'Souza, D. C., Ranganathan, M., Braley, G., Gueorguieva, R., Zimolo, Z., Cooper, T.,
et al. (2008). Blunted psychotomimetic and amnestic effects of delta-9tetrahydrocannabinol in frequent users of cannabis. Neuropsychopharmacology 33,
2505–2516.
Duman, R. S. (2014). Pathophysiology of depression and innovative treatments: remodeling glutamatergic synaptic connections. Dialogues in Clinical Neuroscience 16, 11–27.
Duyn, J. H. (2012). The future of ultra-high ﬁeld MRI and fMRI for study of the human
brain. NeuroImage 62, 1241–1248.
Eklund, A., Nichols, T. E., & Knutsson, H. (2016). Cluster failure: Why fMRI inferences for
spatial extent have inﬂated false-positive rates. Proceedings of the national academy
of sciences of the United States of America. Vol. 113. (pp. 7900–7905).
Eldreth, D. A., Matochik, J. A., Cadet, J. L., & Bolla, KI. (2004). Abnormal brain activity in
prefrontal brain regions in abstinent marijuana users. Neuroimage 23(3), 914–920.
ElSohly, M. A., Mehmedic, Z., Foster, S., Gon, C., Chandra, S., & Church, J. C. (2016). Changes
in cannabis potency over the last 2 decades (1995–2014): analysis of current data in
the United States. Biological Psychiatry 79, 613–619.
Englund, A., Morrison, P. D., Nottage, J., Hague, D., Kane, F., Bonaccorso, S., et al. (2013).
Cannabidiol inhibits THC-elicited paranoid symptoms and hippocampal-dependent
memory impairment. Journal of Psychopharmacology 27, 19–27.
Enzi, B., Lissek, S., Edel, M. A., Tegenthoff, M., Nicolas, V., Scherbaum, N., et al. (2015). Alterations of monetary reward and punishment processing in chronic cannabis users:
An fMRI study. PLoS One 10, e0119150.
Epstein, K. A., Cullen, K. R., Mueller, B. A., Robinson, P., Lee, S., & Kumra, S. (2014). White
matter abnormalities and cognitive impairment in early-onset schizophreniaspectrum disorders. Journal of the American Academy of Child and Adolescent Psychiatry 53, 362–372 (e361-362).
Epstein, K. A., & Kumra, S. (2015). White matter fractional anisotropy over two time
points in early onset schizophrenia and adolescent cannabis use disorder: A naturalistic diffusion tensor imaging study. Psychiatry Research 232, 34–41.
Esteban, O., Markiewicz, C., Blair, R. W., Moodie, C., Isik, A. I., Erramuzpe Aliaga, A., et al.
(2018). FMRIPrep: a robust preprocessing pipeline for functional MRI. bioRxiv.
https://doi.org/10.1101/306951.
European Monitoring Centre for Drugs and Drug Addiction (EMCDDA). (2018). European
drug report 2018: Trends and developments. Luxembourg: Publications Ofﬁce of the
European Union.
Felder, C. C., Veluz, J. S., Williams, H. L., Briley, E. M., & Matsuda, L. A. (1992). Cannabinoid
agonists stimulate both receptor-and non-receptor-mediated signal transduction
pathways in cells transfected with and expressing cannabinoid receptor clones.
Molecular Pharmacology 42, 838–845.
Filbey, F. M., Aslan, S., Calhoun, V. D., Spence, J. S., Damaraju, E., Caprihan, A., et al. (2014).
Long-term effects of marijuana use on the brain. Proceedings of the National Academy
of Sciences of the United States of America 111, 16913–16918.
Filbey, F. M., Aslan, S., Lu, H., & Peng, S. L. (2018). Residual effects of THC via novel measures of brain perfusion and metabolism in a large group of chronic cannabis users.
Neuropsychopharmacology 43, 700–707.
Filbey, F. M., & Dunlop, J. (2014). Differential reward network functional connectivity in
cannabis dependent and non-dependent users. Drug and Alcohol Dependence 140,
101–111.
Filbey, F. M., McQueeny, T., Kadamangudi, S., Bice, C., & Ketcherside, A. (2015). Combined
effects of marijuana and nicotine on memory performance and hippocampal volume.
Behavioural Brain Research 293, 46–53.
Filbey, F. M., & Yezhuvath, U. (2013). Functional connectivity in inhibitory control networks and severity of cannabis use disorder. The American Journal of Drug and Alcohol
Abuse 39, 382–391.
Fischer, A. S., Whitﬁeld-Gabrieli, S., Roth, R. M., Brunette, M. F., & Green, A. I. (2014). Impaired functional connectivity of brain reward circuitry in patients with schizophrenia and cannabis use disorder: Effects of cannabis and THC. Schizophrenia Research
158, 176–182.
Fletcher, P. C., & Honey, G. D. (2006). Schizophrenia, ketamine and cannabis: evidence of
overlapping memory deﬁcits. Trends in Cognitive Sciences 10, 167–174.
Ford, K. A., Wammes, M., Neufeld, R. W., Mitchell, D., Théberge, J., Williamson, P., et al.
(2014). Unique functional abnormalities in youth with combined marijuana use
and depression: an FMRI study. Frontiers in Psychiatry 5, 130.
Freeman, D., Dunn, G., Murray, R. M., Evans, N., Lister, R., Antley, A., et al. (2015). How cannabis causes paranoia: using the intravenous administration of 9-tetrahydrocannabinol
(THC) to identify key cognitive mechanisms leading to paranoia. Schizophrenia Bulletin
41, 391–399.
Freeman, D., Morrison, P. D., Murray, R. M., Evans, N., Lister, R., & Dunn, G. (2013). Persecutory ideation and a history of cannabis use. Schizophrenia Research 148, 122–125.
Freeman, T. P., Pope, R. A., Wall, M. B., Bisby, J. A., Luijten, M., Hindocha, C., et al. (2018a).
Cannabis Dampens the effects of music in brain regions sensitive to reward and emotion. The International Journal of Neuropsychopharmacology 21, 21–32.

Freeman, T. P., van der Pol, P., Kuijpers, W., Wisselink, J., Das, R. K., Rigter, S., et al. (2018b).
Changes in cannabis potency and ﬁrst-time admissions to drug treatment: a 16-year
study in the Netherlands. Psychological Medicine, 1–7.
Freeman, T. P., & Winstock, A. (2015). Examining the proﬁle of high-potency cannabis and
its association with severity of cannabis dependence. Psychological Medicine 45,
3181–3189.
Friedman, D., & Devinsky, O. (2015). Cannabinoids in the Treatment of Epilepsy. New
England Journal of Medicine 373, 1048–1058.
Fusar-Poli, P., Allen, P., Bhattacharyya, S., Crippa, J. A., Mechelli, A., Borgwardt, S., et al.
(2010). Modulation of effective connectivity during emotional processing by Δ9tetrahydrocannabinol
and
cannabidiol.
International
Journal
of
Neuropsychopharmacology 13, 421–432.
Fusar-Poli, P., Crippa, J. A., Bhattacharyya, S., Borgwardt, S. J., Allen, P., Martin-Santos, R.,
et al. (2009). Distinct effects of Δ9-tetrahydrocannabinol and cannabidiol on neural
activation during emotional processing. Archives of General Psychiatry 66, 95–105.
