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Abstract: Cannabis is the most widely used illicit drug worldwide. Regular cannabis use has 
been associated with a range of acute and chronic mental health problems, such as anxiety, 
depression, psychotic symptoms and neurocognitive impairments and their neural mecha-
nisms need to be examined. This review summarizes and critically evaluates brain-imaging 
studies of cannabis in recreational and regular cannabis users between January 2000 and 
January 2016. The search has yielded eligible 103 structural and functional studies. Regular 
use of cannabis results in volumetric, gray matter and white matter structural changes in the 
brain, in particular in the hippocampus and the amygdala. Regular use of cannabis affects 
cognitive processes such as attention, memory, inhibitory control, decision-making, emo-
tional processing, social cognition and their associated brain areas. There is evidence that 
regular cannabis use leads to altered neural function during attention and working memory 
and that recruitment of activity in additional brain regions can compensate for it. Similar to 
other drugs of abuse, cannabis cues activated areas in the reward pathway. Pharmacological studies showed a 
modest increase in human striatal dopamine transmission after administration of THC in healthy volunteers. 
Regular cannabis use resulted in reduced dopamine transporter occupancy and reduced dopamine synthesis but 
not in reduced striatal D2/D3 receptor occupancy compared with healthy control participants. Studies also showed 
different effects of Δ-9 tetrahydrocannabinol (THC) and cannabidiol (CBD) on emotion, cognition and associated 
brain regions in healthy volunteers, whereby CBD protects against the psychoactive effects of THC. Brain imag-
ing studies using selective high-affinity radioligands for the imaging of cannabinoid CB1 receptor availability in 
Positron Emission Tomography (PET) showed downregulation of CB1 in regular users of cannabis. In conclusion, 
regular use of the cannabinoids exerts structural and functional changes in the human brain. These changes have 
profound implications for our understanding of the neuropharmacology of cannabis and its effects on cognition, 
mental health and the brain. 
 

Keywords: Cannabis, marijuana, THC, cannabidiol, brain imaging, fMRI, dopamine.  

1. INTRODUCTION 
 Cannabis is the most widely used illicit drug worldwide (1-2) 
(ONODC, EMCDDA). Estimates of worldwide consumption in 
2010 were between 2.6%-5% or 119 and 224 million people, re-
spectively [1], with estimated 80.5 million lifetime users in Europe 
[2]. Cannabis users are largely young (15-34 years). In Europe there 
are 42.5 million lifetime users and 16 million users in the past year 
corresponding to prevalence rates of 2.8%-4.5% [2]. Approximately 
10% of first-time users and 50% of daily users develop cannabis 
dependence [3]. Among adolescents, cannabis abuse is common 
and it is associated with continued use later in life. Accordingly, 
63% of the 2.1 million first-time users in 2006 were under the age 
of 18 [4]; of those who used cannabis 5 times, half continued to use 
the drug 10 years later [5]. Cannabis use has been associated with a 
range of acute and chronic mental health problems, such as anxiety, 
depression, psychotic symptoms and neurocognitive impairments 
[6-12]. These effects are probably related to effects on the brain 
endocannabinoid system, which can modulate the neuronal activity 
of other neurotransmitter systems, such as dopamine, through its 
action on the cannabinoid receptor CB1 in the brain [13]. The endo-
cannabinoid signaling system plays an important role in the control 
of pain, emotion, motivation and cognition and CB1 receptors are  
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widely distributed in the brain in order to regulate these functions 
[14]. In rodents and humans, CB1 receptors are found at highest 
concentrations in the hippocampus, neocortex, basal ganglia, cere-
bellum and anterior olfactory nucleus [15-17]. Moderate receptor 
levels are also present in the basolateral amygdala, hypothalamus, 
and the periaqueductal gray matter of the midbrain [15-18]. CB1 
receptors are particularly concentrated in brain regions that are 
critical for executive function, reward and memory, such as the 
prefrontal cortex, anterior cingulate cortex, basal ganglia, medial 
temporal areas (e.g., hippocampus and amygdala) and the cerebel-
lum [19]. In recent years, there are a growing number of human 
studies using brain-imaging techniques to determine the effect of 
cannabis on brain structure and function [20-26]. This review in-
cludes brain imaging studies up to date of cannabis in recreational, 
regular cannabis users and healthy control participants between 
January 2000 and January 2016. The search has yielded 103 eligible 
studies including 18 structural studies (8 volumetric studies, 5 stud-
ies of gray matter, and 6 studies of white matter), 5 functional stud-
ies of the resting state, 10 studies of functional connectivity, 49 
cognitive activation studies (10 attention, 11 memory, 4 inhibitory 
control, 7 decision making, 4 emotional processing, 1 social cogni-
tion, 7 cue exposure and craving, 2 reward, 3 cognitive control) and 
21 pharmacological studies. Studies were included if they expressly 
stated the following inclusion criteria: use of structural or functional 
neuroimaging techniques involving cannabis users (including regu-
lar and recreational users) and healthy control participants. Exclu-
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sion criteria were: neuroimaging studies that involved participants 
who had other neurological or psychiatric disorders or individuals 
who met criteria for alcohol dependence or other substance use 
disorders (abuse or dependence) different from cannabis and nico-
tine. As a general caution, throughout this review, in making group 
comparisons, there are reported differences between cannabis users 
and control participants but these differences do not imply a causal 
role of cannabis use. Group differences may reflect predisposing 
factors rather than alterations due to cannabis use. 

2. STRUCTURAL BRAIN IMAGING STUDIES 
 Despite growing research in the field of cannabis imaging, the 
possible neurotoxic effects of smoked cannabis on the healthy brain 
need to be further investigated. In animal studies, THC affected 
brain morphology, particularly within areas rich in cannabinoid 
receptors such as the hippocampus and the cerebral cortex [27,28]. 
There has been limited work investigating the effects of cannabis 
on the human brain tissue volume. The first study that measured 
brain tissue volume and composition using magnetic resonance 
imaging (MRI) showed no evidence of cerebral atrophy or global or 
regional changes in tissue volumes in cannabis users [29]. A subse-
quent and more specific study showed that long-term heavy canna-
bis users had bilaterally reduced hippocampal and amygdala vol-
umes compared with control participants [30]. Furthermore, left 
hemisphere hippocampal volume was inversely associated with 
cumulative exposure to cannabis during the previous 10 years and 
positive psychotic symptoms [30].  
 The brain’s gray matter is a major component of the central 
nervous system made up of neuronal cell bodies and it is involved 
in motor control, perception, memory, emotions, and speech. Re-
search in humans does not show common findings across studies 
regarding the brain regions affected by long-term exposure to can-
nabis. Cannabis users had lower gray matter density in the right 
para-hippocampal gyrus and greater density bilaterally near the 
precentral gyrus and the right thalamus [31]. Gray and white matter 
volume correlated with measures of cannabis use and dependence 
in heavy cannabis users [32]. Furthermore, regional gray matter 
volume in the anterior cerebellum was larger in heavy cannabis 
users and gray matter volume in the amygdala and hippocampus 
correlated negatively with the amount of cannabis use or depend-
ence [32]. Young adult recreational cannabis users showed greater 
gray matter density in the left nucleus accumbens extending to sub-
callosal cortex, hypothalamus, sublenticular extended amygdala, 
and left amygdala, areas that mediate dopamine reward [33]. Regu-
lar cannabis use was also associated with gray matter volume re-
duction in the medial temporal cortex, temporal pole, para-
hippocampal gyrus, insula, and orbitofrontal cortex, regions that are 
rich in cannabinoid CB1 receptors and are functionally associated 

