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Cannabis is the most widely used illicit drug with an 
estimated 192 million people reporting use within the 
past year, corresponding to about 4% of the global adult 
population1. The prevalence of cannabis use is expected 
to increase with ongoing legalization of its recreational 
use2,3, a growing number of indications for its thera-
peutic use4 and the commercialization of cannabis pro-
duction, particularly in North America5. Traditionally, 
users smoke dried cannabis flower, which contains 
Δ9- tetrahydrocannabinol (THC; the primary psycho-
active component of cannabis) as its principal product. 
Yet cannabis flower contains more than 100 cannabinoids 
and has more recently been cultivated to i                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            n                                         c              r  e  ase t    h e 
c    o  n   c e   n  t   ra tion a  n d f  u n  ct  ion o  f s  o m e o  f t  h e  se chemi-
cals, such as cannabidiol (CBD), as additional primary 
constituents6. A large retail cannabis marketplace has 
arisen in North America that offers various cannabis 
products (including those that are THC- dominant or 
CBD- dominant or contain a combination of primary 
constituents), formulations (including edibles, extracts 
and synthetics) and methods of administration (includ-
ing smoking, vaporization and oral ingestion)7. In addi-
tion, the potency of THC in most cannabis preparations 
has significantly increased, although it varies consider-
ably among cannabis preparations in North America6,8, 
Europe9 and Australia10.

One of the major concerns about the predicted 
increase in cannabis use is that it will increase cannabis‐ 
related harms. Acute exposure to cannabis has been 

associated with cognitive and psychomotor deficits as 
well as psychotomimetic effects in placebo- controlled, 
clinical studies. These deficits include dose- dependent 
reductions in attention, psychomotor function, impulse 
control and decision- making11–21. Acute cannabis intox-
ication may also impair learning and recall of novel 
information, an effect that is most apparent in tests of 
short- term episodic and working memory22,23. In par-
ticular, acute cannabis exposure may increase intrusion 
errors and the likelihood of forming false memories 
of events that never occurred24–27. The psychotomi-
metic effects that can develop during acute cannabis 
exposure28–34 include perceptual distortions, cognitive 
disorganization and mania35. In the majority of can-
nabis users these symptoms are mild36, but in a small 
subset of users these can develop into a full- blown 
cannabis- induced psychosis characterized by deper-
sonalization, paranoid feelings, derealization37 and 
hallucinations38.

Neurocognitive impairment during cannabis intoxi-
cation (see Box 1 for diagnostic criteria) may increase the 
risk of human error and injury during day- to- day oper-
ations as well as psychopathology (reviewed in ref.39), 
and has become a public health concern that requires a 
broader understanding. At the time of cannabis intoxica-
tion, an individual may show less educational attainment 
at school40,41, function at a reduced intellectual level at 
work42, provide statements in legal settings with reduced 
validity27 and be exposed to increased crash risk when 

Cannabinoids
Compounds found in cannabis 
or that are synthetically 
produced to mimic naturally 
occurring cannabinoids.

Psychomotor deficits
Impairments of cognitive and 
motor functions that interfere 
with skilled performance.

Psychotomimetic effects
effects that resemble psychotic 
symptoms.
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Abstract | Acute cannabis intoxication may induce neurocognitive impairment and is a possible 
cause of human error, injury and psychological distress. One of the major concerns raised about 
increasing cannabis legalization and the therapeutic use of cannabis is that it will increase 
cannabis‐related harm. However, the impairing effect of cannabis during intoxication varies 
among individuals and may not occur in all users. There is evidence that the neurocognitive 
response to acute cannabis exposure is driven by changes in the activity of the mesocorticolimbic 
and salience networks, can be exacerbated or mitigated by biological and pharmacological factors, 
varies with product formulations and frequency of use and can differ between recreational and 
therapeutic use. It is argued that these determinants of the cannabis- induced neurocognitive 
state should be taken into account when defining and evaluating levels of cannabis impairment 
in the legal arena, when prescribing cannabis in therapeutic settings and when informing society 
about the safe and responsible use of cannabis.
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operating a vehicle in traffic43–48. Yet the impairing effects 
of cannabis during intoxication may not occur in every 
user, and even if impairment is present, the magnitude 
of the effects may vary among individuals49,50. There is 
therefore a growing need to acknowledge and recognize 
individual variations in the neurocognitive response 
to acute cannabis intoxication and to understand the 
underlying neurobiology.

The present Review discusses the brain networks and 
biological factors that moderate the effects of cannabis 
on neurocognition, the contribution of cannabis formu-
lation, dose, potency and chronicity of use to the effects 
of cannabis and how the neurocognitive response to 
acute cannabis exposure may differ during recreational 
and therapeutic use. Importantly, we here focus on the 
acute effects of cannabis on neurocognition as assessed 
in placebo- controlled studies, offering a complementary 
approach to reviews that have extrapolated the long- term 
impact of cannabis on neurocognition from observa-
tional studies comparing chronic but abstinent canna-
bis users with healthy controls51,52. We will build on the 
presented knowledge to argue that evidence- based infor-
mation on the determinants of the cannabis- induced 
neurocognitive state should be taken into account when 
defining and evaluating levels of cannabis impairment in 
legal, therapeutic and societal settings.

Cannabis, the brain and neurocognition
The psychoactive effects of cannabis are primarily medi-
ated through G- protein- coupled cannabinoid receptor 
type 1 (CB1) receptors that are widely distributed in  
the human brain53,54. CB1 receptors are expressed  
in the presynaptic terminals or axons of glutamatergic 
and GABAergic neurons, where they exert inhibitory 
effects on synaptic transmission after stimulation by 
CB1 receptor agonists such as endocannabinoids55,56 and 
THC57. Cannabinoids also presynaptically inhibit acetyl-
choline release in the hippocampus, possibly through 
the activation of CB1 receptors located on cholinergic 
nerve terminals58,59. In addition to the hippocampus, 
CB1 receptors are abundant in the basal ganglia and 
cortex60, where their signalling modulates the intercon-
necting fronto- subcortical circuits that are critical for 
the organization of cognitive and affective behaviour61–63.

Many human neuroimaging studies have been con-
ducted to assess alterations in brain activity under the 
influence of THC (reviewed in ref.64). Most of these 
studies have reported increments in cerebral blood flow 
and metabolism during peak THC exposure in frontal 
regions of the brain using a multitude of imaging tech-
niques such as xenon- enhanced computed tomography, 
positron emission tomography and arterial spin labelling64. 
In other cases, cerebral blood flow has been reported to 
decrease during the course of cannabis intoxication and 
this decrease has been associated with subjective levels 
of intoxication65. However, the majority of these studies 
either did not include any neurocognitive assessments 
or reported no change in task performance, preclud-
ing the possibility of relating THC- induced changes in 
cerebral blood flow and metabolism to THC- induced 
impairments of neurocognitive function. Likewise, 
numerous studies demonstrated increments in 
resting- state functional connectivity in the sensorimotor 
network and the executive network66 or the absence of 
change in the executive network67,68 after acute challenge 
with cannabis or THC but did not include neurocog-
nitive measures. Only a small number of experimental 
studies have employed neuroimaging techniques to 
determine the contributions of THC- induced changes 
in brain network activity and metabolism to changes in 
neurocognitive function, and these are outlined below. 
These placebo- controlled studies employed occasional 
cannabis users (broadly defined as those using canna-
bis less than one or two times a week) and single- dose 
administrations of THC (using a dose range of 6–17 mg 
administered orally or via inhalation or 1.19 mg/2 ml via 
intravenous administration) or cannabis (containing 
THC doses up to 42 mg). Collectively, they suggest that 
THC- induced changes in the mesocorticolimbic circuit 
and the cortical salience network are highly relevant to 
impairments in neurocognitive task performance.

Mesocorticolimbic circuit
One of the circuits that is of particular interest when 
attempting to understand the neurocognitive effects of 
cannabis is the mesocorticolimbic circuit. This circuit 
includes subcortical brain structures that are involved in 
reward (such as the nucleus accumbens, ventral tegmen-
tal area (VTA) and ventral pallidum), the hypothalamus 

Box 1 | Acute cannabis intoxication

one of the main features of cannabis intoxication is the neurocognitive change that 
takes place while using or immediately after using cannabis. Intoxication starts  
with a period during which the user feels high and also experiences symptoms of 
neurocognitive impairment (as exemplified by reductions in attention and motor 
function, impulse control and memory, and alterations of consciousness)11,12,22,27,31,103. 
Acute cannabis intoxication can cause injuries, impaired judgement, psychological 
distress and hospitalization219. Two well- accepted sets of diagnostic criteria for 
cannabis intoxication are given below.