Gage, S. H., Hickman, M., & Zammit, S. (2016). Association between cannabis and psychosis: epidemiologic evidence. Biological Psychiatry 79, 549–556.
Gilman, J. M., Kuster, J. K., Lee, S., Lee, M. J., Kim, B. W., Makris, N., et al. (2014). Cannabis
use is quantitatively associated with nucleus accumbens and amygdala abnormalities
in young adult recreational users. The Journal of Neuroscience 34, 5529–5538.
Glass, M., Dragunow, M., & Faull, R. L. M. (1997). Cannabinoid receptors in the human
brain: A detailed anatomical and quantitative autoradiographic study in the fetal,
neonatal and adult human brain. Neuroscience 77, 299–318.
Gorka, A. X., Knodt, A. R., & Hariri, A. R. (2015). Basal forebrain moderates the magnitude
of task-dependent amygdala functional connectivity. Social Cognitive and Affective
Neuroscience 10, 501–507.
Gorka, S. M., Phan, K. L., Lyons, M., Mori, S., Angstadt, M., & Rabinak, C. A. (2016). Cannabinoid modulation of frontolimbic activation and connectivity during volitional regulation of negative affect. Neuropsychopharmacology 41, 1888.
Govaerts, S. J., Hermans, E., & Lambert, D. M. (2004). Comparison of cannabinoid ligands
afﬁnities and efﬁcacies in murine tissues and in transfected cells expressing human
recombinant cannabinoid receptors. European Journal of Pharmaceutical Sciences 23,
233–243.
Green, B., Kavanagh, D., & Young, R. (2003). Being stoned: a review of self-reported cannabis effects. Drug and Alcohol Review 22, 453–460.
Grimm, O., Löfﬂer, M., Kamping, S., Hartmann, A., Rohleder, C., Leweke, M., et al. (2018).
Probing the endocannabinoid system in healthy volunteers: Cannabidiol alters
fronto-striatal resting-state connectivity. European Neuropsychopharmacology 28,
841–849.
Grotenhermen, F. (2003). Pharmacokinetics and pharmacodynamics of cannabinoids.
Clinical Pharmacokinetics 42, 327–360.
Gruber, S. A., Rogowska, J., & Yurgelun-Todd, D. A. (2009). Altered affective response in
marijuana smokers: an FMRI study. Drug and Alcohol Dependence 105, 139–153.
Gruber, S. A., Sagar, K. A., Dahlgren, M. K., Gonenc, A., Smith, R. T., Lambros, A. M., et al.
(2017). The Grass Might Be Greener: Medical Marijuana Patients Exhibit Altered
Brain Activity and Improved Executive Function after 3 Months of Treatment.
Frontiers in Pharmacology 8, 983.
Gruber, S. A., Silveri, M. M., Dahlgren, M. K., & Yurgelun-Todd, D. (2011). Why so impulsive? White matter alterations are associated with impulsivity in chronic marijuana
smokers. Experimental and Clinical Psychopharmacology 19(3), 231–242. https://doi.
org/10.1037/a0023034.
Gruber, S. A., & Yurgelun-Todd, D. A. (2005). Neuroimaging of marijuana smokers during
inhibitory processing: a pilot investigation. Brain Research. Cognitive Brain Research
23, 107–118.
Hagele, C., Schlagenhauf, F., Rapp, M., Sterzer, P., Beck, A., Bermpohl, F., et al. (2015). Dimensional psychiatry: reward dysfunction and depressive mood across psychiatric
disorders. Psychopharmacology 232, 331–341.
Hannerz, J., & Hindmarsh, T. (1983). Neurological and neuroradiological examination of
chronic cannabis smokers. Annals of Neurology 13, 207–210.
Hanuš, L. O., Meyer, S. M., Muñoz, E., Taglialatela-Scafati, O., & Appendino, G. (2016).
Phytocannabinoids: A uniﬁed critical inventory. Natural Product Reports 33,
1357–1392.
Hasin, D. S., Saha, T. D., Kerridge, B. T., Goldstein, R. B., Chou, S. P., Zhang, H., et al. (2015).
Prevalence of Marijuana use disorders in the United States between 2001-2002 and
2012-2013. JAMA Psychiatry 72, 1235–1242.
Heath, R. G., Fitzjarrell, A., Fontana, C. J., & Garey, R. (1980). Cannabis sativa: effects on brain
function and ultrastructure in rhesus monkeys. Biological Psychiatry 15, 657–690.
van Hell, H. H., Bossong, M. G., Jager, G., Kristo, G., van Osch, M. J., Zelaya, F., et al. (2011).
Evidence for involvement of the insula in the psychotropic effects of THC in humans:
a double-blind, randomized pharmacological MRI study. International Journal of
Neuropsychopharmacology 14, 1377–1388.
van Hell, H. H., Jager, G., Bossong, M. G., Brouwer, A., Jansma, J. M., Zuurman, L., et al.
(2012). Involvement of the endocannabinoid system in reward processing in the
human brain. Psychopharmacology 219, 981–990.
van Hell, H. H., Vink, M., Ossewaarde, L., Jager, G., Kahn, R. S., & Ramsey, N. F. (2010).
Chronic effects of cannabis use on the human reward system: an fMRI study.
European Neuropsychopharmacology 20, 153–163.
Herkenham, M., Lynn, A. B., Johnson, M. R., Melvin, L. S., de Costa, B. R., & Rice, K. C. (1991).
Characterization and localization of cannabinoid receptors in rat brain: a quantitative
in vitro autoradiographic study. Journal of Neuroscience 11, 563–583.
Hermann, D., Sartorius, A., Welzel, H., Walter, S., Skopp, G., Ende, G., et al. (2007). Dorsolateral prefrontal cortex N-acetylaspartate/total creatine (NAA/tCr) loss in male recreational cannabis users. Biological Psychiatry 61, 1281–1289.
Hester, R., Nestor, L., & Garavan, H. (2009). Impaired error awareness and anterior cingulate cortex hypoactivity in chronic cannabis users. Neuropsychopharmacology 34,
2450–2458.

M.A.P. Bloomﬁeld et al. / Pharmacology & Therapeutics 195 (2019) 132–161
Hill, S. Y., Sharma, V., & Jones, B. L. (2016). Lifetime use of cannabis from longitudinal assessments, cannabinoid receptor (CNR1) variation, and reduced volume of the right
anterior cingulate. Psychiatry Research: Neuroimaging 255, 24–34.
Hindocha, C., Freeman, T. P., Grabski, M., Stroud, J. B., Crudgington, H., Davies, A. C., et al.
(2018a). Cannabidiol reverses attentional bias to cigarette cues in a human experimental model of tobacco withdrawal. Addiction. https://doi.org/10.1111/add.14243
(Epub ahead of print).
Hindocha, C., Freeman, T. P., Schafer, G., Gardener, C., Das, R. K., Morgan, C. J., et al. (2015).
Acute effects of delta-9-tetrahydrocannabinol, cannabidiol and their combination on
facial emotion recognition: a randomised, double-blind, placebo-controlled study in
cannabis users. European Neuropsychopharmacology 25, 325–334.