with motivational, emotional, and affective processing [34]. These 
changes correlated with the frequency of cannabis use in the 3 
months before inclusion in the study and the magnitude of these 
changes was influenced by the age of onset of drug use [34].  
 Both cannabis and tobacco exposure were associated with al-
terations in the left putamen, thalamus, right precentral gyrus, and 
left cerebellum, brain regions that are associated with addiction 
[35]. Finally, past-history of cannabis use may be associated with 
differences in hippocampal morphology and episodic memory im-
pairments [36]. The studies reviewed so far demonstrated that 
chronic cannabis use has been associated with a volume reduction 
of the hippocampus, but none of the studies accounted for different 
effects of the two major cannabinoids tetrahydrocannabinol (THC) 
and cannabidiol (CBD). A study that measured both cannabinoids 
(CBD taken from hair) reported neurotoxic effects of THC and 
neuroprotective effects of CBD [37]. A subsequent study using a 
much larger sample and investigating recovery in former cannabis 
users showed that users not exposed to CBD had reduced hippo-
campal volumes [38]. These results indicate that ongoing cannabis 
use is associated with harms to the brain by chronic exposure to 
THC but CBD can minimize such harms and there can be recovery 
with extended periods of abstinence.  
 The brain’s white matter is another component of the central 
nervous system that consists mostly of glial cells and myelinated 
axons that transmit signals from cerebellum to other brain centers. 
Diffusion tensor imaging (DTI)1 (footnote 1) studies of cannabis 
users report alterations in brain white matter microstructure, primar-
ily based on cross-sectional research, and the etiology of the altera-
tions remains unclear [39]. Cannabinoid receptors are abundant in 
white matter pathways across the brain [40]. Studies that compared 
cannabis users with control participants showed lower white matter 
density in the left parietal lobe and higher density around the para-
hippocampal and fusiform gyri [31]. Secondly, longer duration of 
cannabis use significantly correlated with higher white matter tissue 
density in the left precentral gyrus. There were no differences in 
fractional anisotropy (FA)2 (Footnote 2) in frontal regions (the genu 
and splenium of the corpus callosum and bilateral anterior cingu-
late) in heavy cannabis smokers [41]. However, increased Mean 
Diffusivity (MD) in cannabis users who started using cannabis in 

                                                
1Diffusion tensor imaging (DTI) is be used to map and characterize the three-
dimensional diffusion of water as a function of spatial location [142]. The diffusion 
tensor describes the magnitude, the degree of anisotropy, and the orientation of diffu-
sion anisotropy. Estimates of white matter connectivity patterns in the brain can be 
obtained using diffusion anisotropy. 
2Fractional anisotropy (FA) reflects the directionality of water diffusion and coherence 
of white matter fiber tracts. FA is a measure often used in diffusion imaging where it is 
thought to reflect fiber density, axonal diameter, and myelination in white matter [143]. 

 

 

 

 

 

 

 

Fig. (1). Regions that showed reduced gray matter volume in regular cannabis users- Cerebellum (Cousijn et al., 2012; Wetherill et al., 2015) Amygdala 
(Cousijn et al., 2012; Gilman et al., 2014) hippocampus (Cousijn et al., 2012; Demirakca et al., 2011) parahippocampus (Matochik et al., 2005; Battistesia 
et al., 2014) 
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early adolescence was reported in the region of the Corpus Callo-
sum where white matter passes between the prefrontal lobes [42] 
and these structural abnormalities may underlie cognitive and be-
havioral consequences of long-term heavy cannabis use. Reductions 
in left frontal FA were also reported in cannabis users [43]. Fur-
thermore, left frontal FA values positively correlated with impulsiv-
ity scores and the age of onset of cannabis use positively correlated 
with frontal FA values [43]. Further studies in heavy cannabis users 
showed axonal connectivity impairment in the right hippocampus 
(fornix), the corpus callosum and commissural fibers [40]. White 
matter volume also correlated with measures of cannabis use and 
dependence [32].  
 A longitudinal DTI study that followed up regular cannabis 
users after 2 years indicated reduced longitudinal growth in FA in 
the central and parietal regions of the right and left superior longi-
tudinal fasciculus, in white matter adjacent to the left superior fron-
tal gyrus, in the left corticospinal tract, and in the right anterior 
thalamic radiation lateral to the genu of the corpus callosum [39]. 
There was also lower reduction of radial diffusion in the right cen-
tral/posterior superior longitudinal fasciculus, corticospinal tract, 
and posterior cingulum. Greater amounts of cannabis use correlated 
with reduced longitudinal growth in FA, and in relatively impaired 
performance on a measure of verbal learning [39]. These findings 
suggest that continued heavy cannabis use during young adulthood 
alters ongoing development of white matter microstructure, con-
tributing to functional impairment in the developing brain.  

3. COMBINED GENETIC ASSOCIATION AND VOLUMET-
RIC STUDIES  
 Cannabis use may be influenced by genetic polymorphism of 
the cannabis receptor gene. A single nucleotide polymorphism in 
the cannabis receptor-1 gene (CNR1), rs2023239, has been associ-
ated with cannabis dependence diagnosis and phenotypes including 
withdrawal, cue-elicited craving, and para-hippocampal activation 
to cannabis cues (ref). The cannabis receptor gene (CNR1) 
rs2023239 G allele also predicted lower volume of bilateral hippo-
campi among cannabis users relative to control participants [44]. 
Furthermore, genetic variation of the rs2023239 gene accounted for 
a large proportion of variance in liability to cannabis-dependency 
[45]. Catechol-O-methyltransferase (COMT) is a key enzyme in the 
elimination of dopamine in the prefrontal cortex of the human 
brain. A COMT gene polymorphism influenced the volume of the 
bilateral ventral caudate nucleus in different ways in chronic canna-
bis users and in control participants [46]. This COMT gene poly-
morphism has variations of Val and Met alleles which differentially 
affect dopamine neurotransmission. More copies of Val allele led to 
lesser volume of the bilateral ventral caudate nucleus in chronic 
cannabis users and more volume in control participants. These find-
ings reveal that neuroanatomical changes associated with cannabis 
use may be influenced by the COMT genotype which also been 
associated with schizophrenia. 

4. FUNCTIONAL STUDIES- RESTING STATE 
 Resting state is a method of functional brain imaging that 
evaluates regional interactions that occur when a subject is not per-
forming an explicit task. The resting state approach is useful to 
explore the brain’s functional organization and to examine if it is 
altered in neurological or psychiatric diseases [47]. Several studies 
have investigated whether frequent cannabis use adversely affects 
human brain function at the resting state after abstinence. Infre-
quent cannabis users showed lower regional cerebral blood flow 
(rCBF) than control participants in a large region of the posterior 
cerebellum in PET [29]. The cerebellum has been previously asso-
ciated with perception of time which is affected by cannabis smok-
ing. Cannabis users also showed lower mean hemispheric CBF 
blood flow values and lower frontal values in PET [48]. Regular 
cannabis users who had been abstinent for 12 weeks from cannabis 

showed lower normalized glucose metabolism measured with [18F] 
Fluorodeoxyglucose (FDG) in the right orbitofrontal cortex, pu-
tamen bilaterally, and precuneus in PET [49]. Several studies have 
shown no difference in striatal dopamine receptor D2/D3 occupancy 
with [11C] raclopride in PET between regular cannabis users and 
control participants [49-51].  

4.1. Functional Connectivity  
 Functional connectivity is the temporal dependency of neuronal 
activation patterns of anatomically separated brain regions. Resting-
state functional connectivity is a non-invasive, neuroimaging 
method for assessing neural network function. In the past years, an 
increasing body of neuroimaging studies has started to explore 
functional connectivity by measuring the level of co-activation of 
resting-state fMRI time-series between brain regions [52].  

4.2. Functional Connectivity at a Resting State 
 Chronic cannabis use can cause cognitive, perceptual and per-
sonality alterations, which are believed to be associated with re-
gional brain changes and changes in connectivity between func-
tional regions. While task-related functional MRI is limited to indi-
rectly measured drug effects in areas affected by the task, resting 
state can show direct CNS effects across all brain networks. Hence, 
resting state MRI could be an objective measure for compounds 
affecting the CNS. Inhaled THC (2, 6 and 6 mg) in healthy volun-
teers increased functional connectivity in sensorimotor areas includ-
ing the cerebellum and dorsal frontal cortical regions, areas with 
high densities of CB1 receptors [53]. Male cannabis users showed 
increased functional connectivity in the middle frontal gyrus, pre-
central gyrus, superior frontal gyrus, posterior cingulate cortex, 
cerebellum and these measures were also associated with impul-
siveness [54]. Cannabis use also resulted in changes in functional 
connectivity in the insula, a region that is associated with self-
awareness, suggesting that cannabis may interfere with higher-order 
network interactions generating conscious experience [55].  