International Classification of Diseases (11th revision) (ICD-11) definition220

6C41.3 Cannabis intoxication
Cannabis intoxication is a clinically significant transient condition that develops 

during or shortly after the consumption of cannabis that is characterized by 
disturbances in consciousness, cognition, perception, affect, behaviour, or 
coordination. These disturbances are caused by the known pharmacological effects  
of cannabis and their intensity is closely related to the amount of cannabis consumed. 
They are time- limited and abate as cannabis is cleared from the body. Presenting 
features may include inappropriate euphoria, impaired attention, impaired judgment, 
perceptual alterations (such as the sensation of floating, altered perception of time), 
changes in sociability, increased appetite, anxiety, intensification of ordinary 
experiences, impaired short- term memory, and sluggishness. Physical signs include 
conjunctival injection (red or bloodshot eyes) and tachycardia.

Diagnostic and Statistical Manual of Mental Disorders (5th edition) (DSM-5) 
definition221

A. Recent use of cannabis.
B.  Clinically significant problematic behavioural or psychological changes (e.g., 

impaired motor coordination, euphoria, anxiety, sensation of slowed time, impaired 
judgement, social withdrawal) that developed during, or shortly after, cannabis use.

C.  Two (or more) of the following signs or symptoms developing within 2 h of cannabis 
use: (1) conjunctival injection; (2) increased appetite; (3) dry mouth; (4) tachycardia.

D.  The signs and symptoms are not attributable to another medical condition and are 
not better explained by another mental disorder, including intoxication with another 
substance.

ICD-11 definition is reprinted with permission from ref.220. DSm-5 definition is reprinted with 
permission from ref.221.

Endocannabinoids
endogenous ligands that bind 
to cannabinoid receptors.

Xenon- enhanced computed 
tomography
A neuroimaging method  
in which the subject inhales 
xenon gas to assess changes  
in cerebral blood flow.

Positron emission 
tomography
A magnetic resonance  
imaging technique that uses 
radioactive substances known 
as radiotracers to visualize  
and measure changes in 
metabolic processes, and  
in other physiological activities 
such as receptor occupancy.

Arterial spin labelling
A non- invasive magnetic 
resonance imaging technique 
that uses arterial water as an 
endogenous tracer to measure 
cerebral blood flow.
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(which is involved in sensory gating), cortical areas that 
are involved in executive and inhibitory control (such as 
the medial frontal cortex and the anterior cingulate cor-
tex) and the amygdala and hippocampus (both of which 
are implicated in memory and learning)69,70. These struc-
tures interconnect through dopaminergic, GABAergic, 
glutamatergic and cholinergic neurotransmission, as 
schematically presented in fIg. 1a. Major sources of 
innervation arise from dopaminergic projections of the 
VTA in the midbrain, and from glutamatergic projections 
of the cortex. These projections form synapses with excit-
atory and inhibitory pathways in the striatum that relay 
back to the cortex through the thalamus62. Cannabinoid 
signalling modulates neural activity within the meso-
corticolimbic circuit, and thus may subsequently affect 
associated neurocognitive functions60,63.

Brain imaging studies have consistently shown that 
acute THC administration alters neurotransmission in 
the mesocorticolimbic circuit. For example, positron 
emission tomography imaging studies demonstrated 
that acute THC administration modulates the mesolim-
bic circuit by increasing dopamine release in the ventral 
striatum, including the nucleus accumbens71–73. Further 
support for the dopamine- enhancing effect of THC 
comes from studies showing attenuation of the func-
tional connectivity of the ventral striatum with other 
parts of the brain (an indirect marker of dopaminergic 
activity) during cannabis exposure, an effect that is sim-
ilar to that seen after single doses of methylphenidate 
and cocaine74–77. The THC- driven increase in dopamine 
release arises from retrograde activation of presynaptic 
CB1 receptors at GABAergic and glutamatergic termi-
nals in the VTA, which disinhibits dopamine release in 
the nucleus accumbens78 and has been associated with an 
overall loss of functional connectivity within the meso-
corticolimbic circuit75–77. The increase in dopaminergic 
release is believed to trigger a cascade of neurotransmis-
sions in the mesocorticolimbic circuit that begins with a 
decrease of the GABAergic inhibitory tone to the thala-
mus and is followed by increased glutamatergic signalling 
from the thalamus to the prefrontal cortex and a subse-
quent increase in glutamatergic signalling from the pre-
frontal cortex to the VTA and the nucleus accumbens50,75. 
These alterations in neural activity within the mesocor-
ticolimbic circuit are schematically shown in fIg. 1a. 
Recent magnetic resonance spectroscopy studies provided 
evidence that a single dose of inhaled cannabis76,77 or 
intravenous THC79 increases striatal glutamate levels in 
humans. It has been suggested that THC- induced incre-
ments in glutamatergic input from the prefrontal cortex 
to the nucleus accumbens and in dopaminergic input 
from the VTA to the nucleus accumbens can synergize, 
causing further disinhibition of thalamic signalling in 
the mesocorticolimbic circuitry50,76. This notion is sup-
ported by a strong correlation between changes in stri-
atal functional connectivity and striatal glutamate levels 
after acute cannabis exposure76, suggesting an interde-
pendent impact on the circuitry. It is hypothesized that 
cannabis- induced changes in neurotransmission and 
functional connectivity in the mesocorticolimbic circuit 
underlie the changes in neurocognitive functions that are 
subserved by this circuit50 (discussed below).

Salience network
The mesocorticolimbic circuit overlaps anatomically 
and functionally with the cortical salience network80, 
a large- scale human brain network that is primarily 
composed of the anterior insula, dorsal anterior cin-
gulate cortex and temporal parietal junction, but also 
connects to subcortical areas such as the VTA, nucleus 
accumbens, amygdala and thalamus81–84. The salience 
network, however, does not represent a structural 
fronto- subcortical circuit but, instead, consists of a 
self- organized co- activation of brain areas that can be 
identified by means of functional connectivity analyses 
of resting- state functional magnetic resonance imaging data 
that reveal the correlation between regional fluctuations 
in the blood oxygen level- dependent signal in differ-
ent brain regions85. Evidence suggests that the salience 
network is influenced substantially by the brain’s major 
ascending neuromodulatory systems, such as the noradr-
energic system86 (innervated by the locus coeruleus) and 
the mesocorticolimbic dopamine system (innervated 
by the VTA)87. The influence of the endocannabinoid 
system on the salience network can be inferred from its 
modulatory role in the mesocorticolimbic circuit60,63. The 
salience network is involved in detecting and filtering 
salient stimuli and the generation of relevant behavioural 
and cognitive responses88, and is proposed to carry out 
these functions by recruiting connected functional net-
works (such as the default mode network and the central 
executive network) to facilitate access to attention and 
cognitive resources when salient events are detected84,89,90.

Neuroimaging studies examining the effects of THC 
on the salience network have primarily focused on its 
key cortical nodes, such as the insula and the dorsal 
anterior cingulate cortex. Acute administration of THC 
increased perfusion (as assessed with arterial spin label-
ling) in the insula and in prefrontal areas, indicating that 
THC enhances metabolism and neural activity in the 
salience network91,92. Yet resting- state functional connec-
tivity within the salience network67,68 and between the 
salience network and nodes of the executive network92 
decreased. The functional outcome of increased neu-
ral activation in the cortical salience network, as in the 
mesocorticolimbic circuit, therefore appears to be a loss 
of functional connectivity within these networks (fIg. 1b). 
Cannabis- induced changes in the salience network can 
be expected to affect its primary role in the recruitment 
of attention and cognitive resources88 and to explain 
some of the cognitive dysfunctions observed during 
cannabis intoxication (as discussed further below).

From brain to neurocognition
A summary of acute THC- induced functional deficits in 
neurocognitive domains that have been associated with 
altered neurotransmission and brain activation in the 
mesocorticolimbic circuit and the salience network in 
humans is given in TABle 1.

Attention and psychomotor function. A primary func-
tion of the salience network is to direct attention to and 
process salient and rewarding stimuli, a capacity that is 
impaired by THC32. For example, a single dose of THC 
or cannabis attenuated the striatal response to rewards 

Functional connectivity
A measure of similarity  
or correlation between  
brain signals arising from 
anatomically separated brain 
regions that indicates that  
the regions are functionally 
connected.

Executive network
A frontoparietal brain network 
involved in sustained attention, 
complex problem- solving and 
working memory.

Magnetic resonance 
spectroscopy
A non- invasive proton imaging 
technique that allows for the 
quantitative assessment of 
regional brain biochemistry.

