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Context: The aberrant processing of salience is
thought to be a fundamental factor underlying psycho-
sis. Cannabis can induce acute psychotic symptoms,
and its chronic use may increase the risk of schizophre-
nia. We investigated whether its psychotic effects are
mediated through an influence on attentional salience
processing.

Objective: To examine the effects of �9-tetrahydro-
cannabinol (�9-THC) and cannabidiol (CBD) on re-
gional brain function during salience processing.

Design: Volunteers were studied using event-related
functional magnetic resonance imaging on 3 occasions
after administration of �9-THC, CBD, or placebo while
performing a visual oddball detection paradigm that in-
volved allocation of attention to infrequent (oddball)
stimuli within a string of frequent (standard) stimuli.

Setting: University center.

Participants: Fifteen healthy men with minimal pre-
vious cannabis use.

Main Outcome Measures: Symptom ratings, task per-
formance, and regional brain activation.

Results: During the processing of oddball stimuli, rela-
tive to placebo, �9-THC attenuated activation in the right
caudate but augmented it in the right prefrontal cortex.
�9-Tetrahydrocannabinol also reduced the response la-
tency to standard relative to oddball stimuli. The effect
of �9-THC in the right caudate was negatively corre-
lated with the severity of the psychotic symptoms it in-
duced and its effect on response latency. The effects of
CBD on task-related activation were in the opposite di-
rection of those of �9-THC; relative to placebo, CBD aug-
mented left caudate and hippocampal activation but at-
tenuated right prefrontal activation.

Conclusions: �9-Tetrahydrocannabinol and CBD dif-
ferentially modulate prefrontal, striatal, and hippocam-
pal function during attentional salience processing. These
effects may contribute to the effects of cannabis on psy-
chotic symptoms and on the risk of psychotic disorders.
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C ANNABIS, AND ITS MAIN

psychoactive ingredient
�9-tetrahydrocanna-
binol (�9-THC), can in-
duce acute psychotic

symptoms in healthy individuals,1,2 exac-
erbate preexisting psychotic symptoms
in patients with schizophrenia,3 and
increase the risk of schizophrenia after
long-term use.4 Psychotic symptoms in
schizophrenia are related to increased
dopaminergic activity in the striatum,5

which is thought to lead to the attribu-
tion of salience6 to what would normally
be insignificant experiences or stimuli.
Aberrant salience attribution has been
related to the presence of delusions7 and
to abnormal striatal activation in patients
with schizophrenia.8,9

Acute administration of �9-THC modu-
lates dopamine levels10 and task-related ac-

tivation in the striatum.2 Under the influ-
ence of cannabis, users report that banal
sensory stimuli or commonplace conver-
sation acquire new meanings and signifi-
cance11 and that they experience percep-
tual alterations; these phenomena have
been interpreted as reflecting altered sa-
lience processing.12-14 Central cannabi-
noid (CB1) receptors, the principal tar-
get of �9-THC in the brain, modulate the
acquisition and expression of learned,
emotionally salient conditioned associa-
tions in rats.15 However, whether �9-
THC modulates salience processing in
humans and the extent to which this un-
derlies the psychotogenic effects of �9-
THC have yet to be investigated.

In addition to �9-THC, Cannabis sativa
contains cannabidiol (CBD), which has
quite different effects. Coadministration of
CBD with �9-THC can block the effects of

Author Affiliations are listed at
the end of this article.
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�9-THC on psychotic symptoms,16-18 consistent with evi-
dence that CBD and �9-THC may have opposing effects
onCB1receptors19 andonregionalbrainactivation.20 More-
over, �9-THC can induce acute psychotic and anxiety
symptoms, and CBD may have anxiolytic21,22 and antipsy-
chotic effects.23-25 Recent evidence26 suggests that CBD can
attenuate the incentive salience of drug and food cues un-
der the influence of �9-THC by reducing the attentional
bias to these stimuli in humans, complementing evidence
from animal studies27,28 that, although �9-THC enhances
the salience of drugs of abuse, CBD may have the oppo-
site effect.29