4.3. Functional Connectivity and Task Based Analysis 
 Loss of control is a prominent feature of Cannabis Use Disor-
ders (CUD) and involves activity from several brain inhibitory con-
trol networks. Cannabis-dependent users showed no difference 
from non-dependent users during performance of a Stop Signal 
Task in associated brain regions in fMRI [56]. However, during 
successful response inhibition, cannabis-dependent users had 
greater connectivity between right frontal control network and sub-
stantia nigra / sub-thalamic nucleus network compared with non-
dependent users. Finally, lower connectivity strength was reported 
in individuals with or without cannabis dependence and tobacco 
smoking between the Posterior Cingulate Cortex (PCC) and the 
cerebellum, medial prefrontal cortex, para-hippocampus, and ante-
rior insula [35]. The results reported so far showed evidence for 
altered brain connectivity in regular cannabis users but they should 
be regarded with caution due to the paucity of studies in this evolv-
ing method of neuroimaging. 

5. BRAIN ACTIVATION 
 Studies of brain function with PET or fMRI involve the inter-
pretation of a subtracted PET/fMRI image, usually the difference 
between two images under baseline and stimulation conditions. The 
purpose of these studies is to see which areas of the brain are acti-
vated during the stimulation condition.  

5.1. Attention and Psychomotor Skills  
 Many studies investigated the effects of cannabis on cognitive 
function such as attention and psychomotor skills that are important 
for driving. Studies reported alterations in brain function and motor 
behavior in chronic cannabis users, but the results have been vari-
able. Abstinent cannabis users who were tested on a left and right 
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finger-sequencing task exhibited lower activation in motor cortical 
areas in response to finger sequencing (Brodmann areas 24 and 32) 
in fMRI [57]. A right and left finger-tapping task that was em-
ployed showed residual diminished brain activation in supplemen-
tary motor cortex (SMA) and anterior cingulate cortex (ACC) areas 
(Brodmann areas 4, 6 and 32) in cannabis users after 28 days of 
abstinence in fMRI [58]. Active and abstinent cannabis users who 
performed on visual attention tasks revealed decreased activation in 
the right prefrontal, medial and dorsal parietal, and medial cerebel-
lar regions in fMRI. Greater activation in various frontal, parietal 
and occipital brain regions during the visual-attention tasks in ac-
tive users of cannabis indicated neuroadaptation during active use 
that can be reversible after prolonged abstinence [59]. Finally, regu-
lar cannabis users under the influence of 17mg THC who per-
formed on a virtual reality maze task hit the walls more often than 
on placebo [60]. Measurements of brain metabolism using [18F] 
Fluorodeoxyglucose (FDG) in PET indicated that 17mg THC in-
creased brain metabolism during task performance in areas that are 
associated with motor coordination and attention in the middle and 
medial frontal cortices and anterior cingulate, and reduced metabo-
lism in areas that relate to visual integration of motion in the occipi-
tal lobes [60]. These findings suggest that in regular cannabis users, 
the immediate effects of cannabis may have an impact on cognitive-
motor skills and brain mechanisms that modulate coordinated 
movement and driving.  
 Neuropsychological tests designed to assess motor behavior in 
fMRI showed that male cannabis users had slower performance on 
psychomotor speed tests and greater activation in Brodmann area 6 
than control participants, while control participants had greater 
activation in the visual Brodmann area 17 than cannabis users [61]. 
A tracking task in fMRI in occasional cannabis smokers even at low 
THC blood concentrations showed decreased psychomotor skills 
and altered the activity of the brain networks involved in cognition 
[62]. The relative decrease of Blood Oxygen Level Dependent 
(BOLD) signals after cannabis smoking in the anterior insula, dor-
sal-medial thalamus, and striatum suggests an alteration of the net-
work involved in detection whereas, the decrease of BOLD re-
sponse in the right superior parietal cortex and in the dorsolateral 
prefrontal cortex indicated the involvement of executive control 
function. Furthermore, cannabis increased activity in the rostral 
anterior cingulate cortex and ventromedial prefrontal cortices, sug-
gesting an increase in self-oriented mental activity rather than at-
tending task performance.  

 Current cannabis users who performed on a Multi-Source Inter-
ference Task showed no difference in behavioral performance or 
magnitude of task-related brain activations in fMRI from control 
participants [63]. However, greater connectivity between the pre-
frontal cortex and the occipital-parietal cortex was evident in can-
nabis users as cognitive control demands increased and the magni-
tude of this connectivity was positively associated with age of onset 
and lifetime exposure to cannabis. These findings suggest that brain 
regions responsible for coordinating behavioral control affect the 
direction and switching of attention in cannabis users, and may play 
a compensatory role in mitigating cannabis-related impairments in 
cognitive control or perceptual processes.  
 A couple of studies have used the Stroop paradigm that requires 
response to congruent and incongruent color-words. This task de-
mands inhibition and performance monitoring which may affect the 
ability to make decisions. Heavy cannabis smokers performing on 
the classic Stroop task in fMRI demonstrated lower activity in the 
anterior cingulate cortex and higher mid-cingulate activity relative 
to control participants [41]. Furthermore, control participants dem-
onstrated increased activity within the dorsolateral prefrontal cortex 
(DLPFC) during the color Stroop interference condition, while 
cannabis smokers demonstrated a more diffuse, bilateral pattern of 
DLPFC activation [41]. Cannabis smokers made more errors of 
commission than control participants did during the interference 
condition. A study that used the modified version of the Stroop task 
in abstinent heavy cannabis users showed no deficits in perform-
ance when compared with the comparison group [64], however they 
showed hypo-activity in the anterior cingulate cortex (ACC) and the 
lateral prefrontal cortex (LPFC) and hyperactivity in the hippocam-
pus bilaterally indicating persistent metabolic alterations in brain 
regions responsible for executive function measured with the ra-
diotracer [H2

15O] in PET (64]. This is further evidence that canna-
bis users recruit an alternative neural network as a compensatory 
mechanism during performance on an executive function task. Fi-
nally, THC administration impaired performance on a continuous 
performance task in healthy control participants which was re-
flected in both an increase in false alarms and a reduction in de-
tected targets [65]. This was associated with reduced deactivation in 
the posterior cingulate cortex and angular gyrus. The reduced deac-
tivation correlated with lower performance after THC. The results 
so far indicate an important role for the endocannabinoid system in 
attention and motor tasks that modulate executive function and 
support previous evidence for altered frontal neural function during 

 

 

 

 

 

 

 

 

 

Fig. (2). Regions that showed activation in response to attention and motor control tasks in regular cannabis users- Brodmann 4 (Pillay et al., 2008) Brodmann 
6 (Weinstein et al., 2007 Pillay et al., 2008; King et al., 2011) Brodmann 8 (Weinstein et al., 2007) Brodmann 24 (Pillay et al., 2005) Brodmann 32 (Pillay et 
al., 2005; Pillay et al., 2008). 
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the performance of executive function tasks in regular cannabis 
users. Fig. (2) shows brain activation studies of attention and motor 
control in regular cannabis users. 