Functional magnetic 
resonance imaging
A non- invasive technique for 
measuring and mapping brain 
activity based on changes in 
blood oxygen level- dependent 
signals that indicate underlying 
neural activity.

Default mode network
A brain network primarily 
consisting of the medial 
prefrontal cortex, the posterior 
cingulate cortex and the 
angular gyrus that is active 
when a person is focused on 
internal mental state processes 
and the brain is at wakeful rest.
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such as monetary incentives, cannabis marketing and 
music93–95, suggesting that THC- induced increments 
in striatal dopamine reduce salience and attentional 
processing of concurrent rewards94. THC- induced 
changes in response latency during tasks involving 
attentional salience processing were shown to be related 
to modulations in prefrontal and striatal activation 
that result in decreased mesocorticolimbic functional 
connectivity32,96. Cannabis- induced deficits in psycho-
motor tasks that strongly rely on attentional processing 
have also been associated with altered activity within 
the mesocorticolimbic circuit and salience network. 
For example, a single dose of cannabis reduced func-
tional connectivity within the mesocorticolimbic circuit 
(indicating that there was increased dopamine release 

in the nucleus accumbens) and increased striatal gluta-
mate levels, while impairing psychomotor vigilance76,77. 
Single doses of cannabis also decreased overall activity 
within the salience network97 and increased metabolism 
(suggesting compensatory neural recruitment) in cen-
tral nodes of the salience network such as the anterior 
cingulate98 during performance of a visuomotor track-
ing task. A few studies have assessed whether cannabis 
or THC directly impairs the recruitment of additional 
brain networks, such as the default mode network or 
the executive network, during such tasks. The anterior 
insula is a key node involved in switching between net-
works during the performance of tasks90 that require 
activation of the central executive network (to direct a 
response) after the detection of external salience, as well 
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neuron
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as deactivation of the default mode network (to reduce 
self- focused behaviour)99. Parallel reductions in resting- 
state default mode and salience network connectivity 
after cannabis exposure67 and reduced resting- state con-
nectivity between the salience network and nodes of the 
executive network after THC administration92 have been 
reported. Furthermore, deactivation of the default mode 
network was significantly reduced after THC during a 
sustained attention test100 and was negatively correlated 
with task performance. Deactivation in the salience and 
executive network, paralleled by a reduced inhibition 
of the default mode network, was similarly prominent 
when measured during the performance of a visuomotor 
tracking task after cannabis smoking97. Together, these 
data suggest that THC impairs the ability to detect sali-
ence and inhibits switching (that is, network silencing or 
recruitment) between the cooperating networks needed 
to direct attention and to select a behavioural response.

Impulse control. Inhibitory control impairments under 
cannabis intoxication are well described11, but only 
a handful of studies have attempted to relate these to 
underlying changes in brain activation. In these stud-
ies, THC attenuated activation in the inferior frontal 
cortex, anterior cingulate, hippocampus, striatum and 
insula during the performance of a motor inhibition 
task33,101,102 and the attenuation in inferior frontal acti-
vation was associated with response inhibition errors33. 
Cannabis also increased response latency and inhibition 
errors in a cognitive impulsivity task while reducing 

functional connectivity between the nucleus accum-
bens and other parts of the mesocorticolimbic circuit75, 
a marker of increased dopamine release in the nucleus 
accumbens74,75. Correlational analysis indicated a signifi-
cant association between cognitive impulsivity and func-
tional connectivity of the mesocorticolimbic circuit75. 
Collectively, these studies indicate that a loss of cognitive 
impulse control during THC intoxication is driven by an 
increase in dopamine release in the nucleus accumbens 
and a subsequent reduction of functional connectivity 
within the mesocorticolimbic circuit.

Memory and learning. The impairing effects of cannabis 
and THC on memory and learning have been well doc-
umented. Single- dose administration of THC has been 
shown to produce impairments of working, episodic 
and prospective memory in occasional users14,22,103–105, 
presumably because of its ability to inhibit cholinergic 
transmission in the mesocorticolimbic system (and the 
hippocampus in particular), as shown in preclinical 
studies59,106. In support of this idea, studies in humans 
showed that cannabis- induced memory deficits can (par-
tially) be reversed with acetylcholinesterase inhibitors103. 
It has also been suggested that increased glutamatergic 
transmission in the hippocampus may contribute to 
cannabis- induced memory impairments59, but this has 
not been established in humans79,103. Numerous neuro-
imaging studies that investigated brain function during 
memory task performance have demonstrated the role of 
the mesocorticolimbic circuit in memory processing. In 
these studies, administration of THC caused reductions 
in brain activity in central nodes of the mesocorticolim-
bic circuit, such as the insula and ventral striatum, and 
increased activity in the hippocampus and frontal areas 
while performing associative memory and verbal learn-
ing tasks107–109. THC did not affect memory performance  
in these studies, suggesting that these mechanisms may 
underlie compensatory mechanisms that prevent impair-
ment. However, changes in brain activity in the prefrontal 
cortex after THC challenge were related to impaired work-
ing memory function in another study110. Interestingly, 
prefrontal activity linearly increased with incremental 
memory loads in placebo- treated individuals, but this 
relationship was flattened in those administered THC110. 
Similarly, reduced hippocampal activation during learn-
ing in a memory association task was observed in those 
receiving placebo, but not in those administered THC108. 
These data suggest that THC intoxication interferes with 
hippocampal and prefrontal activity through inhibition of 
cholinergic transmission when engaged in learning and 
when memory demands are high.

Consciousness. Acute doses of cannabis and THC induce  
a subjective high and an altered state of consciousness31,67,68  
that may include psychotomimetic effects such as anx-
iety, dissociation, paranoia, delusions, hallucinations 
and unusual thoughts31,67,79,109,111. A recent study showed 
that individuals with low striatal glutamate levels at 
baseline show the largest increase in striatal glutamate 
and psychotomimetic effects after an acute dose of 
THC, suggesting that alterations in striatal glutamate 
levels may underlie such symptoms79. Deficits in GABA 

Inhibitory control
A cognitive process that 
permits an individual to  
inhibit their impulses in order 
to select a more appropriate 
goal- directed response.

Fig. 1 | Mesocorticolimbic circuit and salience network activity during THC 
intoxication. Systems view of neurotransmission in the mesocorticolimbic circuit (part a) 
and functional connectivity in the cortical salience network (part b) that contribute to 
neurocognitive functions such as attention, impulse control, memory and consciousness. 
Within the mesocorticolimbic circuit62, dopaminergic neurons in the ventral tegmental 
area (VTA) innervate the cortex, hippocampus, amygdala, nucleus accumbens (NAc) and 
ventral pallidum (VP)78. The VTA is under fine- tuned control of inhibitory and excitatory 
input from GABAergic and glutamatergic neurons, which can be suppressed through  
Δ9- tetrahydrocannabinol (THC)- induced stimulation of cannabinoid receptor type 1 
(CB1) receptors located at presynaptic terminals56,78. Presynaptic CB1 receptors are more 
prevalent on inhibitory GABAergic terminals than on glutamatergic terminals216,217. The 
reduction in inhibitory input to VTA dopamine neurons that is driven by THC is therefore 
stronger than the reduction in excitatory input, leading to increased dopamine release  
in the NAc71–73 and other parts of the circuit. Enhanced dopamine release in the NAc is 
believed to reduce the tonic inhibitory, GABAergic input from this region to the medial 
dorsal nucleus (MDN) of the thalamus, and thus to increase glutamatergic signalling from 
the MDN to the prefrontal cortex (PFC) and from the PFC to the VTA and the NAc. This 
leads to higher striatal concentrations of glutamate76,77,79 that further strengthen and 
correlate with the increased dopaminergic input to the NAc from the VTA76. THC also 
inhibits acetylcholine (ACh) release in the hippocampus, causing a hypocholinergic 
state103. The mesocorticolimbic circuit also provides ascending dopaminergic output 
from the VTA to the cortical regions of the anatomically and functionally related salience 
network80,87. The salience network consists of cortical brain areas, such as the insula (INS), 
dorsal anterior cingulate (dACC) and temporal parietal junction (TPJ), as shown, which 
undergo self- organized co- activation. In addition, the salience network includes 
subcortical areas of the mesocorticolimbic system such as the VTA, NAc, amygdala and 
thalamus81. THC-induced modulations of neurotransmission therefore attenuate 
functional connectivity in both the mesocorticolimbic circuit77 and the cortical salience 
network67,68. Brown lines in part b represent the functional connections (edges) between 
brain regions (nodes) in the salience network. Functional connectivity within the salience 
network decreases during THC intoxication, represented by a thinning of the edges and 
a change in colouring of the nodes from orange (+) to blue (–). Part a is adapted with 
permission from Ramaekers et al., 2020.
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signalling also enhance THC- induced psychotomi-
metic effects. When individuals were pretreated with a 
GABA receptor antagonist, THC induced significantly 
greater psychotic symptoms112, possibly as a result of 
the loss of GABA release by cholecystokinin basket cells 
in the hippocampus and cortex, leading to disruption 
of cortical networks111,112. Interestingly, the presence of 
psychotomimetic effects after a single THC dose also 
depends on its impact on brain activation during neuro-
cognitive engagement requiring memory, attention and 
impulse control32,33,109. THC- induced attenuation of stri-
atal activation was negatively correlated with psychotic 
symptoms during salience processing32, whereas higher 
hippocampal activity during memory encoding in an 
associate learning task was associated with increased 
susceptibility to the psychotomimetic effects of THC109. 
Likewise, the severity of psychotomimetic effects was 
significantly correlated with the inhibition error fre-
quency and attenuation of inferior frontal activation 
during a response inhibition task33. These data strongly 
suggest the involvement of the mesocorticolimbic circuit 
in the induction of psychotomimetic effects, particularly 
during neurocognitive engagement. However, a signif-
icant association between THC- induced attenuation 
of functional connectivity within the salience network 
and symptoms of paranoia has also been reported during 
rest67. Together, current data suggest that THC- induced 
changes in glutamatergic and GABAergic neurotrans-
mission underlie alterations in mesocorticolimbic activ-
ity, salience network connectivity and the development 
of psychotomimetic effects.