Hindocha, C., Norberg, M. M., & Tomko, R. L. (2018b). Solving the problem of cannabis
quantiﬁcation. Lancet Psychiatry 5, e8.
Hindocha, C., Wollenberg, O., Carter Leno, V., Alvarez, B. O., Curran, H. V., & Freeman, T. P.
(2014). Emotional processing deﬁcits in chronic cannabis use: a replication and extension. Journal of Psychopharmacology 28, 466–471.
Hirvonen, J., Goodwin, R., Li, C. T., Terry, G., Zoghbi, S., Morse, C., et al. (2012). Reversible
and regionally selective downregulation of brain cannabinoid CB 1 receptors in
chronic daily cannabis smokers. Molecular Psychiatry 17, 642–649.
Howes, O. D., & Kapur, S. (2014). A neurobiological hypothesis for the classiﬁcation of
schizophrenia: type A (hyperdopaminergic) and type B (normodopaminergic). The
British Journal of Psychiatry 205, 1–3.
Ilan, A. B., Gevins, A., Coleman, M., ElSohly, M. A., & de Wit, H. (2005). Neurophysiological
and subjective proﬁle of marijuana with varying concentrations of cannabinoids.
Behavioural Pharmacology 16, 487–496.
Jacobsen, L. K., Pugh, K. R., Constable, R. T., Westerveld, M., & Mencl, W. E. (2007). Functional correlates of verbal memory deﬁcits emerging during nicotine withdrawal in
abstinent adolescent cannabis users. Biological Psychiatry 61, 31–40.
Jacobus, J., Goldenberg, D., Wierenga, C. E., Tolentino, N. J., Liu, T. T., & Tapert, S. F. (2012).
Altered cerebral blood ﬂow and neurocognitive correlates in adolescent cannabis
users. Psychopharmacology 222, 675–684.
Jacobus, J., Tapert, F., & S. (2014). Effects of cannabis on the adolescent brain. Current
Pharmaceutical Design 20, 2186–2193.
Jager, G., Block, R. I., Luijten, M., & Ramsey, N. F. (2010). Cannabis use and memory brain
function in adolescent boys: a cross-sectional multicenter functional magnetic resonance imaging study. Journal of the American Academy of Child and Adolescent Psychiatry 49, 561–572.
Jager, G., Block, R. I., Luijten, M., & Ramsey, N. F. (2013). Tentative evidence for striatal hyperactivity in adolescent cannabis-using boys: a cross-sectional multicenter fMRI
study. Journal of Psychoactive Drugs 45, 156–167.
Jager, G., Kahn, R. S., Van Den Brink, W., Van Ree, J. M., & Ramsey, N. F. (2006). Long-term
effects of frequent cannabis use on working memory and attention: an fMRI study.
Psychopharmacology 185, 358–368.
Jager, G., & Ramsey, N. F. (2008). Long-term consequences of adolescent cannabis exposure on the development of cognition, brain structure and function: an overview of
animal and human research. Current Drug Abuse Reviews 1, 114–123.
Jager, G., Van Hell, H. H., De Win, M. M., Kahn, R. S., Van Den Brink, W., Van Ree, J. M., et al.
(2007). Effects of frequent cannabis use on hippocampal activity during an associative memory task. European Neuropsychopharmacology 17, 289–297.
James, A., Hough, M., James, S., Winmill, L., Burge, L., Nijhawan, S., et al. (2011). Greater
white and grey matter changes associated with early cannabis use in adolescentonset schizophrenia (AOS). Schizophrenia Research 128, 91–97.
James, A., James, C., & Thwaites, T. (2013). The brain effects of cannabis in healthy adolescents and in adolescents with schizophrenia: A systematic review. Psychiatry
Research: Neuroimaging 214, 181–189.
Jansma, J., Van Hell, H., Vanderschuren, L., Bossong, M., Jager, G., Kahn, R., et al. (2013).
THC reduces the anticipatory nucleus accumbens response to reward in subjects
with a nicotine addiction. Translational Psychiatry 3, e234.
Kanayama, G., Rogowska, J., Pope, H. G., Gruber, S. A., & Yurgelun-Todd, D. A. (2004). Spatial working memory in heavy cannabis users: a functional magnetic resonance imaging study. Psychopharmacology 176, 239–247.
Kane, J., Honigfeld, G., Singer, J., & Meltzer, H. (1988). Clozapine for the treatmentresistant schizophrenic. A double-blind comparison with chlorpromazine. Archives
of General Psychiatry 45, 789–796.
Karniol, I. G., Shirakawa, I., Kasinski, N., Pfeferman, A., & Carlini, E. A. (1974). Cannabidiol
interferes with the effects of Δ9-tetrahydrocannabinol in man. European Journal of
Pharmacology 28, 172–177.
Karoly, H. C., Bryan, A. D., Weiland, B. J., Mayer, A., Dodd, A., & Ewing, S. W. F. (2015).
Does incentive-elicited nucleus accumbens activation differ by substance of
abuse? An examination with adolescents. Developmental Cognitive Neuroscience
16, 5–15.
Katona, I., Rancz, E. A., Acsády, L., Ledent, C., Mackie, K., Hájos, N., et al. (2001). Distribution of CB1 cannabinoid receptors in the amygdala and their role in the control of
GABAergic transmission. Journal of Neuroscience 21, 9506–9518.
Kelley, B. G., & Thayer, S. A. (2004). Δ9-Tetrahydrocannabinol antagonizes
endocannabinoid modulation of synaptic transmission between hippocampal neurons in culture. Neuropharmacology 46, 709–715.
Kelly, C., Castellanos, F. X., Tomaselli, O., Lisdahl, K., Tamm, L., Jernigan, T., et al. (2017).
Distinct effects of childhood ADHD and cannabis use on brain functional architecture
in young adults. Neuroimage Clinnical 13, 188–200.
Kim, D. J., Skosnik, P. D., Cheng, H., Pruce, B. J., Brumbaugh, M. S., Vollmer, J. M., et al.
(2011). Structural network topology revealed by white matter tractography in cannabis users: a graph theoretical analysis. Brain Connectivity 1, 473–483.
King, G. R., Ernst, T., Deng, W., Stenger, A., Gonzales, R. M., Nakama, H., et al. (2011). Altered brain activation during visuomotor integration in chronic active cannabis
users: relationship to cortisol levels. Journal of Neuroscience 31, 17923–17931.

159

Klumpers, L. E., Cole, D. M., Khalili-Mahani, N., Soeter, R. P., te Beek, E. T., Rombouts, S. A.,
et al. (2012). Manipulating brain connectivity with δ9-tetrahydrocannabinol: a pharmacological resting state FMRI study. NeuroImage 63, 1701–1711.
Koenders, L., Cousijn, J., Vingerhoets, W. A., van den Brink, W., Wiers, R. W., Meijer, C. J.,
et al. (2016). Grey matter changes associated with heavy cannabis use: A longitudinal
sMRI study. PLoS One 11, e0152482.
Koenders, L., Lorenzetti, V., de Haan, L., Suo, C., Vingerhoets, W., van den Brink, W., et al.
(2017). Longitudinal study of hippocampal volumes in heavy cannabis users.
Journal of Psychopharmacology 31, 1027–1034.