5.2. Memory 
5.2.1. Working Memory 
 Deficits in working memory among recent heavy cannabis users 
have been widely documented. Recently abstinent heavy cannabis 
users who performed a spatial working memory task exhibited in-
creased activation of brain regions typically used for spatial work-
ing memory tasks (the prefrontal cortex and the anterior cingulate) 
in fMRI [66]. Users also recruited additional regions not typically 
used for spatial working memory (basal ganglia). Frequent but rela-
tively moderate cannabis users after 1 week of abstinence and con-
trol participants performed equally well on a verbal working mem-
ory and visual-auditory selective attention in fMRI [67]. Although 
cannabis users did not differ from control participants in overall 
patterns of brain activity in the regions involved in these cognitive 
functions, region-of-interest analysis showed that cannabis users 
displayed a significant alteration in brain activity in the left superior 
parietal cortex. Furthermore, young cannabis users who performed 
on a visuospatial 2-back working memory task in fMRI had signifi-
cantly greater activation in the inferior and middle frontal gyri, 
regions of the brain normally associated with visuospatial working 
memory in fMRI [68]. Cannabis users had also shown greater acti-
vation in the right superior temporal gyrus, a region of the brain not 
typically associated with visuospatial working memory tasks.  
 Early-onset users (before sixteen year old) who performed on a 
verbal working memory task showed increased activation in the left 
superior parietal lobe, possibly reflecting suboptimal cortical effi-
ciency during cognitive challenge in fMRI [69]. THC administra-
tion in healthy volunteers also reduced performance accuracy and 
enhanced activity for low working memory load on the Sternberg 
item-recognition paradigm and reduced activity in left dorsolateral 
prefrontal cortex, inferior temporal gyrus, inferior parietal gyrus, 
and cerebellum in fMRI [70]. Finally, a 3-year longitudinal neuroi-
maging study investigated the relationship between substance use 
(e.g. alcohol, cannabis, nicotine, and illegal psychotropic drugs) and 
working-memory function using the n-back task over time in heavy 
cannabis users and control participants [71]. Behavioral perform-
ance and brain-function during the n-back task did not differ be-
tween heavy cannabis users and control participants. These results 
indicate that sustained moderate to heavy levels of cannabis and 
other drug use do not change working-memory network functional-
ity [71]. Moreover, baseline network functionality did not predict 
cannabis use and related problems three years later. The overall 
conclusion arising from these studies is that recent cannabis users 
may experience subtle neurophysiological deficits while performing 
on working memory tasks, and that they compensate for these defi-
cits by "working harder" by using additional brain regions to meet 
the demands of the task. 
5.2.2. Episodic Memory 
 There is growing interest in the effects of cannabis on episodic 
memory and associated neurocognitive impairments. Recently ab-
stinent frequent cannabis that performed on an episodic-memory 
encoding paradigm showed decreases in regional cerebral blood 
flow (rCBF) in prefrontal cortex, increases in the cerebellum, and 
altered lateralization in the hippocampus in PET [72]. Cannabis 
users differed most in brain activity related to episodic memory 
encoding and they required more presentations of words for initial 
and subsequent learning. Healthy volunteers who performed on an 
associative learning pictorial memory task under the influence of 
THC showed reduction in activity during encoding in the right in-
sula, the right inferior frontal gyrus, and the left middle occipital 
gyrus compared with placebo in fMRI [73]. They also showed an 
increase in activity during recall in bilateral cuneus and precuneus. 
Since THC administration did not affect task performance this find-

ing further supports the notion of a compensatory mechanism. Can-
nabis users displayed lower activation than non-users in brain re-
gions involved in associative learning, particularly in the para-
hippocampal regions and the right dorsolateral prefrontal cortex in 
fMRI, despite normal performance [74]. Furthermore, regular users 
of cannabis who performed on a memory task displayed strong 
activation during encoding in the left para-hippocampal gyrus in 
fMRI [75]. Given that the hippocampus contains a high density of 
cannabinoid receptors, hippocampal-mediated cognitive functions, 
including visuospatial memory, may have increased vulnerability to 
chronic cannabis use [75].  
 Cannabis users who performed on the Morris water maze task 
demonstrated a deficit in memory retrieval compared with non-
users in fMRI [76]. Non-users exhibited greater activation in the 
right para-hippocampal gyrus and cingulate gyrus compared with 
the cannabis group, indicating a more efficient utilization of brain 
resources during memory retrieval in the controls. Working-
memory network function can also predict future cannabis use and 
cannabis-related problem severity [77]. Heavy cannabis users who 
performed on the n-back working-memory task in fMRI showed no 
difference from control participants at baseline but at 6 month fol-
low-up escalating cannabis use was associated with impaired work-
ing memory performance. Finally, abstinent cannabis users showed 
an increased susceptibility to false memories, failing to identify lure 
stimuli as events that never occurred [78]. In addition to impaired 
memory function, cannabis users displayed reduced activation in 
areas associated with memory processing within the lateral and 
medial temporal lobe, and in parietal and frontal brain regions in-
volved in attention and performance monitoring in fMRI. Further-
more, cannabis consumption inversely correlated with medial tem-
poral lobe activity, suggesting that the drug is especially detrimen-
tal to the episodic aspects of memory. These findings indicate that 
cannabis users have an increased susceptibility to memory distor-
tions even when abstinent and drug-free, suggesting a long-lasting 
compromise of memory and cognitive control mechanisms involved 
in reality monitoring. Fig. (3) shows activation studies of memory 
in regular cannabis users. 

5.3. Inhibitory Control Mechanisms  
 Neuropsychological investigations of substance users have 
reported impairments in performance on executive function tasks 
such as response inhibition and decision-making. Active chronic 
cannabis users who performed on a Go/No Go task showed no im-
pairment in inhibitory control performance but a significant deficit 
in awareness of commission errors [79]. This impairment was asso-
ciated with hypo-activity in the anterior cingulate cortex (ACC) and 
right insula in fMRI. These difficulties are consistent with earlier 
reports of hypo-activity in the neural systems underlying cognitive 
control and the monitoring of awareness in chronic drug users. Sev-
eral studies have used THC in healthy volunteers together with a 
response-inhibition task in fMRI in order to illuminate the relation-
ship between THC, inhibitory control mechanisms and the propen-
sity for psychotic symptoms. Healthy men performed on the Go/No 
Go task under the influence of 10 mg THC in fMRI [80]. The sam-
ple was subdivided based on the Positive and Negative Syndrome 
Scale positive score following administration of THC into tran-
siently psychotic and non-psychotic groups. During the THC condi-
tion, transiently psychotic participants made more frequent inhibi-
tion errors and showed differential activation relative to the non-
psychotic group in the left para-hippocampal gyrus, the left and 
right middle temporal gyri and in the right cerebellum. The tran-
siently psychotic group also showed less activation than the non-
psychotic group in the right middle temporal gyrus and cerebellum, 
independent of the effects of THC. The presence of acute psychotic 
symptoms was therefore associated with a differential effect of 
THC on activation in the ventral and medial temporal cortex and 
cerebellum, suggesting that these regions mediate the effects of the 
drug on psychotic symptoms. A following study showed that 
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healthy men, who performed on the Go/No Go task under the influ-
ence of THC, also experienced transient psychotic symptoms [81]. 
The severity of psychotic symptoms correlated with inhibition error 
frequency and inversely with inhibition efficiency under the influ-
ence of THC. THC attenuated left inferior frontal activation that 
inversely correlated with the frequency of inhibition errors and 
severity of psychotic symptoms and positively with inhibition effi-
ciency under its influence. These results provide evidence that im-
pairments in inhibitory control of thoughts and actions and inferior 
frontal function under the influence of cannabis may have a role in 
the emergence of transient psychotic symptoms under its influence. 
Finally, a study assessed the genetic and neural basis of variable 
sensitivity to cannabis-induced impairment in behavioral control in 
occasional cannabis users [82]. Participants performed on a Go/ No 
Go task under the influence of oral THC or placebo in fMRI. They 
were genotyped for rs1130233 single nucleotide polymorphisms 
(SNPs) of the protein kinase B (AKT1) gene that is associated with 
cannabis addiction. The results showed that differing vulnerability 
to acute psychomotor impairments induced by cannabis depends on 
variation in a gene that influences dopamine function. Cannabis 
modulates such effect by activating the inferior frontal cortex that is 
rich in dopaminergic innervation and critical for psychomotor con-
trol. In conclusion, regular cannabis use affects inhibitory control 
mechanisms although the effects are often subtle. These cognitive 
and behavioral deficits may have the potential to contribute to the 
maintenance of cannabis abuse and to cannabis-induced psychosis. 