The aim of the present study was to examine the acute
effects of �9-THC and CBD on brain function during the
processing of salient and nonsalient stimuli. We used
event-related functional magnetic resonance imaging
(fMRI) to study healthy volunteers with minimal previ-
ous cannabis exposure in a placebo-controlled repeated-
measures design. Participants were evaluated while per-
forming a visual oddball task that assessed the allocation
of visuospatial attention to salience. Previous studies in
identical or similar paradigms implicate the prefrontal
cortex,30-32 medial temporal cortex,33-37 and striatum37,38

in processing salience related to the novelty, deviance,
or rareness of stimuli.31,32 We tested the hypothesis that
administration of �9-THC would perturb salience pro-
cessing, leading to faster responses to standard stimuli
relative to oddball stimuli and altering activation in the
prefrontal cortex, hippocampus, and striatum. On the ba-
sis of previous findings,2 we predicted that the induc-
tion of positive psychotic symptoms by �9-THC would
be associated with its effects on activation in the stria-
tum. Our final hypothesis was that the effects of CBD on
activation in the prefrontal cortex, medial temporal cor-
tex, and striatum would be in the opposite direction to
those of �9-THC, as described in the context of other
paradigms.20

METHODS

We examined 15 healthy men (mean [SD] age, 26.67[5.7] years;
IQ, 98.67[7.0], as measured using the National Adult Reading
Test39) during 3 sessions in a double-blind, placebo-
controlled, within-subject design with counterbalanced order
of drug administration using an established protocol,2 de-
scribed in detail in the eMethods (http://www.archgenpsychiatry
.com). Participants were scanned 3 times, with at least a 1-month
interscan interval in a university center. All participants pro-
vided written informed consent. The study was approved by
the local research ethics committee, and the investigators had
a license to use �9-THC and CBD for research.

All participants were occasional cannabis users and had nega-
tive findings on a urine drug screen for amphetamines, ben-
zodiazepines, cocaine, opiates, and �9-THC before each ses-
sion. One hour before scanning, participants were given identical
gelatin capsules of �9-THC, 10 mg; CBD, 600 mg (THC Pharm);
or placebo (flour). Psychopathologic ratings were conducted,
and blood concentrations were estimated at the time of drug
administration and then at 1, 2, and 3 hours after administra-
tion. Functional magnetic resonance images were acquired be-
tween 1 and 2 hours after administration of the drug. Partici-
pants performed a simple visual oddball detection task inside
the fMRI scanner.

The paradigm is described in detail elsewhere31,32 and in the
eMethods. A series of arrows was presented on the right or left
side of a screen for 600 milliseconds, followed by a blank screen
for an average of 1.2 seconds (jittered between 1 and 1.4 sec-
onds, amounting to a total mean intertrial interval of 1.8 sec-
onds). Standard stimuli, presented in 160 trials, were horizon-
tal arrows pointing to the right or left with equal probability.
Oddball stimuli, with arrows pointing to the right or left at a
23° angle, were presented in 24 trials that were pseudo-
randomly interspersed among the standard trials. Participants
were instructed to press a right or left button according to the
arrow direction for both oddball and standard stimuli. Con-
trast of the oddball and standard stimuli allowed us to assess
the neural response to rareness/deviance (corresponding to
stimulus salience), without the potentially confounding effect
of other dimensions of stimulus salience, such as targetness,
emotional valence, and motivational valence (rewarding or
nonrewarding)37 and to measure the correlates of pure atten-
tion allocation to a rare infrequent stimulus.30,32

Images were acquired on a 1.5-T system (detailed in the
eMethods). Data from the fMRI tasks were analyzed using
XBAMv3.4 (http://www.brainmap.it/) (detailed in the eMethods).
Images were realigned and smoothed, and the experimental de-
sign was convolved with 2 gamma variate functions to model
the blood oxygen level–dependent response. Following least-
squares fitting of the convolved model to the time series at each
voxel, the sum of squares ratio (ratio of model component to
residual sum of squares) was determined for the oddball-
standard contrast. The significance of the estimated sum of
squares values at each voxel was determined using permuta-
tion testing.40 Sum of squares ratio maps for each individual
were transformed into standard space,41 and group activation
maps were computed for each drug by determining the me-
dian sum of squares ratio at each voxel. Intercondition con-
trasts were studied using nonparametric repeated-measures
analysis of variance,42 with a voxel-wise threshold of P=.05 and
the clusterwise threshold set such that the total number of false-
positive clusters per brain volume was less than 1; the P value
at which the latter occurred is reported herein.