Moderators of the response to THC
The neurocognitive response may vary considerably 
between individuals and can be moderated by a range 
of factors that either increase or decrease the impact of 
THC. The following sections identify biological, phar-
macological and pathological factors that affect the 

association between cannabis intoxication and neuro-
cognitive function. The studies cited were conducted in 
occasional cannabis users unless stated otherwise.

Inter- individual differences
Genetics. Vulnerability to the neurocognitive effects 
of THC may be affected by inter- individual variations 
in gene expression that affect tonic dopamine levels in  
the mesocorticolimbic circuit70,113. Single- nucleotide  
polymorphisms in the genes encoding dopamine  
β- hydroxylase (DBH), catechol- O- methyltransferase 
(COMT) and RAC- α serine/threonine- protein kinase 
(AKT1) have been implicated in the interaction 
between cannabis and the neurocognitive state. DBH 
is an enzyme that catalyses the biotransformation of 
dopamine into noradrenaline114. Individuals with a 
high- activity (CC) DBH genotype display low levels 
of dopamine whereas individuals with low- activity 
genotypes (CT and TT) display high levels of dopa-
mine. The latter types can be found in about 30% of 
the population115. Single- dose administration of can-
nabis could therefore be expected to produce a hyper-
dopaminergic state only in individuals with CT/TT 
genotypes. Indeed, it was demonstrated that a cannabis- 
induced rise in cognitive impulsivity and a reduction in 
functional connectivity between the nucleus accumbens 
and the mesocorticolimbic circuit was most prominent 
in individuals with CT/TT genotypes75. COMT encodes 
an enzyme that breaks down dopamine in the prefrontal 
cortex at a rate that is inversely related to the dopamin-
ergic tone in the striatum116,117. Resting- state perfusion 
following THC exposure was modulated by the COMT 
genotype, particularly in the executive network92. Several 
studies have demonstrated that the negative impact of 
THC on attention and memory is greater in carriers  
of the high- activity (Val/Val) COMT genotype (present in 
about 25% of the population)118–120, possibly owing to the  
presence of a striatal hyperdopaminergic state in these 

Single-nucleotide 
polymorphisms
Common genetic variations 
occurring when a single 
nucleotide at a single  
position in the genome  
differs among people.

Table 1 | Acute THC- induced deficits in mesocorticolimbic circuit and salience network function

Neurocognitive 
domain

Effect of THC on mesocorticolimbic 
neurotransmission

Effect of THC on brain activity and 
functional connectivity

THC- induced functional deficits

Attention and 
psychomotor 
function

Increased striatal dopamine and 
glutamate release76,77

Attenuation of striatal activation93–95, 
decreased functional connectivity within the 
mesocorticolimbic system and the salience 
network32,76,77,96,97, increased metabolism in the 
anterior cingulate98, decreased activation of 
the salience network (paralleled by decreased 
silencing of the default mode network) and 
decreased recruitment of the executive network97

Distorted salience processing32,93–96, 
reduced sustained attention 
and reduced visuomotor task 
performance76,77,97,98

Impulse control Increased striatal dopamine release75 Reduced functional connectivity within the 
mesocorticolimbic system75 and attenuation of 
activation in the anterior cingulate, hippocampus, 
striatum, insula and inferior frontal cortex33,101,102

Increased cognitive impulsivity 
and reduced motor response 
inhibition33,75,101,102

Memory and 
learning

Reduced (hippocampal) acetylcholine 
release103

Reduced striatal and insular activation, 
increments in hippocampal and prefrontal cortex 
activity107–110 and reduced load- dependent 
prefrontal cortex activation108,110

Working memory impairment103,108,110

Consciousness Increased striatal glutamate release79 
and GABAergic inhibition112

Attenuation of striatal activation32, increased 
hippocampal activity109, attenuation of inferior 
frontal cortex33 and decreased functional 
connectivity within the salience network67

Psychotomimetic effects32,33,67,79,109,112

THC, Δ9- tetrahydrocannabinol.
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individuals. These studies also reported the absence of 
an association between THC- induced psychotomimetic 
effects and the COMT genotype, although an increased 
sensitivity in individuals with Val/Val genotypes who 
had pre- existing psychotic experiences was reported118. 
A genetic interaction of AKT1 and a dopamine trans-
porter (DAT1) genotype on THC- induced psychotomi-
metic effects has also been reported121. AKT1 encodes a 
protein kinase that forms part of the striatal dopamine 
receptor signalling cascade122. THC- induced psychoto-
mimetic effects were prominent in carriers of the GG 
genotype of the AKT1 gene, particularly in the presence 
of a DAT1 gene polymorphism that is involved in the 
regulation of striatal dopamine levels121.

Tolerance and chronic use. There is strong evidence 
that acute effects of THC on neurocognitive function 
are less prominent in chronic cannabis users, suggest-
ing the development of cannabis tolerance following 
frequent consumption12,123,124. Tolerance to a THC 
challenge has been observed in neurocognitive tasks 
involving attention, memory and impulse control, and 
to a lesser degree for psychotomimetic effects49. Partial 
or full tolerance is mostly observed in heavy, chronic 
cannabis users (those who consume cannabis several 
times per day), whereas users that consume cannabis 
infrequently show no or only mild tolerance50. Increased 
task effort and behavioural compensation to overcome 
functional impairment has been proposed as an explan-
atory mechanism125, but supporting evidence for this 
hypothesis is very limited50. There is more support for 
a pharmacodynamic explanation that attributes the 
blunted neurocognitive response after repeated canna-
bis exposure to neuroadaptive changes in CB1 receptor 
systems. In animals, chronic exposure to cannabinoid 
agonists produces significant downregulation and 
desensitization of CB1 receptors126,127. In humans, CB1 
receptor availability was about 10–20% lower across 
the brain of cannabis- dependent users relative to that 
of controls128–130. Downregulation of CB1 receptors in 
chronic cannabis users has been associated with a nor-
malization of dopaminergic output from the VTA to the  
rest of the mesocorticolimbic circuit, which restores 
the functional connectivity within the mesocorticolim-
bic circuit and prevents or reduces neurocognitive 
impairment during acute cannabis exposure50,77.

Downregulation of CB1 receptor density in chronic 
cannabis users is no longer evident after 2–28 days of 
monitored abstinence from cannabis128,130, suggesting a 
rapid upregulation of CB1 receptor availability as well as 
sensitivity to cannabis intoxication upon termination of 
cannabis use. Tolerance to the impairing effects of canna-
bis, therefore, is not a final, permanent state but, rather, 
a temporary state of decreased sensitivity to the acute 
effects of THC that fluctuates over time with changes in 
frequency of cannabis use and CB1 receptor density50. 
Sensitivity to the neurocognitive impairments of THC 
can therefore vary between and within individuals  
because of fluctuations in frequency of cannabis use.