5.4. Decision Making  
 Chronic cannabis use may specifically affect reward-based 
decision-making. Abstinent cannabis-users who were tested on the 
Iowa Gambling Task (IGT; a decision-making task) showed a dose-
related association between cannabis use and lower IGT perform-
ance and alterations in brain activity measured using (H2

15O) ra-
diotracer in PET [83]. The cannabis group also demonstrated 
greater activation in the cerebellum and lower activation in the 
lateral orbital-frontal cortex (OFC) and the DLPFC than the control 
group. Secondly, heavy cannabis users showed lower activation in 
the medial OFC and greater activation in the cerebellum than mod-
erate users. However, brain activity and task performance were 
similar between moderate cannabis users and the control group. The 
impaired performance on the IGT indicated that heavy cannabis 
users focus on the immediate reinforcing aspects of a situation 
while ignoring the negative consequences that is characteristic of 
addictive behavior. Abstinent chronic cannabis users who per-
formed on the IGT showed significantly greater rCBF than control 
participants in the ventral-medial prefrontal cortex (vmPFC) and in 
the cerebellum in a study using H2O15 as the radiotracer in PET 
[84]. Furthermore, duration of use, but not age of first use, was 

associated with greater activity in the vmPFC. Thus, chronic canna-
bis users recruited neural circuitry involved in decision-making and 
reward processing (vmPFC), and probabilistic learning (cerebel-
lum) when performing the IGT. Furthermore, cannabis users 
showed differences in performance on different parts of the IGT 
compared with control participants in fMRI [85]. While cannabis 
users continued to perform poorly at the end of the task, there was 
no difference in performance during the initial strategy develop-
ment phase. During this phase, before the emergence of behavioral 
differences, control participants exhibited greater activity in re-
sponse to losses in the anterior cingulate cortex, medial frontal cor-
tex, precuneus, superior parietal lobe, occipital lobe and cerebellum 
compared with cannabis users. Secondly, in control participants, the 
functional response to losses in the anterior cingulate cortex, ventral 
medial prefrontal cortex and rostral prefrontal cortex positively 
correlated with performance over time. The IGT was also used to 
predict change in future cannabis use. Despite normal task perform-
ance, heavy cannabis users showed higher activation during wins in 
core areas associated with decision-making [86]. Moreover, brain 
activation related to anticipation of win or loss outcomes predicted 
change in cannabis use after 6 months. The implication of these 
findings is that the propensity toward immediate rewards is associ-
ated with increasing future drug use. Finally, non-treatment seeking 
daily cannabis users performed on a machine choice task that re-
quired making repeated decisions to purchase or decline placebo or 
active cannabis 'puffs' in fMRI [87]. The machine-learning task 
identified neural activation in the dorsal striatum, insula, posterior 
parietal regions, anterior and posterior cingulate, and dorsolateral 
prefrontal cortex that were associated with the decision to smoke 
cannabis.  

5.5. Emotional Processing  
 The cannabinoid system is a key neurochemical mediator of 
anxiety and fear learning in both animals and humans. Direct and 
selective agonism of CB1 receptors localized within the basolateral 
amygdala, a critical brain region for threat perception, may mediate 
the effects of THC on emotional responses. Healthy recreational 
cannabis users after administration of THC showed reduced 
amygdala reactivity to social signals of threat but no change in ac-
tivity in primary visual and motor cortex compared with placebo in 
fMRI [88]. Chronic heavy cannabis smokers while being under the 
influence of THC demonstrated a relative decrease in both anterior 
cingulate and amygdala activity during masked affective stimuli 
compared with control participants, who showed relative increases 
in activation within these regions during the viewing of masked 
faces [89]. These findings imply that cannabis smokers show re-
duced response to emotional stimuli, a finding that has clinical im-
plications for treatment. During emotional evaluation of affective 

 

 

 

 

 

 

 

Fig. (3). Regions that showed activation in response to memory tasks in regular cannabis users- Inferior frontal gyrus (Bossong et al., 2012; Smith et al., 2010) 
Middle frontal gyrus (Smith et al., 2010) Anterior cingulate (Kanayama, et al., 2004; Snider et al., 2013) Parahippocampus (Becker et al., 2010; Snider et al., 
2013) Basal ganglia (Kanayama et al., 2004). 
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pictures control participants, but not cannabis users, showed 
amygdala and inferior frontal gyrus activations, while cannabis 
users showed medial prefrontal cortex (mPFC) deactivations, sup-
porting the notion of conscious abnormal neural processing of af-
fective stimuli in cannabis users [90]. In a subsequent study, 
healthy volunteers under the influence of THC who processed stim-
uli with a positive and negative emotional content [91] showed 
activation of the amygdala, orbital frontal gyrus, hippocampus, 
parietal gyrus, prefrontal cortex, and the occipital cortex in fMRI. 
Activity in this network was reduced for negative content, while 
activity for positive content was increased, suggesting that THC 
administration reduced the negative bias in emotional processing.  

5.6. Social Cognition 
 Chronic cannabis use is associated with cognitive impairment 
and it is a risk factor for schizophrenia. It is therefore important to 
investigate whether similar to schizophrenic patients, regular users 
of cannabis show deficits in social cognition such as the ability to 
attribute mental states to others, referred to as "theory of mind". 
Chronic cannabis users performing on the cartoon story task in 
fMRI showed less activation in the left para-hippocampal gyrus, the 
right precuneus and cuneus, but greater activation in the left cuneus 
and the right anterior cingulate gyrus compared with healthy control 
participants [92].  

6. CUE REACTIVITY AND CRAVING 
 Cue-elicited craving was associated in several studies with in-
creased activity in brain regions associated with reward in drug and 
alcohol abuse. Exposure to cannabis cues in abstinent regular can-
nabis users resulted in activation in several areas of reward, includ-
ing the ventral tegmental area, thalamus, anterior cingulate, insula, 
and amygdala in fMRI [93]. Furthermore, activation of the orbital-
frontal cortex and nucleus accumbens positively correlated with 
problems ratings on items on the marijuana problem scale. In fre-
quent users compared with sporadic users and control participants, 
cannabis images activated the ventral tegmental area [94]. Activa-
tion of the orbital-frontal cortex, anterior cingulate cortex and stria-
tum was only higher in frequent users with high compared with 
low-problem severity. Cannabis cues increased craving in cannabis-
dependent individuals and this increase was associated with activa-
tion in the limbic system (including amygdala and hippocampus) 
the para-limbic system (superior temporal pole), and visual regions 
(occipital cortex) [95]. A 3-year prospective study that investigated 
whether cannabis cue-induced brain activity predicted continued 
cannabis use and associated problem severity found that none of the 
cue-induced region of interest activations predicted the amount of 
cannabis use at follow-up [96]. However, cue-induced activation in 
the left striatum (putamen) significantly and independently pre-
dicted problem severity at follow-up. Finally, treatment-seeking 
cannabis-dependent individuals who underwent subliminal expo-
sure to cannabis, sexual, and aversive cues showed increased activ-
ity to cannabis cues in the left anterior insula, left ventral stria-
tum/amygdala, and right ventral striatum in fMRI [97]. Secondly, 
cannabis cue-related activity in the bilateral insula and perigenual 
anterior cingulate cortex was positively associated with baseline 
cannabis craving. Finally, cannabis cue-related activity in the me-
dial orbitofrontal cortex positively correlated with years of cannabis 
use. These results highlight the sensitivity of the brain to reward 
cues and support hypotheses promoting a common pathway of ap-
petitive motivation for drugs and other addictive behaviors. 
 A study that employed combined functional connectivity during 
cue-reactivity in cannabis users showed reward network functional 
connectivity with the nucleus accumbens region during cue expo-
sure in fMRI [98]. Cannabis dependent users had greater functional 
connectivity between amygdala and anterior cingulate gyrus while 
the non-dependent users had greater functional connectivity be-
tween the nucleus accumbens, orbital-frontal cortex and the hippo-

campus. Further analyses showed that hippocampal and anterior 
cingulate activation preceded neural response in reward areas. 
These findings suggest that repeated cannabis exposure caused 
changes in functional connectivity in the reward network in the 
brain. 
 Finally, previous work has highlighted the significance of 
CNR1 and fatty acid amide hydrolase (FAAH) genes with respect to 
cannabis dependence [99,100]. Regular cannabis users who were 
carriers of the CNR1 rs2023239 G allele had significantly greater 
activity in reward-related areas of the brain, such as the orbitofron-
tal cortex, inferior frontal gyrus, and anterior cingulate gyrus , dur-
ing exposure to cannabis cues in fMRI compared with those with 
the A/A genotype for this SNP [101]. The FAAH rs324420 C ho-
mozygotes also had greater activation in widespread areas within 
the reward circuit, specifically in the orbitofrontal cortex, anterior 
cingulate gyrus, and nucleus accumbens compared with the FAAH 
A-allele carriers. These findings are in accordance with earlier re-
ported associations between CNR1, FAAH and cannabis depend-
ence intermediate phenotypes, and suggest that the underlying 
mechanism of these genetic effects may be enhanced neural re-
sponse in reward areas of the brain in carriers of the CNR1 G allele 
and FAAH C/C genotype in response to cannabis cues.  