Kolansky, H., & Moore, W. T. (1972). Toxic effects of chronic marihuana use. Journal of the
American Medical Association 222, 35–41.
Kuehnle, J., Mendelson, J. H., Davis, K. R., & New, P. (1977). Computed tomographic examination of heavy marijuana smokers. JAMA 237, 1231–1232.
Landﬁeld, P. W., Cadwallader, L. B., & Vinsant, S. (1988). Quantitative changes in hippocampal structure following long-term exposure to Δ9-tetrahydrocannabinol: possible mediation by glucocorticoid systems. Brain Research 443, 47–62.
Laprairie, R., Bagher, A., Kelly, M., & Denovan-Wright, E. (2015). Cannabidiol is a negative
allosteric modulator of the cannabinoid CB1 receptor. British Journal of Pharmacology
172, 4790–4805.
Leroy, C., Karila, L., Martinot, J. L., Lukasiewicz, M., Duchesnay, E., Comtat, C., et al. (2012).
Striatal and extrastriatal dopamine transporter in cannabis and tobacco addiction: a
high-resolution PET study. Addiction Biology 17, 981–990.
Levine, A., Clemenza, K., Rynn, M., & Lieberman, J. (2017). Evidence for the risks and consequences of adolescent cannabis exposure. Journal of the American Academy of Child
and Adolescent Psychiatry 56, 214–225.
Leweke, F., Piomelli, D., Pahlisch, F., Muhl, D., Gerth, C., Hoyer, C., et al. (2012). Cannabidiol
enhances anandamide signaling and alleviates psychotic symptoms of schizophrenia.
Translational Psychiatry 2, e94.
Lichenstein, S. D., Musselman, S., Shaw, D. S., Sitnick, S., & Forbes, E. E. (2017). Nucleus accumbens functional connectivity at age 20 is associated with trajectory of adolescent
cannabis use and predicts psychosocial functioning in young adulthood. Addiction
112, 1961–1970.
Lopez-Larson, M. P., Rogowska, J., & Yurgelun-Todd, D. (2015). Aberrant orbitofrontal connectivity in marijuana smoking adolescents. Developmental Cognitive Neuroscience 16,
54–62.
Lorenzetti, V., Alonso-Lana, S., Youssef, G. J., Verdejo-Garcia, A., Suo, C., Cousijn, J., et al.
(2016a). Adolescent cannabis use: What is the evidence for functional brain alteration? Current Pharmaceutical Design 22, 6353–6365.
Lorenzetti, V., Lubman, D. I., Whittle, S., Solowij, N., & Yücel, M. (2010). Structural MRI
ﬁndings in long-term cannabis users: what do we know? Substance Use & Misuse
45, 1787–1808.
Lorenzetti, V., Solowij, N., Whittle, S., Fornito, A., Lubman, D. I., Pantelis, C., et al. (2015).
Gross morphological brain changes with chronic, heavy cannabis use. The British
Journal of Psychiatry 206, 77–78.
Lorenzetti, V., Solowij, N., & Yucel, M. (2016b). The role of cannabinoids in neuroanatomic
alterations in cannabis users. Biological Psychiatry 79, e17–e31.
Luijten, M., Schellekens, A. F., Kuhn, S., Machielse, M. W., & Sescousse, G. (2017). Disruption of reward processing in addiction: An image-based meta-analysis of functional
magnetic resonance imaging studies. JAMA Psychiatry 74, 387–398.
Lundqvist, T., Jonsson, S., & Warkentin, S. (2001). Frontal lobe dysfunction in long-term
cannabis users. Neurotoxicology and Teratology 23, 437–443.
Manza, P., Tomasi, D., & Volkow, N. D. (2018). Subcortical local functional hyperconnectivity
in cannabis dependence. Biological Psychiatry Cognitive Neuroscience and Neuroimaging
3, 285–293.
Marconi, A., Di Forti, M., Lewis, C. M., Murray, R. M., & Vassos, E. (2016). Meta-analysis of
the association between the level of cannabis use and risk of psychosis. Schizophrenia
Bulletin 42, 1262–1269.
Marinelli, L., Balestrino, M., Mori, L., Puce, L., Rosa, G. M., Giorello, L., et al. (2017). A
randomised controlled cross-over double-blind pilot study protocol on THC: CBD
oromucosal spray efﬁcacy as an add-on therapy for post-stroke spasticity. BMJ Open 7,
e016843.
Martz, M. E., Trucco, E. M., Cope, L. M., Hardee, J. E., Jester, J. M., Zucker, R. A., et al. (2016).
Association of Marijuana use with blunted nucleus accumbens response to reward
anticipation. JAMA Psychiatry 73, 838–844.
Mason, O., Morgan, C., Dhiman, S., Patel, A., Parti, N., & Curran, H. (2009). Acute cannabis
use causes increased psychotomimetic experiences in individuals prone to psychosis.
Psychological Medicine 39, 951–956.
Mathew, R., Wilson, W., Chiu, N., Turkington, T., Degrado, T., & Coleman, R. (1999). Regional cerebral blood ﬂow and depersonalization after tetrahydrocannabinol
adrninistration. Acta Psychiatrica Scandinavica 100, 67–75.
Mathew, R. J., Tant, S., & Burger, C. (1986). Regional cerebral blood ﬂow in marijuana
smokers. British Journal of Addiction 81, 567–571.
Mathew, R. J., & Wilson, W. H. (1993). Acute changes in cerebral blood-ﬂow after smoking
Marijuana. Life Sciences 52, 757–767.
Mathew, R. J., Wilson, W. H., Coleman, R. E., Turkington, T. G., & DeGrado, T. R. (1997).
Marijuana intoxication and brain activation in marijuana smokers. Life Sciences 60,
2075–2089.
Mathew, R. J., Wilson, W. H., Humphreys, D., Lowe, J. V., & Weithe, K. E. (1993). Depersonalization after marijuana smoking. Biological Psychiatry 33, 431–441.
Mathew, R. J., Wilson, W. H., Humphreys, D. F., Lowe, J. V., & Wiethe, K. E. (1992a). Changes
in middle cerebral artery velocity after marijuana. Biological Psychiatry 32, 164–169.
Mathew, R. J., Wilson, W. H., Humphreys, D. F., Lowe, J. V., & Wiethe, K. E. (1992b). Regional cerebral blood-ﬂow after marijuana smoking. Journal of Cerebral Blood Flow
and Metabolism 12, 750–758.
Mathew, R. J., Wilson, W. H., & Tant, S. R. (1989). Acute changes in cerebral blood ﬂow associated with marijuana smoking. Acta Psychiatrica Scandinavica 79, 118–128.

160

M.A.P. Bloomﬁeld et al. / Pharmacology & Therapeutics 195 (2019) 132–161

Mathew, R. J., Wilson, W. H., Turkington, T. G., & Coleman, R. E. (1998). Cerebellar activity
and disturbed time sense after THC. Brain Research 797, 183–189.
Mathew, R. J., Wilson, W. H., Turkington, T. G., Hawk, T. C., Coleman, R. E., DeGrado, T. R., &
Provenzale, J. (2002). Time course of tetrahydrocannabinol-induced changes in regional cerebral blood ﬂow measured with positron emission tomography.
Psychiatry Research: Neuroimaging 116, 173–185.