Preclinical studies have suggested that THC- induced 
dopamine release shifts from the ventral striatum to 
the dorsal striatum after repeated administration131,  

a transition that has been associated with the develop-
ment of dependence in humans132. Cannabis dependence 
has also been associated with residual cognitive deficits 
that persist beyond the acute intoxication phase133–135. 
Typically, such deficits rapidly decrease during absti-
nence and do not persist beyond 4–5 weeks133,136. The 
origins of these deficits have been attributed to recent 
cannabis exposure or to withdrawal rather than to 
cumulative lifetime use133,136. The hypothesis that cogni-
tive deficits early during abstinence are caused by recent 
cannabis exposure, however, seems at odds with the 
observation that chronic cannabis users develop toler-
ance to acute cannabis impairment. The hypothesis that 
residual neurocognitive impairment arises from a state 
of withdrawal during which CB1 receptors are down-
regulated and restrained from THC- related receptor 
stimulation may seem more viable. CB1 receptor upreg-
ulation observed during withdrawal in chronic users128 
was indeed paralleled by an improvement in neurocog-
nitive function134, but definitive evidence in support of 
their association is still lacking.

Personality, age and sex. Few human studies have 
assessed the impact of personality, age and sex on the 
neurocognitive response to THC. Cannabis users with 
high trait levels of impulsivity were somewhat more sen-
sitive to the psychotomimetic effect of an acute canna-
bis challenge, but only for a select number of symptoms 
such as difficulty controlling thought and confusion31. 
Preclinical studies have suggested that vulnerability to 
the effects of cannabis differs between adolescence and 
adulthood, but findings are mixed137–139. In a compara-
tive study between human adolescents and adults, ado-
lescents felt less high, reported fewer psychotomimetic 
effects and displayed less psychomotor and memory 
impairment after inhaling cannabis than adults140. By 
contrast, impairment of response inhibition was greater 
in adolescents. Therefore, the impact of personality and 
age on the neurocognitive response to THC may not 
be necessarily large or unidimensional. In one study, 
female participants experienced the same acute effects 
of smoked cannabis on neurocognitive function as male 
participants141, while showing higher THC concentra-
tions following equivalent doses of inhaled cannabis142. 
However, a pooled analysis of data from four double- 
blind, placebo- controlled studies comparing the acute 
pharmacodynamic effects of vaporized and oral canna-
bis in male participants (n = 27) and female participants 
(n = 23) revealed higher levels of THC- COOH (an inac-
tive metabolite of THC formed in the body after cannabis 
consumption) and higher subjective levels of drug effect, 
restlessness and anxiousness in female participants143. 
These sex differences remained when controlling for 
differences in THC- COOH and body weight, suggest-
ing that women might benefit from lower THC doses 
to avoid acute anxiogenic effects143. Previous research 
has suggested sex differences in striatal dopamine 
release after an acute challenge with a dopaminergic 
agent144 and that the subjective response to dopaminer-
gic drugs in female subjects varies within the menstrual 
cycle145,146. Such findings warrant additional research on 
sex differences in the pharmacology of THC147.

Tolerance
A pharmacological concept 
describing a reduced reaction to 
a drug following repeated use.

Dependence
A disorder arising from 
repeated or continuous 
substance use characterized  
by preoccupation with  
and impaired control over 
substance use, as well as 
physiological features such  
as tolerance and withdrawal.

Trait levels
The quantification of 
personality traits in an 
individual.
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Dose, products and administration
THC dose and concentration. The impact of THC on 
the neurocognitive state is dose- related. A range of stud-
ies have shown that the magnitude of neurocognitive 
impairment and psychotomimetic effects increases with 
incremental doses of smoked and oral THC11,22,148,149. The 
mechanism underlying this increase has not been con-
firmed in humans. However, preclinical studies showed 
that CB1 agonists dose- dependently increase the dopa-
mine concentration in the mesocorticolimbic circuit as 
a result of increased CB1 receptor binding at GABAergic 
and glutamatergic terminals, which drives increments in 
dopamine release from the VTA150. THC concentrations 
in blood are, to some extent, proportional to the dose 
inhaled; however, inter- individual variation in the rela-
tionship between dose and blood concentration is high 
and the correlation between blood concentration and 
magnitude of neurocognitive impairments is low17,151,152.

There are numerous reasons why the THC concen-
tration in blood does not predict a THC- induced neuro-
cognitive state. THC is rapidly absorbed and reaches 
peak blood concentrations within minutes after smok-
ing, which matches peaks in self- reported experiences 
of intoxication153. However, THC is highly lipophilic 
and rapidly distributes from the bloodstream to tis-
sues such as the heart, lung and liver, leading to a rapid 
decline of THC concentrations in blood after the end of 
smoking153,154. THC concentrations in blood therefore do 
not represent the THC dose that reaches CB1 receptors 
in the brain, which may be as low as 0.06% of the admin-
istered dose154. As such, knowledge of the distribution of 
THC at CB1 receptors in the brain, rather than the THC 
concentration in blood, would be far more relevant for 
understanding the relationship between the THC dose 
and neurocognitive effects.

The dissociation between the blood THC concentra-
tion and the neurocognitive state is depicted in fIg. 2. As 
shown in fIg. 2a, the magnitude and duration of a sub-
jective high increase with incremental THC doses, while 
dissociating from the pharmacokinetics of THC148,155. 
The magnitude of the subjective high differs between 
THC doses even though similar THC blood concentra-
tions are achieved during the elimination phase after 
smoking148,155. Oral formulations of THC (fIg. 2b) also 
produce dose- related increments in mean peak THC 
blood concentrations and in the subjective high, but the 
THC blood concentrations are much lower than those 
produced by smoking, while producing similar levels of 
the subjective drug effect (the effect also lasts for a longer 
time)18,149. Further analysis has shown (fIg. 2c) that THC’s 
effects are stronger during its distribution and elimina-
tion phase than during absorption17, despite identical 
THC blood concentrations being measured at all stages. 
This is the case for both occasional and frequent canna-
bis users; however, the latter require higher THC blood 
levels to achieve their desired level of intoxication17.  
A history of cannabis use or the development of cannabis  
tolerance thus further contributes to the dissociation 
between THC blood concentration and neurocogni-
tive effects17,50. Interestingly, the association between 
THC blood concentration and neurocognitive state 
becomes more apparent when individual differences in 

the magnitude of the neurocognitive response to THC 
are discarded151 (fIg. 2d). The binomial distribution of 
THC- induced positive and negative neurocognitive 
changes (relative to placebo) progressively skews towards 
negative changes with rising THC blood concentrations, 
eventually reaching a criterion THC level above which 
neurocognitive impairment is present in most occasional 
cannabis users after smoking cannabis151.

Route of administration. The relationship between the 
THC dose, THC concentration and neurocognitive state 
also varies with the route of administration (smoked, 
vaporized or orally ingested). The pharmacokinetic pro-
file of orally consumed THC differs markedly from that 
of smoked or vaporized THC18,142. Smoked and vapor-
ized THC produce rapid peak blood concentrations that 
return to baseline within 2–4 h. Neurocognitive impair-
ment is most prominent during this time window11,12,21 
(fIg.  2a), but mild to minor impairments may last 
for up to 6 h or more, depending on the dose11,148,156. 
Vaporization is a more effective route of administra-
tion of THC than smoking and produces higher peak 
THC levels142. The maximum blood concentrations  
of THC observed after ingestion of oral formulations are 
lower, occur longer after administration and are elimi-
nated more slowly18,149. Despite dissimilarities in the peak 
blood concentrations of THC achieved, the impact of 
oral THC on the mesocorticolimbic circuit and neuro-
cognition is not expected to differ from that of inhaled 
THC, except for onset and duration. Indeed, despite pro-
ducing low THC blood levels, oral formulations produce 
a significant and dose- related effect on the neurocog-
nitive state that is comparable with impairment levels 
observed after smoking or vaporizing THC products, 
but starts later (between 1–2 h after ingestion) and lasts 
longer (up to 8 h or more depending on the dose)149,156,157 
(fIg. 2b). Oral doses of THC also produce higher blood 
concentrations of the equipotent THC metabolite  
11- OH- THC158 in occasional users than inhaled cannabis  
does18, which may contribute to ratings of impairment. 
It is important to note that the oral formulations that 
have been most widely studied are pharmaceutical for-
mulations (capsules) and that absorption of THC might 
be more variable with alternative oral preparations such 
as edibles (for example, brownies, cookies, chocolates, 
candies or beverages)159.