7. REWARD  
 Cannabis affects brain reward mechanisms in animals but in 
humans, the relationship between cannabis use and reward merits 
further investigation. Long-term cannabis users who performed on a 
monetary reward task showed attenuated brain activity during re-
ward anticipation in the nucleus accumbens compared with non-
tobacco-smoking control participants, but not compared with to-
bacco smoking control participants in fMRI [102]. Cannabis users 
also showed decreased reward anticipation activity in the caudate 
nucleus, compared to both non-smoking and smoking control par-
ticipants. These results suggest that cannabis use is associated with 
attenuated caudate activity whereas nicotine may be responsible for 
attenuated reward anticipation activity in the nucleus accumbens. 
THC induced a widespread attenuation of the brain response to 
feedback in reward trials but not in neutral trials on a monetary 
incentive delay task in healthy volunteers in fMRI [103]. Chronic 
cannabis users who performed on this task showed no significant 
behavioral differences from control participants but they had more 
right ventral striatum activity during reward anticipation in fMRI 
[104]. The response in the ventral striatum correlated with reported 
lifetime use of cannabis. These results may suggest hypersensitivity 
during response anticipation for non-drug rewards and a hyposensi-
tivity to loss outcomes in chronic cannabis users. Fig. (4) shows 
studies of craving and reward in CUD participants. 

8. PREDICTION OF FUTURE CANNABIS USE  
 Few studies have attempted at predicting the course of drug use 
and the effects of treatment. A potentially powerful predictor for the 
course of drug use is the approach-bias that is the pre-reflective 
tendency to approach rather than avoid drug-related stimuli. Heavy 
cannabis users showed a positive relationship between total lifetime 
cannabis use and approach-bias activations in various frontal-limbic 
areas in fMRI [105]. Approach-bias activations in the DLPFC and 
ACC independently predicted cannabis problem severity after 6 
months and higher DLPFC and ACC activity during cannabis ap-
proach trials were associated with decreases in cannabis problem 
severity. These findings suggest that cannabis users with deficient 
control over cannabis action tendencies are more likely to develop 
cannabis related problems. A further study used measures of pre-
treatment striatal function in fMRI in men with cannabis depend-
ence who later participated in a 12-week randomized clinical trial 
of behavioral treatments (contingency management, cognitive be-
havioral therapy or both) [106]. Cannabis-dependent participants 
demonstrated greater ventral striatal activation during the receipt of 
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losing outcomes and smaller putamen volumes relative to control 
participants. Secondly, cannabis-dependent participants who did not 
achieve 21 days of abstinence had increased activity within the 
striatum during the receipt of losing outcomes and they had de-
creased bilateral putamen volumes prior to treatment, relative to 
healthy control participants. Individual differences in pre-treatment 
striatal function and structure may therefore relate to individual 
differences in treatment responses for cannabis dependence. The 
striatum might mediate treatment responses via its role in associa-
tive reward learning (through skills training in cognitive behavior 
therapy or reinforcement of abstinence in contingency manage-
ment). Finally, cannabis-dependent males who completed a Stroop 
task in fMRI before a 12-week randomized controlled trial of cog-
nitive-behavioral therapy and/or contingency management were 
compared with a comparison group [107]. The cannabis-dependent 
group displayed diminished Stroop-related neural activity relative 
to the comparison group in multiple regions, including those impli-
cated in cognitive-control and addiction-related processes (DLPFC 
and ventral striatum). Within the cannabis-dependent group, greater 
Stroop-related activity in regions including the anterior cingulate 
cortex was associated with less cannabis use during treatment. 
Greater activity in regions including the ventral striatum was asso-
ciated with less cannabis use during 1-year post-treatment follow-
up. These findings suggest that lower cognitive-control-related 
neural activity in control regions (DLPFC and dorsal ACC) and 
salience/ reward/ learning regions (ventral striatum) relates to less 
abstinence within-treatment and during long-term follow-up. 
Treatment strategies that focus on enhancing cognitive control in 
addition to abstinence may improve treatment outcomes in cannabis 
dependence. 

9. PHARMACOLOGICAL STUDIES 

9.1. Brain Imaging Studies on the Effects of THC on Brain Per-
fusion in Healthy Volunteers 
 Recreational users of cannabis often report the euphoria or 
'high' that is the primary psychoactive effect of THC. Healthy par-
ticipants after a 20-minute intravenous infusion of 0.25 mg/min 
THC showed increased regional cerebral blood flow (rCBF) up to 
120 minutes in PET [108]. There were significant increases in 
global perfusion and in the frontal, insular and ACC regions. Cere-
bellar blood flow was increased at both 30 and 60 min. Intoxication 
peaked at 30 min. and remained elevated at 120 min. A following 
study showed that administration of THC in healthy participants 

increased perfusion in the ACC, superior frontal cortex, and insula, 
and reduced perfusion in the post-central and occipital gyrus in 
fMRI [109]. There was increased activity in resting-state functional 
MRI signal after THC administration in the insula, substantia nigra 
and cerebellum. Perfusion changes in frontal cortex negatively cor-
related with ratings of feeling high, suggesting an interaction be-
tween cognitive control and subjective effects of THC. These 
changes may represent the THC-induced neurophysiological corre-
lates of feeling 'high'. The alterations in baseline brain perfusion 
and activity also have relevance for studies on task-related effects 
of THC on brain function. 

9.2. Brain Imaging Studies on the Effects of Cannabis on  
Dopamine Function 
 Neurotransmitters such as dopamine play an important role in 
drug and alcohol dependence, mainly by mediating dopamine re-
ward and withdrawal mechanisms [110,111]. It is therefore useful 
to investigate the function of these neurotransmitters in cannabis 
users.  

9.3. Brain Imaging Studies on the Effects of THC on Dopamine 
Receptor Occupancy in Healthy Human Volunteers  
 A key feature of all addictive drugs is their ability to increase 
synaptic dopamine levels in the striatum, a mechanism involved in 
their rewarding and motivating effects. Several studies have shown 
the ability of cannabis to stimulate striatal dopamine neurotransmis-
sion in healthy human volunteers using [11C]-raclopride in PET. 
Inhaling THC reduced [11C] raclopride binding the ventral striatum 
and the pre-commissural dorsal putamen but not in other striatal 
sub-regions in healthy subjects in PET [112]. This is consistent with 
an increase in dopamine levels in these regions. These results imply 
that similar to psychostimulants, the endogenous cannabinoid sys-
tem is involved in regulating striatal dopamine release. A following 
study investigated healthy volunteers who underwent two [11C] 
raclopride PET scans following either oral 10 mg THC or placebo 
[113]. They showed decreased [11C] raclopride binding potentials 
(BP(ND)) after THC in the right middle frontal gyrus, left superior 
frontal gyrus and left superior temporal gyrus. THC administration 
in a large sample of healthy volunteers induced a significant reduc-
tion in [11C] raclopride binding in the limbic striatum which is con-
sistent with increased dopamine levels in this region [114]. Finally, 
the only study that showed no significance increase in dopamine 
levels after 2.5 mg THC administration tested 9 healthy volunteers 

 

 

 

 

 

 

 

 

 

Fig. (4). Regions that showed activation in response cannabis cues and reward in regular cannabis users- Amygdala (Filbey et al., 2009; Charboneau et al., 
2013 Wetherill et al., 2014) Mid brain (Filbey et al., 2009) Ventral striatum (Wetherill et al., 2014 van Hell et al., 2010; Nestor et al., 2010) Anterior cingulate 
(Filbey et al., 2009; Wetherill et al., 2014; Ford et al., 2014). 
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while brain imaging using 123I-iodobenzamide in single photon 
emission tomography (SPECT) even though the dose was sufficient 
for participants to have psychotic symptoms [115]. The results of 
the studies reviewed so far provide evidence for a modest increase 
in human striatal dopamine transmission after administration of 
THC in healthy volunteers. 