Matochik, J. A., Eldreth, D. A., Cadet, J. L., & Bolla, K. I. (2005). Altered brain tissue composition in heavy marijuana users. Drug and Alcohol Dependence 77, 23–30.
McGuire, P., Robson, P., Cubala, W. J., Vasile, D., Morrison, P. D., Barron, R., et al. (2017).
Cannabidiol (CBD) as an adjunctive therapy in schizophrenia: A multicenter randomized controlled trial. American Journal of Psychiatry 175(3), 225–231 (appi. ajp. 2017.
17030325).
Medina, K. L., McQueeny, T., Nagel, B. J., Hanson, K. L., Yang, T. T., & Tapert, S. F. (2009).
Prefrontal cortex morphometry in abstinent adolescent marijuana users: subtle gender effects. Addiction Biology 14, 457–468.
Medina, K. L., Schweinsburg, A. D., Cohen-Zion, M., Nagel, B. J., & Tapert, S. F. (2007). Effects of alcohol and combined marijuana and alcohol use during adolescence on hippocampal volume and asymmetry. Neurotoxicology and Teratology 29, 141–152.
Mizrahi, R., Suridjan, I., Kenk, M., George, T. P., Wilson, A., Houle, S., et al. (2013). Dopamine response to psychosocial stress in chronic cannabis users: A PET study with
[11C]-+-PHNO. Neuropsychopharmacology 38, 673–682.
Moffett, J. R., Ross, B., Arun, P., Madhavarao, C. N., & Namboodiri, A. M. A. (2007). Nacetylaspartate in the CNS: From neurodiagnostics to neurobiology. Progress in
Neurobiology 81, 89–131.
Mokrysz, C., Freeman, T., Korkki, S., Grifﬁths, K., & Curran, H. (2016). Are adolescents more
vulnerable to the harmful effects of cannabis than adults? A placebo-controlled study
in human males. Translational Psychiatry 6, e961.
Moore, T. H., Zammit, S., Lingford-Hughes, A., Barnes, T. R., Jones, P. B., Burke, M., et al.
(2007). Cannabis use and risk of psychotic or affective mental health outcomes: a systematic review. The Lancet 370, 319–328.
Moreau, J. (1845). Du hachisch et de l'alienation mentale etudes psychologiques. Paris:
Fortin, Masson et Cie.
Moreno-Alcazar, A., Gonzalvo, B., Canales-Rodriguez, E. J., Blanco, L., Bachiller, D.,
Romaguera, A., et al. (2018). Larger gray matter volume in the basal ganglia of
heavy cannabis users detected by voxel-based morphometry and subcortical volumetric analysis. Frontiers in Psychiatry 9, 175.
Morgan, C. J., Freeman, T. P., Powell, J., & Curran, H. V. (2016). AKT1 genotype moderates
the acute psychotomimetic effects of naturalistically smoked cannabis in young cannabis smokers. Translational Psychiatry 6, e738.
Morgan, C. J., Schafer, G., Freeman, T. P., & Curran, H. V. (2010). Impact of cannabidiol on
the acute memory and psychotomimetic effects of smoked cannabis: naturalistic
study. The British Journal of Psychiatry 197, 285–290.
Morgan, C. J. A., Das, R. K., Joye, A., Curran, H. V., & Kamboj, S. K. (2013). Cannabidiol reduces cigarette consumption in tobacco smokers: preliminary ﬁndings. Addictive
Behaviors 38, 2433–2436.
Morrison, P., Zois, V., McKeown, D., Lee, T., Holt, D., Powell, J., et al. (2009). The acute effects of synthetic intravenous Δ 9-tetrahydrocannabinol on psychosis, mood and cognitive functioning. Psychological Medicine 39, 1607–1616.
Morrison, P. D., Nottage, J., Stone, J. M., Bhattacharyya, S., Tunstall, N., Brenneisen, R., et al.
(2011). Disruption of frontal theta coherence by Δ 9-tetrahydrocannabinol is associated with positive psychotic symptoms. Neuropsychopharmacology 36, 827–836.
Morrison, P. D., & Stone, J. M. (2011). Synthetic delta-9-tetrahydrocannabinol elicits
schizophrenia-like negative symptoms which are distinct from sedation. Human
Psychopharmacology 26, 77–80.
Mucke, M., Phillips, T., Radbruch, L., Petzke, F., & Hauser, W. (2018). Cannabis-based medicines for chronic neuropathic pain in adults. Cochrane Database of Systematic Reviews
(3), CD012182.
Muetzel, R. L., Marjanska, M., Collins, P. F., Becker, M. P., Valabregue, R., Auerbach, E. J.,
et al. (2013). In vivo (1)H magnetic resonance spectroscopy in young-adult daily
marijuana users. Neuroimage Clinical 2, 581–589.
Murphy, K., Dixon, V., LaGrave, K., Kaufman, J., Risinger, R., Bloom, A., et al. (2006). A validation of event-related FMRI comparisons between users of cocaine, nicotine, or cannabis and control subjects. American Journal of Psychiatry 163, 1245–1251.
Murray, R. M., Morrison, P. D., Henquet, C., & Di Forti, M. (2007). Cannabis, the mind and
society: the hash realities. Nature Reviews Neuroscience 8, 885–895.
Narang, S., Gibson, D., Wasan, A. D., Ross, E. L., Michna, E., Nedelikovic, S. S., et al. (2008).
Efﬁcacy of dronabinol as an adjuvant treatment for chronic pain patients on opioid
therapy. The Journal of Pain 9, 254–264.
Nestor, L., Hester, R., & Garavan, H. (2010). Increased ventral striatal BOLD activity during
non-drug reward anticipation in cannabis users. NeuroImage 49, 1133–1143.
Nestor, L., Roberts, G., Garavan, H., & Hester, R. (2008). Deﬁcits in learning and memory:
parahippocampal hyperactivity and frontocortical hypoactivity in cannabis users.
NeuroImage 40, 1328–1339.
Nord, C. L., Valton, V., Wood, J., & Roiser, J. P. (2017). Power-up: A reanalysis of 'power failure'
in neuroscience using mixture modeling. The Journal of Neuroscience 37, 8051–8061.
O'leary, D. S., Block, R. I., Flaum, M., Schultz, S. K., Ponto, L. L. B., Watkins, G. L., et al. (2000).
Acute marijuana effects on rCBF and cognition: a PET study. Neuroreport 11, 3835–3840.
O'Leary, D. S., Block, R. I., Koeppel, J. A., Flaum, M., Schultz, S. K., Andreasen, N. C., et al.
(2002). Effects of smoking marijuana on brain perfusion and cognition.
Neuropsychopharmacology 26, 802–816.
O'leary, D. S., Block, R. I., Koeppel, J. A., Schultz, S. K., Magnotta, V. A., Ponto, L. B., et al.
(2007). Effects of smoking marijuana on focal attention and brain blood ﬂow.
Human Psychopharmacology: Clinical and Experimental 22, 135–148.
Orr, C., Morioka, R., Behan, B., Datwani, S., Doucet, M., Ivanovic, J., et al. (2013). Altered
resting-state connectivity in adolescent cannabis users. The American Journal of
Drug and Alcohol Abuse 39, 372–381.