Cannabinoids and potency. From the rapidly growing 
cannabis market, new product chemotypes and product 
formulations have emerged (see Box 2) that are more 
potent than traditional cannabis and may contain a 
mixture of cannabinoids7. Most cannabis retail prod-
ucts contain combinations of THC and CBD, and can 
roughly be classified as THC- dominant, CBD- dominant 
or hybrid. There is some evidence that high oral doses 
of CBD (that is, 600 mg or more) can counteract the 
psychotomimetic effects of THC as well as its impairing 
effects on neurocognitive function160. CBD- dominant 
cannabis strains, however, contain low doses of CBD 
that may not interact with the neurocognitive effects of 
THC160,161. Recent studies in which healthy volunteers 
vaporized equivalent doses (13.75 mg) of CBD and THC 

Pharmacokinetics
The disposition of a drug within 
the body over a period of time 
as characterized by the four 
main phases of absorption, 
distribution, metabolism  
and elimination.
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reported neurocognitive and driving impairments that 
were similar to those observed after administration 
of THC alone21,162. The threshold dose of CBD that is 
required to offset the neurocognitive effects of THC, 

as well as the neurobiological underpinnings of their 
interaction, therefore remains to be determined.

Potencies of cannabis products have also increased 
over time6,8. Cannabis flower strains may contain as 
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Fig. 2 | Dissociation between the impact of THC on the neurocognitive 
state and THC blood concentration. Schematic representations of the 
findings of the original studies that are referenced below, rather than 
showing the actual  data.  The magnitude of  the effects  of 
Δ9- tetrahydrocannabinol (THC) on the neurocognitive state is represented 
as the level of the subjective ‘high’ or the ‘drug effect’, as rated by 
participants on a visual analogue scale from 0 to 100 mm. Serum THC 
concentration is shown (note that the conversion factor from whole  
blood concentration to serum concentration is 2 (ref.218)) for consistency and 
comparability across panels. a | THC has been shown to produce a 
dose- related increment in the mean peak serum THC concentration, 
magnitude of subjective high and average effect duration after smoking 
148,155. The magnitude of the subjective high differed between THC doses 
even though similar THC concentrations were achieved during the 
elimination phase (when THC concentrations are declining). For example, at 
2 h after smoking, mean THC levels were very similar across the three doses, 
whereas levels of the subjective high were still reflective of the dose. b | Oral 
formulations of THC also produced dose- related increments in mean peak 
serum THC concentrations and subjective drug effect ratings; however, 
when compared with the effects of smoked THC, THC serum concentrations 
plateaued at lower levels while producing similar ratings of intoxication. The 
intoxication also lasted longer when an oral formulation was used149.  
c | Dissociation between the THC concentration and the magnitude of THC’s 
effects can also be represented as an anticlockwise hysteresis loop, defining 
the relationship between the subjective high and the THC concentration as 
a function of time after smoking17. For identical THC serum concentrations, 
THC’s effects were stronger during the distribution and elimination phases 

(that is, when serum THC levels are falling) than during absorption (that is, 
when serum THC levels are rising). History of cannabis use or the 
development of cannabis tolerance further contributes to the dissociation, 
as frequent users of cannabis need higher THC concentrations than 
occasional users to obtain the desired level of high when smoking a cannabis 
cigarette (containing 6.8% THC) ad libitum17. d | Another study has shown, 
however, that the dissociation between THC serum concentration and 
neurocognitive state disappears when inter- individual differences in the 
magnitude of the neurocognitive response to THC are discarded and  
the responses are qualified as either a positive or a negative change relative 
to placebo. In this study, THC- induced changes in the neurocognitive 
response of individuals were calculated by subtracting their performance 
values (measures of psychomotor function and impulse control) during THC 
intoxication (after single administrations of 250 and 500 µg kg–1 THC) from 
those observed under placebo. Negative changes were classified as 
indicating ‘impairment’ and no changes or positive changes were classified 
as indicating ‘no impairment’ (shown here as ‘improvement’). The proportion 
of observations showing ‘impairment’ and ‘improvement’ across all study 
participants was then compared with its expected normal distribution 
(equal proportions of 50%) as a function of serum THC concentration. Part d 
is created using data from ref.151. The binomial distribution of THC- induced 
neurocognitive changes progressively skews towards a bigger proportion of 
negative changes with rising THC concentrations, suggesting a relationship 
between serum THC concentrations and qualitative neurocognitive change 
in occasional cannabis users151. Part a is adapted with permission from 
Hunault et al., 2014. Part b is adapted with permission from Vandrey et al., 
2017. Part c is adapted with permission from Desrosiers et al., 2015.
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much as 30% THC, whereas concentrates (such as dabs, 
wax, shatter or rosin) made from plant extracts may 
contain as much as 90% THC8,163,164. It comes as no sur-
prise that high- potency products have been associated 
with intoxication and neurocognitive impairment164 as 
well as with case reports of acute psychosis165. Parallel 
to the potentiation of phytocannabinoid products, the 
market has also witnessed an explosion of highly potent 
synthetic cannabinoid products that mimic the effects 
of THC at the CB1 receptor166. Synthetic cannabinoids 
can be 5–80 times more potent than natural cannabis167, 
act as a full agonists at CB1 receptors and — in some 
cases — have extended half- lives, leading to prolonged 
psychoactive effects168. Because synthetic cannabinoids 
exhibit higher binding affinities for CB1 receptors than 
THC167, they also cause stronger alterations in dopamine 
release in the mesocorticolimbic circuit in preclinical 
studies169,170. Synthetic cannabinoids can therefore be 
expected to elicit stronger effects on neurocognition, at 
much lower doses.

Synthetic cannabinoids are sprayed on herb mixtures 
and sold as herbal smoking blends under brand names 
such as Spice, K2, Black Mamba or Yucatan Fire166,171. 
The potency of these products is often unknown to 
their users, leading to severe cases of overdosing and 
poisoning168,172. Common symptoms include severe 
neurocognitive dysfunction, agitation, coma and 
psychosis168, sometimes referred to as ‘zombie- like’ 
behaviour167. The majority of synthetic cannabinoids 
have not been studied in controlled human trials, with 
the exception of one of the first synthetic cannabinoids 
that appeared on the market, JWH-018. These stud-
ies demonstrated that at very low doses of JWH-018 
(5.5 mg), profound neurocognitive impairment as well 
as psychotomimetic effects can emerge173–176. The phar-
macokinetic properties of inhaled JWH-018 were sim-
ilar to those of THC, although terminal elimination of 
JWH-018 and metabolites was slower177.

Recreational versus therapeutic use
Controlled studies on the impact of THC on neurocog-
nitive function have almost exclusively been conducted 
in recreational users of cannabis with no history of 
medical use. However, with the increasing acceptance  
of therapeutic applications of cannabis4 and the release of  
pharmaceutical cannabis- based medicines, the issue  
of cannabis- induced impairment during intoxication 
will gain importance. There is evidence that the neuro-
cognitive effects of THC in patient populations can differ  
from those that have been observed in recreational can-
nabis users, depending on the patient population. For 
example, experimental studies have reported increments 
in neurocognitive function in a mixed patient sample 
(treatment indications were pain, sleep, depression and 
anxiety) following acute treatment with THC (20 mg)178 
or chronic (3 months) cannabis treatment179,180, a lack 
of THC- induced deficits (in individuals receiving up 
to 10 mg daily for 6 weeks) in neurocognitive function 
of patients with Tourette syndrome as compared with 
placebo181, and cognitive deficits in patients with multi-
ple sclerosis using cannabis as compared with patients 
not using cannabis182. It can be hypothesized that the  
pre- existing medical conditions of patients may detri-
mentally influence their neurocognitive state and 
interact with the therapeutic as well as neurocognitive 
impacts of THC. The net effect might be worse or bet-
ter (as compared with recreational users of cannabis), 
depending on the nature of the interaction.

Additive interactions can be expected when the 
detrimental pharmacological effect of THC on neuro-
cognitive state occurs in a manner that is independent 
from the pharmacological effect of THC that underlies 
its therapeutic benefit. For example, chronic sensory 
pain may be relieved by THC- induced stimulation of 
CB1 receptors in the somatosensory nervous system183,184 
independently from the CB1 receptor stimulation in the 
mesocorticolimbic system that is thought to cause neuro-
cognitive impairment. However, untreated pain con-
ditions have themselves been associated with impaired 
neurocognitive function185,186 during day- to- day opera-
tions such as driving187 and these may improve because 
of a pharmacologically induced remission of pain 

Box 2 | Cannabis products

The variety of cannabis products has rapidly increased with the legalization of cannabis 
in some countries such as the uSA and Canada, the acknowledgement of medical 
applications of cannabis and the appearance of synthetic cannabinoids on the market7. 
Cannabis products that can be purchased from the commercial market include plant-  
based products as well as synthetic cannabinoids. Commercial products can be smoked 
(either alone or mixed with tobacco), vaped or dabbed7,222 and are available in several 
varieties:
•	Cannabis flower, also called ‘bud’, is the traditional cannabis preparation and refers to 

the part of the cannabis plant that can be smoked and has gone through the cultivation, 
harvest, drying and curing processes. levels of Δ9- tetrahydrocannabinol (THC) in 
cannabis flower can vary from 4% to 30%6,7.