9.4. Brain Imaging Studies on the Effects of Regular Cannabis 
Use on Dopamine Neurotransmission  
 Brain imaging studies showed low striatal dopamine D2/D3 
receptor availability in cocaine, alcohol, methamphetamine and 
heroin dependence [116-119]. However, human imaging studies on 
the effects of cannabis use on D2/D3 receptor availability and am-
phetamine challenge have provided negative results. Recently ab-
stinent cannabis-users and control participants completed two PET 
scans, before and after injection of intravenous d-amphetamine 
using [11C] raclopride in PET [120]. Neither baseline binding po-
tential (BP (ND)) nor changes between scans in binding potential 
[ΔBP (ND)] differed from control participants in any region of inter-
est, including ventral striatum. Secondly, in cannabis-dependent 
participants, earlier age of onset of use correlated with lower ΔBP 
(ND) in the associative striatum when controlling for current age.  
 Brain imaging of striatal and extra-striatal dopamine transporter 
(DAT) occupancy using [11C] PE2I, a radio ligand in PET, showed 
a mean 20% lower DAT availability in the dorsal striatum in can-
nabis and tobacco-dependent smokers compared with control par-
ticipants [121]. Whole-brain analysis also revealed lower DAT 
availability in the ventral striatum, the midbrain, the middle cingu-
late and the thalamus. These results support the existence of a de-
crease in DAT availability associated with tobacco and cannabis 
addictions involving dopaminergic brain circuits. Furthermore, in 
control participants who performed on a sensory-motor reaction 
time task, fMRI signals in ventral striatum showed opposite modu-
lation from D2 /D3 receptors in the dorsal caudate (inhibitory) and 
D2 /D3 receptors in the ventral striatum (stimulatory) measured with 
[11C] raclopride in PET [122].  
 Cannabis users underwent a brain imaging study that measured 
dopamine synthesis capacity using 3, 4-dihydroxy-6-[18F]-fluoro-l-
phenylalanine radio ligand in PET [123]. Dopamine synthesis ca-
pacity inversely correlated with apathy evaluation scale scores in 
the striatum and its associative functional subdivision but not in the 
limbic or sensory-motor striatal subdivisions. These findings indi-
cate that the reduction in striatal dopamine synthesis may be re-
sponsible for reduced reward sensitivity and motivation associated 
with chronic cannabis use. Dopamine synthesis capacity was also 
measured with 3,4-dihydroxy-6-[18F]-fluoro-l-phenylalanine ([18F]-
DOPA) in PET in regular cannabis users who experienced psy-
chotic-like symptoms when they consumed cannabis and non-user 
control participants [124]. Cannabis users had reduced dopamine 
synthesis capacity in the striatum and its associative and limbic 
subdivisions compared with control participants. Moreover, dopa-
mine synthesis capacity was negatively associated with higher lev-
els of cannabis use and it was positively associated with age of 
onset of cannabis use but not with cannabis-induced psychotic-like 
symptoms. These findings indicated that chronic cannabis use is 
associated with reduced dopamine synthesis capacity and question 
the hypothesis that cannabis increases the risk of psychotic disor-
ders by inducing the same dopaminergic alterations seen in schizo-
phrenia. Finally, stress has a key role in cannabis craving as well as 
in modulation of dopaminergic signaling. Cannabis users and 
healthy control participants were scanned during a sensory-motor 
control task and under a stress condition using the Montreal imag-
ing stress task while dopamine release was measured with [11C]-
(+)-PHNO radio ligand in PET [125]. Binding potential BP (ND) in 
the sensory-motor striatum was significantly higher in cannabis 
users compared with control participants in the associative striatum, 
limbic striatum, sensory-motor striatum, and whole striatum. Per-

centage of displacement (change in BP (ND) between the imaging 
stress task and the sensory-motor control task) was not different 
across groups in any brain region, except in the globus pallidus. 
Duration of cannabis use was associated with stress-induced [11C]-
(+)-PHNO displacement by endogenous dopamine in the limbic 
striatum. In conclusion, despite an increase in striatal BP (ND) ob-
served during the control task, chronic cannabis use was not associ-
ated with alterations in stress-induced dopamine release. 

9.5. Pharmacology- Brain Imaging Studies of THC and  
Cannabidiol in Healthy Volunteers  
 In recent years, growing concerns about the effects of cannabis 
use on mental health have renewed interest in cannabis research. In 
particular, there has been an interest in the effects of THC and can-
nabidiol (CBD) on the human brain (see 26 for review). Several 
studies investigated the effects of THC or CBD on performance of 
cognitive tasks following administration of either 10 mg THC or 
600 mg CBD or placebo in fMRI: 
9.5.1. Response Inhibition 
 Healthy volunteers performed a Go/No Go task; relative to 
placebo, THC attenuated activation in the right inferior frontal and 
the anterior cingulate gyrus [126]. In contrast, CBD deactivated the 
left temporal cortex and insula. These effects did not relate to 
changes in anxiety, intoxication, sedation, and psychotic symptoms. 
The results suggest that THC attenuates the engagement of brain 
regions that mediate response inhibition. CBD modulated function 
in regions not usually implicated in response inhibition.  
9.5.2. Verbal Paired Associative Learning  
 Healthy volunteers performed the verbal paired associate learn-
ing task; THC increased psychotic symptoms and levels of anxiety, 
intoxication, and sedation and augmented activation in the para-
hippocampal gyrus during task performance [8]. THC also attenu-
ated the normal time-dependent change in ventral-striatal activation 
during retrieval of word pairs, which correlated with concurrently 
induced psychotic symptoms. These effects were not evident after 
CBD administration.  
9.5.3. Emotional Processing 
 Healthy male volunteers performed an emotional processing 
task; THC increased anxiety, levels of intoxication, sedation, and 
psychotic symptoms, whereas there was a trend for a reduction in 
anxiety following administration of CBD [127]. CBD attenuated the 
BOLD signal in the amygdala and the anterior and posterior cingu-
late cortex while participants were processing intensely fearful 
faces THC modulated activation in frontal and parietal areas.  
9.5.4. Anxiety Provocation  
 Healthy participants viewed faces which elicited different levels 
of anxiety and showed functional connectivity between the anterior 
cingulate and the amygdala [128]. CBD but not THC disrupted 
connectivity between these regions during the neural response to 
fearful faces.  
 A comparison of response inhibition, recall and emotional 
processing- a comparison of the previous three studies of perform-
ance of healthy men on a verbal memory task, a response inhibition 
task, a sensory processing task, and when viewing fearful faces was 
compared and analyzed [129]. THC and CBD had opposite effects 
on activation in the striatum during verbal recall, in the hippocam-
pus during the response inhibition task, in the amygdala when sub-
jects viewed fearful faces, in the superior temporal cortex when 
subjects listened to speech, and in the occipital cortex during visual 
processing [129]. In the second experiment, participants were ad-
ministered THC intravenously on two occasions, after placebo or 
CBD pretreatment to examine whether CBD could block the psy-
chotic symptoms induced by THC. Pretreatment with CBD pre-
vented the acute induction of psychotic symptoms by THC.  
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9.5.5. Auditory and Visual Processing 
 Healthy volunteers were scanned while performing auditory 
and visual processing tasks; THC decreased activation relative to 
placebo in bilateral temporal cortices during auditory processing, 
and had mixed activation patterns in different visual areas during 
visual processing [130]. CBD was associated with activation in 
right temporal cortex during auditory processing. THC and CBD 
had opposite effects in the right posterior superior temporal gyrus, 
the right-sided homolog to Wernicke's area. Moreover, the attenua-
tion of activation in this area by THC during auditory processing 
correlated with its acute effect on psychotic symptoms. Single 
doses of THC and CBD therefore differently modulate brain func-
tion in areas that process auditory and visual stimuli and relate to 
induced psychotic symptoms.  
9.5.6. Attention  
 Healthy men were scanned while performing a visual oddball 
detection paradigm; during the processing of oddball stimuli, THC 
attenuated activation in the right caudate but augmented it in the 
right prefrontal cortex in fMRI [131]. THC also reduced the re-
sponse latency to standard relative to oddball stimuli. The effect of 
THC in the right caudate negatively correlated with the severity of 
the psychotic symptoms it induced and its effect on response la-
tency. The effects of CBD on task-related activation were in the 
opposite direction to those of THC; CBD augmented left caudate 
and hippocampal activation but attenuated right prefrontal activa-
tion. THC and CBD differentially modulated prefrontal, striatal, 
and hippocampal function during attentional salience processing. 
These effects may contribute to the effects of cannabis on psychotic 
symptoms and on the risk of psychotic disorders. A following study 
using the oddball task showed that THC and CBD had opposite 
effects on the functional connectivity between the dorsal striatum, 
the prefrontal cortex, and the hippocampus in healthy participants 
in fMRI [132]. THC reduced frontal-striatal connectivity, which 
was associated with its effect on task performance, whereas CBD 
enhanced this connection. Conversely, THC enhanced medial-
temporal-prefrontal connectivity and CBD reduced it. These results 
suggest that single doses of THC and CBD differently modulated 
the functional integration of brain regions involved in salience 
processing.  
 Finally, cannabinoid signaling is mediated by the cannabinoid 
receptor 1 (CB1), which is encoded by the CNR1 gene. A study 
assessed whether functional variation in CNR1 and cannabis expo-
sure interacted in modulating prefrontal function and related behav-
ior during working memory processing [133]. A sample of 208 
healthy participants was genotyped for the relevant functional SNP 
and they performed the 2-back working memory task in fMRI. 
CNR1 rs1406977 was associated with prefrontal mRNA and indi-
viduals carrying a G allele had reduced CNR1 prefrontal mRNA 
levels compared with AA subjects. Moreover, G carriers who were 
also cannabis users had greater functional connectivity in the left 
ventrolateral prefrontal cortex and reduced working memory behav-
ioral accuracy during the 2-back task compared with the other 
groups. Overall, these results indicate that the harmful effects of 
cannabis use are more evident on a specific genetic background 
related to its receptor expression. 