Orr, J. M., Paschall, C. J., & Banich, M. T. (2016). Recreational marijuana use impacts white
matter integrity and subcortical (but not cortical) morphometry. Neuroimage Clinical
12, 47–56.
Pagliaccio, D., Barch, D. M., Bogdan, R., Wood, P. K., Lynskey, M. T., Heath, A. C., et al.
(2015). Shared predisposition in the association between cannabis use and subcortical brain structure. JAMA Psychiatry 72, 994–1001.
Paronis, C. A., Nikas, S. P., Shukla, V. G., & Makriyannis, A. (2012). Δ9Tetrahydrocannabinol acts as a partial agonist/antagonist in mice. Behavioural
Pharmacology 23, 802–805.
Pasman, J. A., Verweij, K. J. H., Gerring, Z., Stringer, S., Sanchez-Roige, S., Treur, J. L., et al.
(2018). GWAS of lifetime cannabis use reveals new risk loci, genetic overlap with
psychiatric traits, and a causal inﬂuence of schizophrenia. Nature Neuroscience 21,
1161–1170.
Pertwee, R. G. (2008). The diverse CB1 and CB2 receptor pharmacology of three plant cannabinoids:
Delta(9)-tetrahydrocannabinol,
cannabidiol
and
Delta(9)tetrahydrocannabivarin. British Journal of Pharmacology 153, 199–215.
Peters, B. D., de Haan, L., Vlieger, E. J., Majoie, C. B., den Heeten, G. J., & Linszen, D. H.
(2009). Recent-onset schizophrenia and adolescent cannabis use: MRI evidence for
structural hyperconnectivity? Psychopharmacology Bulletin 42, 75–88.
Petitet, F., Jeantaud, B., Reibaud, M., Imperato, A., & Dubroeucq, M. C. (1998). Complex
pharmacology of natural cannabinoids: Evidence for partial agonist activity of Δ9tetrahydrocannabinol and antagonist activity of cannabidiol on rat brain cannabinoid
receptors. Life Sciences 63, 1–6.
Phan, K. L., Angstadt, M., Golden, J., Onyewuenyi, I., Popovska, A., & De Wit, H. (2008).
Cannabinoid modulation of amygdala reactivity to social signals of threat in humans.
Journal of Neuroscience 28, 2313–2319.
Pietrzak, R. H., Huang, Y., Corsi-Travali, S., Zheng, M. Q., Lin, S. F., Henry, S., et al. (2014).
Cannabinoid type 1 receptor availability in the amygdala mediates threat processing
in trauma survivors. Neuropsychopharmacology 39, 2519–2528.
Pijlman, F., Rigter, S., Hoek, J., Goldschmidt, H., & Niesink, R. (2005). Strong increase in
total delta-THC in cannabis preparations sold in Dutch coffee shops. Addiction
Biology 10, 171–180.
Pillay, S. S., Rogowska, J., Kanayama, G., Gruber, S., Simpson, N., Pope, H. G., Jr., et al.
(2008). Cannabis and motor function: fMRI changes following 28 days of discontinuation. Experimental and Clinical Psychopharmacology 16, 22–32.
Pillay, S. S., Rogowska, J., Kanayama, G., Jon, D. I., Gruber, S., Simpson, N., et al. (2004).
Neurophysiology of motor function following cannabis discontinuation in chronic
cannabis smokers: an fMRI study. Drug and Alcohol Dependence 76, 261–271.
Platt, B., Kamboj, S., Morgan, C. J., & Curran, H. V. (2010). Processing dynamic facial affect
in frequent cannabis-users: evidence of deﬁcits in the speed of identifying emotional
expressions. Drug and Alcohol Dependence 112, 27–32.
Poldrack, R. A. (2015). Is “efﬁciency” a useful concept in cognitive neuroscience?
Developmental Cognitive Neuroscience 11, 12–17.
Pope, C., Mechoulam, R., & Parsons, L. (2010). Endocannabinoid signaling in neurotoxicity
and neuroprotection. Neurotoxicology 31, 562–571.
Potter, D. J., Clark, P., & Brown, M. B. (2008). Potency of Δ9–THC and other cannabinoids in
cannabis in England in 2005: Implications for psychoactivity and pharmacology.
Journal of Forensic Sciences 53, 90–94.
Potter, D. J., Hammond, K., Tuffnell, S., Walker, C., & Di Forti, M. (2018). Potency of Δ9–
tetrahydrocannabinol and other cannabinoids in cannabis in England in 2016: Implications for public health and pharmacology. Drug Testing and Analysis 10, 628–635.
Prescot, A. P., Locatelli, A. E., Renshaw, P. F., & Yurgelun-Todd, D. A. (2011). Neurochemical
alterations in adolescent chronic marijuana smokers: a proton MRS study.
NeuroImage 57, 69–75.
Prescot, A. P., Renshaw, P. F., & Yurgelun-Todd, D. A. (2013). gamma-Amino butyric acid
and glutamate abnormalities in adolescent chronic marijuana smokers. Drug and
Alcohol Dependence 129, 232–239.
Pujol, J., Blanco-Hinojo, L., Batalla, A., Lopez-Sola, M., Harrison, B. J., Soriano-Mas, C., et al.
(2014). Functional connectivity alterations in brain networks relevant to selfawareness in chronic cannabis users. Journal of Psychiatric Research 51, 68–78.
Rabinak, C. A., Angstadt, M., Lyons, M., Mori, S., Milad, M. R., Liberzon, I., et al. (2014). Cannabinoid modulation of prefrontal–limbic activation during fear extinction learning
and recall in humans. Neurobiology of Learning and Memory 113, 125–134.
Radhakrishnan, R., Skosnik, P. D., Cortes-Briones, J., Sewell, R. A., Carbuto, M.,
Schnakenberg, A., et al. (2015). GABA deﬁcits enhance the psychotomimetic effects
of Δ 9-THC. Neuropsychopharmacology 40, 2047–2056.
Ramaekers, J., van Wel, J., Spronk, D., Franke, B., Kenis, G., Toennes, S., et al. (2016). Cannabis and cocaine decrease cognitive impulse control and functional corticostriatal
connectivity in drug users with low activity DBH genotypes. Brain Imaging and
Behavior 10, 1254–1263.
Ratti, E., Waninger, S., Berka, C., Rufﬁni, G., & Verma, A. (2017). Comparison of medical
and consumer wireless EEG systems for use in clinical trials. Frontiers in Human
Neuroscience 11, 398.
Raznahan, A., Shaw, P. W., Lerch, J. P., Clasen, L. S., Greenstein, D., Berman, R., et al. (2014).
Longitudinal four-dimensional mapping of subcortical anatomy in human development. Proceedings of the National Academy of Sciences of the United States of America
111, 1592–1597.
Ren, Y., Whittard, J., Higuera-Matas, A., Morris, C. V., & Hurd, Y. L. (2009). Cannabidiol, a
nonpsychotropic component of cannabis, inhibits cue-induced heroin seeking and
normalizes discrete mesolimbic neuronal disturbances. Journal of Neuroscience 29,
14764–14769.
Riba, J., Valle, M., Sampedro, F., Rodriguez-Pujadas, A., Martinez-Horta, S., Kulisevsky, J.,
et al. (2015). Telling true from false: cannabis users show increased susceptibility
to false memories. Molecular Psychiatry 20, 772–777.