•	Cannabis extracts are another commonly available cannabis product. Hash is the 
oldest form of cannabis extract and is composed of purified trichomes. other cannabis 
extracts include kief (a collection of trichomes that are sifted from cannabis), wax and 
resin (solvent- based extracts of dried or fresh cannabis) and rosin (extracted by heat 
and compression from the resinous sap of the cannabis plant). levels of THC in these 
extracts can vary between 30% and 90%8,163,164 In addition, tinctures, oil sprays, soft 
gels and vape cartridges with varying THC and cannabidiol (CBD) ratios and 
concentrations are available222.

•	edibles are food and beverage products that have been infused with cannabis 
extract7.

•	Synthetic cannabinoids are chemicals that mimic the effect of THC at the cannabinoid 
receptor type 1 (CB1) receptor, but with much higher potencies. Hundreds of 
synthetic cannabinoids have been reported on the market over the past 10 years.  
They are often sprayed on natural herb mixes and sold as legal alternatives to 
cannabis168,223.

Pharmaceutical cannabinoid formulations can be synthetically derived or plant-  
based. Synthetic formulations are chemically similar to THC and bind to the CB1 
receptor. examples include oral formulations of dronabinol (dose 10–20 mg) and 
nabilone (dose 1–2 mg, taken twice daily) that can be prescribed for the treatment of 
nausea and vomiting associated with cancer chemotherapy and anorexia associated 
with weight loss in patients with HIv224,225. Nabiximols is a plant- based formulation  
that contains THC and CBD in a 1:1 ratio and is indicated for the treatment of pain and 
spasticity in patients suffering from multiple sclerosis226,227. Nabiximols is available as a 
spray that is administered under the tongue or on the inside of the cheeks. each spray 
(100 ml) contains 2.7 mg THC and 2.5 mg CBD and can be taken multiple times per day. 
In several counties, standardized products from natural cannabis flower with varying 
THC and CBD concentrations are available for medical prescriptions (such as Bedrocan). 
A pharmaceutical formulation of synthetic CBD (such as epidiolex) is available to treat 
seizures associated with lennox–Gestaut syndrome, Dravet syndrome and tuberous 
sclerosis complex228.
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symptoms188,189. The impact of THC on the neurocogni-
tive status of patients with chronic pain can therefore be 
expected to depend on the net result of the improvement 
in neurocognitive state caused by symptom relief and 
the neurocognitive impairment caused by stimulation 
of CB1 receptors in the mesocorticolimbic circuit. This 
net balance can be expected to develop dynamically over 
time with repeated use of medicinal cannabis if (partial) 
tolerance develops for the therapeutic and/or impairing 
effects of THC50, and ultimately will determine the pub-
lic health risk of skilled operations performed during 
cannabis intoxication. For example, driving while high 
appears quite common (56.4%) among patients using 
cannabis to treat pain190.

Synergistic or antagonistic interactions can be 
expected in patients when the pharmacological effects of 
THC interfere with pre- existing deficits in the mesocor-
ticolimbic circuit. In disorders that have been associated 
with hyperactivity or hypoactivity of the mesocorti-
colimbic circuit, the impact of THC may be hypothe-
sized to exacerbate or reduce pre- existing neurocognitive 
deficits, respectively. An example of such a synergistic 
interaction can be found in patients with schizophrenia 
who show elevated levels of mesocorticolimbic dopa-
mine and glutamate191–193, which are associated with 
increased levels of psychotomimetic symptoms194. Acute 
administration of THC increases striatal dopamine71 
and glutamate76,77,79 levels and further exacerbates 
psycho tomimetic symptoms and other neurocognitive 
impairments in patients with schizophrenia195,196. On 
the other hand, an antagonistic interaction might be 
expected in patients with Tourette syndrome who dis-
play dysregulated dopaminergic signalling197 and low 
mesocorticolimbic levels of glutamate, particularly in 

the striatum198. A negative correlation between striatal 
glutamate and tic severity has been reported198, sug-
gesting that (psycho)motor impairments in patients 
with Tourette syndrome decrease with increasing stri-
atal glutamate levels. Based on these findings, it can be 
hypothesized that THC- induced increments in striatal 
glutamate, such as those observed in healthy volunteer 
studies76,77,79, might improve psychomotor function in 
these patients. This hypothesis has not yet been tested  
in controlled clinical trials, but a supportive case report 
has been published199. Both examples suggest that the 
impact of THC on neurocognitive function may alter in 
the presence of an underlying disorder and could worsen 
or improve pre- existing deficits in the mesocorticolimbic 
circuit.

Conclusions and implications
THC- induced changes in the mesocorticolimbic circuit 
and the salience network underlie acute impairments in 
a range of neurocognitive domains such as attention and 
psychomotor function, impulse control, memory, learn-
ing and consciousness. Neurocognitive impairments 
during THC intoxication follow from CB1 receptor 
stimulation at glutamatergic, GABAergic and cholinergic 
neurons. Stimulation of glutamatergic and GABAergic 
neurons enhances dopamine release from the VTA to 
the nucleus accumbens and other parts of the mesocor-
ticolimbic circuit, and subsequently increases glutamate 
release from prefrontal cortical areas to the VTA and 
the nucleus accumbens. Stimulation of CB1 receptors at 
cholinergic neurons reduces acetylcholine release in the 
mesocorticolimbic circuit, particularly in the hippocam-
pus. Alterations in mesocorticolimbic neurotransmission 
and neurocognitive impairments during THC intoxica-
tion have been associated with reduced functional con-
nectivity in the mesocorticolimbic circuit as well as in 
the salience network. The magnitude of the impact of 
acute THC exposure on the neurocognitive state and its 
underlying brain circuits can vary between individuals 
and depends on a range of factors related to genetics, age, 
substance characteristics, sex, tolerance development and 
(in the case of medicinal use) the underlying disorder. 
These factors can either exacerbate or mitigate the level 
of neurocognitive impairment experienced during acute 
THC intoxication, as shown in fIg. 3. Such determinants 
of the cannabis- induced neurocognitive state should be 
taken into account when defining and evaluating levels of 
cannabis impairment in the legal arena, when prescrib-
ing cannabis in therapeutic settings and when informing 
society on cannabis- related harms.

The integrative framework of neuroimaging and 
neuro cognitive data presented here offers a basic model of  
the neurobiological underpinnings of THC’s effects on 
neurocognitive function. However, the framework is not 
definitive and needs further elaboration and confirma-
tion by future research. For example, the evidence for a 
role of the mesocorticolimbic circuit and the salience 
network in THC- induced neurocognitive impairment is 
compelling, but does not exclude involvement of addi-
tional brain networks. Studies on the impact of cannabis 
on whole- brain network organization and neurocogni-
tion are therefore needed to further address this topic. 

Exacerbating factors

Acute THC-induced
neurocognitive
impairment

Mitigating factors

Genetics
DBH, COMT and AKT SNPs, 
leading to elevated tonic 
dopamine or dopamine 
signalling

Tolerance
CB1 receptor
downregulation

Substance related
• Higher dose
• Route of administration
• Increased CB1 receptor 

potency

Disorder
• Symptom relief
• Hypoactive 

mesocorticolimbic 
function

Disorder
Hyperactive
mesocorticolimbic 
function

Development
Ageing

Sex
Female

Fig. 3 | Moderators of the cannabis-induced neurocognitive state. Summary of the 
factors that can either exacerbate or mitigate the level of neurocognitive impairment 
caused by Δ9- tetrahydrocannabinol (THC)- induced changes in mesocorticolimbic 
activity and altered functional connectivity in the salience network. AKT, RAC- α serine/
threonine- protein kinase; CB1, cannabinoid receptor type 1; COMT, catechol- O-  
methyltransferase; DBH, dopamine β- hydroxylase; SNP, single- nucleotide polymorphism.