For each drug condition (�9-THC, CBD, and placebo), we
contrasted the oddball condition with the standard condition.
The effects of �9-THC and CBD in the whole brain were ex-
amined by comparing the activation maps for each drug con-
dition separately with the activation map for the placebo con-
dition. Finally, to test our hypothesis that �9-THC and CBD
would have opposite effects on activation, we identified areas
where the effects of �9-THC and CBD relative to the placebo
condition were in opposite directions.

Analyses of behavioral data are described in detail in the
eMethods. The effects of between-drug differences in symp-
tom levels on activation were examined by correlating mea-
sures of activation with the change in the rating from baseline
to the mean of those measures at 1 and 2 hours.

RESULTS

PSYCHOPATHOLOGIC EFFECTS

There was a significant effect of drug administration on
psychotic symptom ratings (estimated by calculating the
area under the curve from baseline to 3 hours) as in-
dexed by the positive symptoms subscale of the Positive
and Negative Syndrome Scale43 (F2,28=9.15, P=.001) (eFig-
ure 1). Pairwise comparisons revealed that �9-THC sig-
nificantly increased the severity of psychotic symptoms
compared with placebo (P� .001) and CBD (P� .001),
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whereas there was no significant difference between the
CBD and placebo conditions (P� .05). The effects of
�9-THC and CBD on other psychopathologic and
intoxication measures are reported as supplemental
information (eFigure 2). Mean (SD) blood concentra-
tions of �9-THC were 3.9 (7.3) and 5.1 (5.6) ng/mL at 1
and 2 hours, respectively (to convert to micromoles per li-
ter, multiply by 3.180), and blood concentrations of CBD
were 4.7 (7.0) ng/mL after 1 hour and 17 (29.0) ng/mL af-
ter 2 hours.

PERFORMANCE DURING THE VISUAL
ODDBALL DETECTION TASK

Reaction Time

As in previous studies,38 participants took longer to re-
spond to oddball than to standard stimuli across all 3 drug
conditions (P� .001), independent of the drug condi-
tion (Table 1). Post hoc pairwise comparisons re-
vealed that response latencies (RTs) were reduced after
�9-THC relative to both placebo (P� .001) and CBD
(P=.02) across all stimulus conditions. Response laten-
cies after administration of CBD relative to placebo were
also significantly reduced across all conditions (P=.01).
There was a significant interaction (P=.01) between drug
condition and stimulus (oddball vs standard) on RTs. This
was driven by a greater effect (P=.03) of �9-THC rela-
tive to both CBD and placebo on RT during the stan-
dard than during the oddball condition; therefore, the
difference in RT between the oddball and standard stimuli
was greater under the influence of �9-THC than it was
under the influence of the other drug conditions com-
bined. Thus, although �9-THC reduced RTs relative to
CBD and placebo in both task conditions, it had a rela-
tively greater effect on RTs to standard stimuli. Con-
versely, CBD had a greater effect on response latency to
oddball than to standard stimuli relative to the placebo
condition, but this was not statistically significant
(P� .10). The order of drug administration (which was
counterbalanced across participants) did not have any
significant main effect on RTs, and there was no signifi-
cant interaction between the effects of drug order and drug
condition or stimulus type.

Accuracy of Responses

Relative to the placebo condition, responses were less ac-
curate after administration of �9-THC than after CBD. How-
ever, these differences were not statistically significant.

fMRI RESULTS

Main Effect of the Task (Independent of Drug)

Processing oddball relative to standard stimuli was as-
sociated with activation in the left inferior and medial
prefrontal cortices, the caudate and putamen, and the para-
hippocampal gyrus and hippocampus bilaterally, extend-
ing to include the amygdala on the right side (eFigure
3). Additional activation was evident in the insula and
cerebellum bilaterally and in the thalamus, right infe-
rior parietal lobule, and inferior temporal gyrus.

Effects of �9-THC on Activation

Event-related analysis demonstrated that, relative to pla-
cebo, �9-THC augmented activation in the right infe-
rior, middle, and superior frontal gyri and the right or-
bitofrontal cortex and frontal pole but attenuated
activation in the head of the caudate, putamen, insula,
and thalamus on the right side (Table 2; Figure 1).