Rocchetti, M., Crescini, A., Borgwardt, S., Caverzasi, E., Politi, P., Atakan, Z., et al. (2013). Is
cannabis neurotoxic for the healthy brain? A meta-analytical review of structural

M.A.P. Bloomﬁeld et al. / Pharmacology & Therapeutics 195 (2019) 132–161
brain alterations in non-psychotic users. Psychiatry and Clinical Neurosciences 67,
483–492.
Sanacora, G., Treccani, G., & Popoli, M. (2012). Towards a glutamate hypothesis of depression: an emerging frontier of neuropsychopharmacology for mood disorders.
Neuropharmacology 62, 63–77.
Sauter, A. W., Wehrl, H. F., Kolb, A., Judenhofer, M. S., & Pichler, B. J. (2010). Combined
PET/MRI: One step further in multimodality imaging. Trends in Molecular Medicine
16, 508–515.
Scallet, A., Uemura, E., Andrews, A., Ali, S., McMillan, D., Paule, M., et al. (1987). Morphometric studies of the rat hippocampus following chronic delta-9-tetrahydrocannabinol
(THC). Brain Research 436, 193–198.
Schoeler, T., Petros, N., Di Forti, M., Klamerus, E., Foglia, E., Ajnakina, O., et al. (2016). Effects of continuation, frequency, and type of cannabis use on relapse in the ﬁrst 2
years after onset of psychosis: an observational study. The Lancet Psychiatry 3,
947–953.
Schreiner, A. M., & Dunn, M. E. (2012). Residual effects of cannabis use on neurocognitive
performance after prolonged abstinence: a meta-analysis. Experimental and Clinical
Psychopharmacology 20, 420.
Schweinsburg, A. D., Nagel, B. J., Schweinsburg, B. C., Park, A., Theilmann, R. J., & Tapert, S.
F. (2008). Abstinent adolescent marijuana users show altered fMRI response during
spatial working memory. Psychiatry Research 163, 40–51.
Schweinsburg, A. D., Schweinsburg, B. C., Cheung, E. H., Brown, G. G., Brown, S. A., & Tapert,
S. F. (2005). fMRI response to spatial working memory in adolescents with comorbid
marijuana and alcohol use disorders. Drug and Alcohol Dependence 79, 201–210.
Schweinsburg, A. D., Schweinsburg, B. C., Medina, K. L., McQueeny, T., Brown, S. A., &
Tapert, S. F. (2010). The inﬂuence of recency of use on fMRI response during spatial
working memory in adolescent marijuana users. Journal of Psychoactive Drugs 42,
401–412.
Scott, J. C., Slomiak, S. T., Jones, J. D., Rosen, A. F., Moore, T. M., & Gur, R. C. (2018). Association of Cannabis With Cognitive Functioning in Adolescents and Young Adults: A
Systematic Review and Meta-analysis. JAMA Psychiatry 75, 585–595.
Sevy, S., Smith, G. S., Ma, Y., Dhawan, V., Chaly, T., Kingsley, P. B., et al. (2008). Cerebral
glucose metabolism and D2/D3 receptor availability in young adults with cannabis
dependence measured with positron emission tomography. Psychopharmacology
197, 549–556.
Shen, M., & Thayer, S. A. (1999). Δ9-Tetrahydrocannabinol acts as a partial agonist to
modulate glutamatergic synaptic transmission between rat hippocampal neurons in
culture. Molecular Pharmacology 55, 8–13.
Sim, L. J., Hampson, R. E., Deadwyler, S. A., & Childers, S. R. (1996). Effects of chronic treatment with Δ9-tetrahydrocannabinol on cannabinoid-stimulated [35S] GTPγS autoradiography in rat brain. Journal of Neuroscience 16, 8057–8066.
Smith, A. M., Fried, P. A., Hogan, M. J., & Cameron, I. (2006). Effects of prenatal marijuana
on visuospatial working memory: an fMRI study in young adults. Neurotoxicology and
Teratology 28, 286–295.
Smith, A. M., Mioduszewski, O., Hatchard, T., Byron-Alhassan, A., Fall, C., & Fried, P. A.
(2016). Prenatal marijuana exposure impacts executive functioning into young adulthood: An fMRI study. Neurotoxicology and Teratology 58, 53–59.
Smith, L. A., Azariah, F., Lavender, V. T. C., Stoner, N. S., & Bettiol, S. (2015a). Cannabinoids
for nausea and vomiting in adults with cancer receiving chemotherapy. Cochrane
Database of Systematic Reviews 12, CD009464.
Smith, M. J., Cobia, D. J., Reilly, J. L., Gilman, J. M., Roberts, A. G., Alpert, K. I., et al. (2015b).
Cannabis-related episodic memory deﬁcits and hippocampal morphological differences
in healthy individuals and schizophrenia subjects. Hippocampus 25, 1042–1051.
Sneider, J., Gruber, S., Rogowska, J., Silveri, M., & Yurgelun-Todd, D. (2013). A preliminary
study of functional brain activation among marijuana users during performance of a
virtual water maze task. Journal of Addiction 2013, 461029.
Sneider, J. T., Pope, H. G., Jr., Silveri, M. M., Simpson, N. S., Gruber, S. A., & Yurgelun-Todd,
D. A. (2008). Differences in regional blood volume during a 28-day period of abstinence in chronic cannabis smokers. European Neuropsychopharmacology 18, 612–619.
Spechler, P. A., Orr, C. A., Chaarani, B., Kan, K. J., Mackey, S., Morton, A., et al. (2015). Cannabis use in early adolescence: Evidence of amygdala hypersensitivity to signals of
threat. Developmental Cognitive Neuroscience 16, 63–70.
Stokes, P. R., Mehta, M. A., Curran, H. V., Breen, G., & Grasby, P. M. (2009). Can recreational
doses of THC produce signiﬁcant dopamine release in the human striatum?
NeuroImage 48, 186–190.
Sudlow, C., Gallacher, J., Allen, N., Beral, V., Burton, P., Danesh, J., et al. (2015). UK biobank:
an open access resource for identifying the causes of a wide range of complex diseases of middle and old age. PLoS Medicine 12, e1001779.
Sung, Y. H., Carey, P. D., Stein, D. J., Ferrett, H. L., Spottiswoode, B. S., Renshaw, P. F., et al.
(2013). Decreased frontal N-acetylaspartate levels in adolescents concurrently using
both methamphetamine and marijuana. Behavioural Brain Research 246, 154–161.
Sutcliffe, G., Harneit, A., Tost, H., & Meyer-Lindenberg, A. (2016). Neuroimaging intermediate phenotypes of executive control dysfunction in schizophrenia. Biological
Psychiatry Cogn itiveNeuroscience and Neuroimaging 1, 218–229.
Svendsen, K. B., Jensen, T. S., & Bach, F. W. (2004). Does the cannabinoid dronabinol reduce central pain in multiple sclerosis? Randomised double blind placebo controlled
crossover trial. British Medical Journal 329, 253–257.
Tapert, S. F., Schweinsburg, A. D., Drummond, S. P., Paulus, M. P., Brown, S. A., Yang, T. T.,
et al. (2007). Functional MRI of inhibitory processing in abstinent adolescent marijuana users. Psychopharmacology 194, 173–183.