NATuRe RevIewS | NEurosCiENCE

R e v i e w s

  volume 22 | July 2021 | 449



0123456789();: 

Likewise, some of the reported associations between 
THC- induced changes in brain activity and neurocog-
nitive function have been based on co- occurrence and 
correlations. Mechanistic studies using pharmacologi-
cal agents to block specific network, neurotransmitter 
or receptor systems in the presence of THC would be 
very useful to further confirm and define their relative 
contributions to the effects of THC on neurocognition. 
Finally, research conducted on moderating factors of the 
effects of THC on neurocognition in placebo- controlled 
studies is scarce and sometimes limited to a single study. 
There is a growing need to evaluate the role of moder-
ating factors more extensively and to replicate some of 
these findings.

Implications for the legal arena
At present, determinants of THC- induced neurocogni-
tive impairments do not play a major role in the legal 
arena when evaluating the contribution of cannabis 
use or intoxication to human judgement, testimonies, 
error or injury. Instead, the focus is on detecting THC 
in a biological matrix to support signs and symptoms of 
behavioural impairment, when these are available200. It is 
clear that task performance under the influence of can-
nabis is a public health concern because involvement in 
challenging operations requiring memory, attention and 
impulse control can increase the likelihood that func-
tional impairments will display in full or elicit psycho-
tomimetic states of consciousness32,33,109. A primary  
example of such a public health concern is driving under 
the influence of cannabis: epidemiological studies have 
suggested that cannabis use among drivers is associated 
with a moderate (about 1.2- fold to 2.0- fold) increase 
in crash risk46,47,201. Unfortunately, there are presently 
limited means to distinguish cannabis- induced impair-
ment from cannabis use in the absence of impairment. 
The identification of THC in biological matrices such 
as blood, oral fluid or urine indicates the presence 
or absence of THC (or a metabolite of THC), but its 
association with cannabis- induced impairment is low. 
Furthermore, such measures do not exclude false posi-
tive findings that could arise from past use in the absence 
of impairment or recent use in the presence of cannabis 
tolerance202–204. Ideally, the presence of THC in biolog-
ical matrices should be interpreted in the context of 
known attenuating or mitigating factors and observed 
behaviour, when evaluating the impact of THC on the 
neurocognitive state.

As discussed above, an association between the THC 
concentration in blood and neurocognitive impairment 
is apparent at the group level when large inter- individual 
differences in the magnitude of impairment are dis-
carded, and an increasing proportion of individuals are 
revealed who show signs of impairment with rising THC 
concentrations in blood151. However, even at the group 
level, the nature of the association between the THC 
concentration in blood and neurocognitive impairment 
may alter as a function of frequency of cannabis use and 
differ between cannabis users who developed (partial) 
tolerance and those who did not50. As a consequence, 
the call to develop behavioural field sobriety tests to 
determine cannabis impairment has become stronger205. 

Behavioural impairment tests, however, face the chal-
lenge of providing a reliable reference measure of an 
individual’s non- drug performance. Such reference data 
are easy to collect in laboratory settings as part of scien-
tific research, but are generally unavailable for the pub-
lic at large under real- world conditions. Without such 
normative data, standards of cannabis impairment will 
be hard to define for on- site behavioural tests50. On- site 
behavioural tests also face the challenge of detecting a 
moderate drug effect. Experimental studies have indi-
cated that the impairing of effects of THC on day- to- day 
operations such as driving, although clinically relevant, 
are moderate in magnitude and equivalent to perfor-
mance impairments observed at blood alcohol concen-
trations between 0.05% and 0.08%, depending on the 
dose21,206–208. Standard field sobriety tests that, typically, 
have been designed to detect the gross impairment 
associated with alcohol use at blood alcohol concen-
tration levels >0.10%209 have failed to detect moderate 
levels of THC- induced impairments under controlled 
conditions207,210, either because of a lack of sensitivity 
or a lack of specificity. The future quest therefore still 
remains to develop a biological or behavioural parame-
ter that can be used to selectively and reliably determine 
cannabis- induced impairment, rather than cannabis use.

Implications for therapeutics
Determinants of THC- induced neurocognitive impair-
ment should also be considered in the context of can-
nabis therapeutics. Adverse neurocognitive impairment 
can be observed in patients treated with cannabis- based 
medicines, and strategies should be developed to avoid 
or minimize its occurrence211. Such strategies should take 
into account all potential factors that either exacerbate or 
mitigate the neurocognitive effects of THC. These poten-
tially include inter- individual differences in genetics, age 
and frequency of use, as well as differences in cannabis 
formulation and therapeutic indication. Strategies that 
have been suggested include slow upward dose titration 
to promote tolerance to the impairing effects of THC 
and the use of low doses to attain symptom control while 
avoiding the psychoactive effects211. In practice, effective 
dose regimens that produce an optimal balance between 
clinical benefits and adverse behavioural side effects are 
not standardized and will depend on active monitoring 
by the patient and the prescribing physician throughout 
treatment.

It seems crucial, however, to establish whether 
a mesocorticolimbic dysfunction is essential to the 
underlying disorder for which patients wish to be 
treated, either by prescription of medicinal cannabis 
or by self- medication. Patients with hyperactive meso-
corticolimbic function are hypothesized to be more 
likely to develop full- blown neurocognitive impair-
ments when exposed to acute THC challenges that may 
worsen or unlock underlying psychopathology, such 
as in individuals with schizophrenia or increased risks 
for psychosis212,213. In general, individuals who display 
elevated levels of tonic dopamine or increased dopa-
mine signalling because of normal variations in genetic 
expression of DBH, COMT and AKT1 genes should 
be monitored. Conversely, patients with hypoactive 

Field sobriety tests
Tests of balance, coordination 
and divided attention that are 
performed by the police to 
determine whether a driver  
is impaired.
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mesocorticolimbic functions may be less sensitive to 
the neurocognitive effects of THC. Treatment with THC 
may even normalize mesocorticolimbic function in such 
cases and offer a positive trade- off between therapeutic 
efficacy and neurocognitive side effects. The hypothet-
ical example of patients with Tourette syndrome would 
be a point in case. In general, the expected benefits and 
harms from THC treatment in patient populations 
should be carefully monitored over time to optimize 
efficacy, minimize neurocognitive adverse events and 
allow treatment adjustments when needed.

Implications for society
Societal attitudes towards cannabis have evolved rap-
idly with expanding legalization of cannabis for medi-
cal and recreational use214. As a result, the legal market 
for cannabis and the number of cannabis products have 
exploded in some countries7,8. The THC concentration, 
potency and route of administration and the cannabi-
noid composition of such products vary considerably, 
and can elicit neurocognitive responses that may differ 
markedly in intensity and duration149,152,157,215. Consumers 
of these products may experience severe intoxication 
when exposed to amounts of THC that they cannot 
handle or did not expect. The overall perception of con-
sumers in the USA is that the use of cannabis products 
is safe, produces no adverse health outcomes and does 
not interfere with day- to- day operations214. However, 
this perception may be false as little controlled research 
has been conducted to determine the pharmacodynamic 
and pharmacokinetic profiles of commercial cannabis 
products. Therefore, clinical and epidemiological studies 
should be conducted to determine the impact of com-
mercial cannabis products on the neurocognitive state 
and other health outcomes. Such studies would provide 
information on dosing guidelines, abuse liability, suita-
bility for recreational or medicinal use, motives of use 

and the risk of acute cannabis intoxication per product 
type7. Funding for these types of studies should come 
from regulatory agencies as well as the legal cannabis 
industry to improve product standards, educate the 
consumer, define expected health benefits and reduce 
cannabis- related harms.

Acceptance of cannabis as a recreational and medici-
nal product that is freely available on the market should 
come with a public and regulatory acknowledgement of 
the benefits and harms of use. The cannabis industry 
is likely to become as dominant on the consumer mar-
ket as the alcohol and tobacco industry were previously, 
and will have motivation to selectively emphasize the 
benefits and discount the harms rising from cannabis 
use to increase their market share. There is, however, 
an increasing responsibility of regulatory agencies to 
ascertain that the impact of cannabis on the entire range 
of health outcomes, good and bad, is understood and 
made accessible to the general public. At present, clinical 
research into commercial cannabis products is seriously 
hampered by Good Manufacturing Practice regulations 
on the quality of drug products in drug trials, which 
impose far more stringent safety and toxicology crite-
ria than are currently applied to the cannabis products 
that are commercially released on the market. Likewise, 
stringent scheduling of cannabis as a drug of abuse has 
posed a restrictive barrier for conducting scientific 
research with cannabis in many countries. Regulatory 
barriers should be loosened to allow targeted research 
on the benefits and harms of cannabis products with the 
understanding that broad knowledge of the biological 
and pharmacological determinants that underlie the 
acute effects of cannabis on the neurocognitive state is 
needed to define the conditions for safe and responsible 
use of cannabis.
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