9.6. Brain Imaging of Cannabinoid Receptor CB1 
 Over the last decade there has been progress in developing spe-
cific radioligands for imaging of the cannabinoid CB1 receptors in 
the human brain such as the [18F] MK-9470 [19]. PET imaging 
studies in rhesus monkeys showed high brain uptake and specific 
binding in the cerebral cortex, cerebellum, caudate/putamen, globus 
pallidus, substantia nigra, and hippocampus and there were similar 
findings in humans. Furthermore, MK-0364, a CB1 inverse agonist 
produced a dose-related reduction in [18F] MK-9470 binding re-
flecting CB1 receptor occupancy by the drug. The radioligand [18F] 
FMPEP-d2 in PET showed a reversible and regionally selective 

downregulation of brain cannabinoid CB1 receptors in chronic users 
of cannabis [134]. Downregulation correlated with years of canna-
bis smoking and was selective to cortical brain regions. After 4 
weeks of continuously monitored abstinence from cannabis, CB1 
receptor density returned to normal levels. Finally, the PET radio-
ligand [18F] MK-9470 was tested in 10 chronic cannabis users 
within the first week following the last cannabis consumption 
[135]. Compared with control participants, cannabis users showed a 
global decrease in CB1 receptor availability. The CB1 receptor de-
crease was significant in the temporal lobe, anterior and posterior 
cingulate cortex and nucleus accumbens. These findings revealed 
that chronic cannabis use might alter specific regional CB1 receptor 
expression through neuro-adaptive changes in CB1 receptor avail-
ability, which may be associated with drug tolerance and depend-
ence.  

DISCUSSION 
 Regular use of cannabis results in structural changes indicated 
by volumetric and gray matter changes to the human brain [20, 
136,137]. There were no global structural changes in cannabis users 
although studies reported alterations in the hippocampus and para-
hippocampus but also frontal and cerebellar brain regions [20]. Of 
particular interest is the hippocampus, which is rich with cannabi-
noid receptors and it has shown consistent smaller size presumably 
due to the neurotoxic effects of cannabis. Regional structural 
changes were associated with cumulative dosage and frequency of 
use, as well as measures of depressive and psychotic symptoms 
although the evidence was mixed and inconsistent [20]. Methodo-
logical limitations of structural studies include small sample size, 
heterogeneity across studies in terms of sex and in examination of 
few and limited brain regions. These factors make it difficult to 
draw firm conclusions from the existing findings on the effects of 
cannabis on brain structure in humans [20, 136,137].  
 Regular use of cannabis affects cognitive processes such as 
attention, memory, inhibitory control, decision-making, emotional 
processing and social cognition and their concomitant brain areas 
[23,138-140]. There is consistent evidence for these impairments 
but it is unknown whether this is a result of cannabis’ direct effect 
on the cannabinoid receptors or whether it is through its interaction 
with other neurotransmitters such as acetylcholine, dopamine or 
noradrenalin. Broyd et al. [141] summarized the findings of acute 
and chronic effects of cannabis and found that verbal learning, 
memory and attention were most consistently impaired by acute and 
chronic exposure to cannabis, psychomotor function was most af-
fected during acute intoxication, with some evidence for persistence 
in chronic users and after cessation of use and that impaired verbal 
memory, attention, and some executive functions may persist after 
prolonged abstinence. There is some evidence for an association 
between poor performance and a younger age of onset and for the 
development of tolerance to the acutely impairing effects of canna-
bis.  
 Chronic heavy cannabis users require greater effort to complete 
working-memory tasks and they have higher probability of escalat-
ing cannabis use [142]. Cannabis users have also an increased sus-
ceptibility to memory distortions even when abstinent and drug-
free, suggesting a long-lasting compromise of memory and cogni-
tive control mechanisms involved in reality monitoring [78]. Regu-
lar cannabis use has been associated with a pattern of increased 
neural activity and a higher level of deactivation in different mem-
ory-related areas. This could reflect either increased neural effort or 
a change in strategy to maintain good task performance [138]. 
Methodological problems due to large variation in study popula-
tions in terms of frequency, age of onset, and time that subjects 
were abstinent from cannabis limit these conclusions [138].  
 Cannabis users showed impaired executive function ability on 
the Stroop task, diminished capacity for response inhibition on the 
Go-No Go task, and impaired decision making on Iowa gambling 
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task and the corresponding brain regions such as the anterior cingu-
late, the orbital-frontal and dorsolateral prefrontal cortex. These 
studies demonstrate impulsivity and the need for immediate reward 
in regular cannabis users that are the highlights of substance and 
alcohol abuse. Finally, the effects of regular cannabis use on emo-
tional processing has received great interest since reduced activity 
of limbic regions such as the amygdala and anterior cingulate may 
explain why chronic users often show lack of emotional respon-
siveness which has detrimental effects on emotional development 
and intimate relationships.  
 Similar to drugs of abuse and alcohol, regular cannabis use 
affects mechanisms of reward and craving. Cannabis cues activated 
areas in the reward pathway such as the ventral tegmental area, 
thalamus, anterior cingulate, insula, and amygdala [93] the orbital-
frontal cortex and the striatum [94] in regular cannabis users. Fur-
thermore, chronic cannabis use blunts dopamine synthesis and do-
pamine release capacity that are important for the brain's reward 
mechanism. 
 The understanding of the effects of different cannabinoids on 
the brain helped improving our understanding of the relationships 
between cannabis and psychosis. Pharmacological studies have 
demonstrated the different effects of THC and CBD on emotion, 
cognition and brain activity in healthy volunteers (see 26, 28 for 
review). THC and CBD have distinct and often opposing effects on 
widely distributed neural networks that are rich in cannabinoid 
receptors such as the medial temporal, prefrontal cortex and the 
striatum. The evidence so far points out to the acute induction of 
psychotic symptoms by THC and the role of CBD as an anxiolytic 
and antipsychotic agent [26, 28].  
 Cannabis induced modest striatal dopamine release in healthy 
human volunteers. Furthermore, acute cannabis exposure increased 
dopamine release in striatal and pre-frontal areas in those geneti-
cally predisposed for, or at clinical high risk of psychosis. With 
modest increases of dopamine after THC administration, it is ques-
tionable whether cannabis-induced psychosis stems from increased 
dopaminergic activity. This is likely to be a result of THC effects 
on direct action on CB1 receptors on Glutamate or GABA. Further 
studies are required in order to understand the neuro-
pharmacological basis of cannabis-induced psychosis. Selective 
high-affinity PET radio ligands for imaging of CB1 receptor avail-
ability could be useful for that purpose. A potentially interesting 
area for investigation could also be the assessment of the effects of 
medicinal cannabis for treatment of neurological disorder.  
 In conclusion, cannabinoids exert acute and chronic structural 
and functional changes to the human brain. Recent studies have 
increased our understanding on the acute and chronic effects on 
cognitive function and its underlying brain mechanisms. The effects 
of regular use on white matter microstructure and functional con-
nectivity require further elucidation. Furthermore, there is a need 
for a clearer understanding of the neuro-pharmacological basis for 
cannabis-induced psychosis. New radio ligands for imaging CB1 
receptor in vivo in healthy and clinical populations may help illu-
minate the neuropharmacology of cannabis and its effects on cogni-
tion, mental health and the brain. 
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