Tennant, F. S., & Groesbeck, C. J. (1972). Psychiatric effects of hashish. Archives of General
Psychiatry 27, 133–136.
Tervo-Clemmens, B., Simmonds, D., Calabro, F. J., Day, N. L., Richardson, G. A., & Luna, B.
(2018). Adolescent cannabis use and brain systems supporting adult working memory encoding, maintenance, and retrieval. NeuroImage 169, 496–509.

161

Thijssen, S., Rashid, B., Gopal, S., Nyalakanti, P., Calhoun, V. D., & Kiehl, K. A. (2017). Regular cannabis and alcohol use is associated with resting-state time course power
spectra in incarcerated adolescents. Drug and Alcohol Dependence 178, 492–500.
Tunving, K., Thulin, S. O., Risberg, J., & Warkentin, S. (1986). Regional cerebral blood ﬂow
in long-term heavy cannabis use. Psychiatry Research 17, 15–21.
Tzilos, G. K., Cintron, C. B., Wood, J. B., Simpson, N. S., Young, A. D., Pope, H. G., et al. (2005).
Lack of hippocampal volume change in long-term heavy cannabis users. The American
Journal on Addictions 14, 64–72.
United Nations Ofﬁce on Drugs and Crime (UNODC) (2018). World drugs report. Vienna:
United Nations Publications.
Urban, N. B. L., Slifstein, M., Thompson, J. L., Xu, X. Y., Girgis, R. R., Raheja, S., et al. (2012).
Dopamine release in chronic cannabis users: A C-11 raclopride positron emission tomography study. Biological Psychiatry 71, 677–683.
Vaidya, J. G., Block, R. I., O'Leary, D. S., Ponto, L. B., Ghoneim, M. M., & Bechara, A. (2012).
Effects of chronic marijuana use on brain activity during monetary decision-making.
Neuropsychopharmacology 37, 618–629.
Volkow, N. D., Gillespie, H., Mullani, N., Tancredi, L., Grant, C., Valentine, A., et al. (1996).
Brain glucose metabolism in chronic marijuana users at baseline and during marijuana intoxication. Psychiatry Research: Neuroimaging 67, 29–38.
Volkow, N. D., Swanson, J. M., Evins, A. E., DeLisi, L. E., Meier, M. H., Gonzalez, R., et al.
(2016). Effects of cannabis use on human behavior, including cognition, motivation,
and psychosis: a review. JAMA Psychiatry 73, 292–297.
Volkow, N. D., Wang, G. J., Telang, F., Fowler, J. S., Alexoff, D., Logan, J., et al. (2014). Decreased dopamine brain reactivity in marijuana abusers is associated with negative
emotionality and addiction severity. Proceedings of the National Academy of Sciences
of the United States of America 111, e3149–e3156.
Wachtel, S., ElSohly, M., Ross, S., Ambre, J., & De Wit, H. (2002). Comparison of the subjective
effects of Δ 9-tetrahydrocannabinol and marijuana in humans. Psychopharmacology
161, 331–339.
Weinstein, A., Brickner, O., Lerman, H., Greemland, M., Bloch, M., Lester, H., et al. (2008).
Brain imaging study of the acute effects of Delta9-tetrahydrocannabinol (THC) on attention and motor coordination in regular users of marijuana. Psychopharmacology
196, 119–131.
Weinstein, A., Livny, A., & Weizman, A. (2016). Brain imaging studies on the cognitive,
pharmacological and neurobiological effects of cannabis in humans: Evidence from
studies of adult users. Current Pharmaceutical Design 22, 6366–6379.
Wiers, C. E., Shokri-Kojori, E., Wong, C. T., Abi-Dargham, A., Demiral, S. B., Tomasi, D., et al.
(2016). Cannabis abusers show hypofrontality and blunted brain responses to a
stimulant challenge in females but not in males. Neuropsychopharmacology 41,
2596–2605.
Wiesbeck, G. A., & Taeschner, K. L. (1991). A cerebral computed tomography study of patients with drug-induced psychoses. European Archives of Psychiatry and Clinical
Neuroscience 241, 88–90.
Wilsey, B., Marcotte, T., Tsodikov, A., Millman, J., Bentley, H., Gouaux, B., et al. (2008). A
randomized, placebo-controlled, crossover trial of cannabis cigarettes in neuropathic
pain. The Journal of Pain 9, 506–521.
Wilson, W., Mathew, R., Turkington, T., Hawk, T., Coleman, R. E., & Provenzale, J. (2000).
Brain morphological changes and early marijuana use: a magnetic resonance and
positron emission tomography study. Journal of Addictive Diseases 19, 1–22.
Yanes, J. A., Riedel, M. C., Ray, K. L., Kirkland, A. E., Bird, R. T., Boeving, E. R., et al. (2018).
Neuroimaging meta-analysis of cannabis use studies reveals convergent functional
alterations in brain regions supporting cognitive control and reward processing.
Journal of Psychopharmacology 32, 283–295.
Yip, S. W., DeVito, E. E., Kober, H., Worhunsky, P. D., Carroll, K. M., & Potenza, M. N. (2014).
Pretreatment measures of brain structure and reward-processing brain function in
cannabis dependence: An exploratory study of relationships with abstinence during
behavioral treatment1. Drug and Alcohol Dependence 140, 33–41.
Yücel, M., Lorenzetti, V., Suo, C., Zalesky, A., Fornito, A., Takagi, M. J., et al. (2016). Hippocampal harms, protection and recovery following regular cannabis use. Translational
Psychiatry 6, e710.
Yücel, M., Lubman, D. I., Solowij, N., & Brewer, W. J. (2007). Understanding drug addiction: a neuropsychological perspective. The Australian and New Zealand Journal Psychiatry 41, 957–968.
Yücel, M., Solowij, N., Respondek, C., Whittle, S., Fornito, A., Pantelis, C., et al. (2008). Regional brain abnormalities associated with long-term heavy cannabis use. Archives of
General Psychiatry 65, 694–701.
Zalesky, A., Solowij, N., Yucel, M., Lubman, D. I., Takagi, M., Harding, I. H., et al. (2012). Effect of long-term cannabis use on axonal ﬁbre connectivity. Brain 135, 2245–2255.
Zamengo, L., Frison, G., Bettin, C., & Sciarrone, R. (2015). Cannabis potency in the Venice
area (Italy): Update 2013. Drug Testing and Analysis 7, 255–258.
Zimmermann, K., Walz, C., Derckx, R. T., Kendrick, K. M., Weber, B., Dore, B., et al. (2017).
Emotion regulation deﬁcits in regular marijuana users. Human Brain Mapping 38,
4270–4279.
Zimmermann, K., Yao, S., Heinz, M., Zhou, F., Dau, W., Banger, M., et al. (2018). Altered
orbitofrontal activity and dorsal striatal connectivity during emotion processing in
dependent marijuana users after 28 days of abstinence. Psychopharmacology 235,
849–859.
Zuardi, A. W., Shirakawa, I., Finkelfarb, E., & Karniol, I. (1982). Action of cannabidiol on
the anxiety and other effects produced by Δ 9-THC in normal subjects.
Psychopharmacology 76, 245–250.