Correlation Between Effects of �9-THC
on Activation, Task Performance,

and Psychopathologic Factors

In the right head of the caudate, the effect of �9-THC
on activation was inversely correlated with the severity
of the psychotic symptoms it induced: the more �9-
THC attenuated the response of the caudate to the oddball-
standard contrast, the more severe were the psychotic
symptoms (r=−0.45; P=.04) (Figure 2). In this part of
the striatum, the effect of �9-THC was also inversely cor-
related (r=−0.53; P=.03) with its effect on task perfor-
mance: the greater the attenuation of right caudate acti-
vation by �9-THC, the greater its effect on the response
latency to standard stimuli. There was a significant re-
lationship (r=0.58, P=.04) observed between the effect

Table 1. Effect of �9-THC and CBD on Task Performance

Characteristic

Accuracy of Responses

P Value�9-THC Placebo CBD

Incorrect responses, %
Oddball 2.6 1.8 1.4 .16
Standard 2.4 2.3 2.1 .24

Reaction time, mean (SD)
Oddball 461.9 (134.8) 484.6 (164.7) 468.7 (139.6) �.001a

.02b

.01c

Standard 428.5 (112.0) 449.3 (155.3) 439.2 (136.9)

Abbreviations: CBD, cannabidiol; �9-THC, �9-tetrahydrocannabinol.
a�9-Tetrahydrocannabinol vs placebo.
b�9-Tetrahydrocannabinol vs CBD.
cCBD vs placebo.
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of �9-THC on activation in the right prefrontal cortex
and its effects on task performance: the greater the en-
gagement of the right prefrontal cortex under the influ-
ence of �9-THC, the greater its effects on response la-
tency to standard relative to oddball stimuli. No significant
relationship was observed between the effect of �9-
THC in this region and its effect on psychotic symptoms.

Further post hoc analysis suggested that there was no
relationship between the effect of �9-THC on response
latency to standard relative to oddball trials and its ef-
fect on psychotic symptoms.

Effects of CBD on Activation

Cannabidiol attenuated activation in the left medial pre-
frontal cortex. However, CBD augmented activation in
the right caudate, parahippocampal gyrus, insula, pre-
central gyrus and thalamus, relative to placebo (Table 2).

Direct Comparison of Effects of �9-THC
and CBD on Activation

Direct contrast revealed that �9-THC and CBD had op-
posite effects on activation in several regions (Table 2;
Figure 3). In the right superior, middle, inferior, and
orbitofrontal gyri, �9-THC augmented activation rela-
tive to placebo, whereas CBD attenuated activation
(Figure 3). Conversely, in the left head, body, and tail
of the caudate and in the putamen, parahippocampal gy-
rus, thalamus, and lingual gyrus, activation was attenu-
ated by �9-THC but augmented by CBD.

In the left caudate (x=−22, y=26, z=9 in Talairach
space), the effect of �9-THC on activation was inversely
correlated with the severity of psychotic symptoms that
it induced: the more that �9-THC attenuated the caudate
response to oddball-standard contrast, the more severe were
the psychotic symptoms (r=−0.55; P=.02). This correla-

Table 2. Talairach Coordinates of Peak Areas of Activation Under the Influence of �9-THC and CBD

Area

Talairach Coordinates
Cluster Size,
No. of Voxels P Valuex y z

Effects of �9-THC during the oddball salience task
(�9-THC�placebo)

Inferior frontal gyrus 36 44 −7 24
.003

Middle frontal gyrus 40 41 9 9
Superior frontal gyrus 11 63 15 7 .002
Orbitofrontal cortex 29 52 −13 7 .003
Frontal pole 14 67 4 30 .002

Effects of �9-THC during the oddball salience task
(�9-THC�placebo)

Caudate head 18 19 4
48 .004

Putamen 25 −4 20
Insula 43 −7 15 8 .004
Thalamus 25 −22 9 35 .004

Effects of CBD during the oddball salience task (CBD�placebo)a

Caudate body 22 −19 20 8 .02
Parahippocampal gyrus 40 −26 −2 6 .02
Insula 36 11 −2 22 .02
Precentral gyrus 47 −7 9 16 .02
Thalamus 22 −15 15 7 .02

Effects of CBD during the oddball salience task (CBD�placebo)
Medial prefrontal cortex −18 33 −7 26 .01

Opposite effects of �9-THC and CBD during the oddball salience task
(�9-THC� placebo�CBD)

Putamen −22 0 15 17
.005Caudate head and body −22 26 9

22
−14 15 9

Tail of caudate −22 −33 15 17 .002
Hippocampus −29 −41 4

18 .002
Parahippocampal gyrus −29 −41 −2
Thalamus −18 −33 4 8 .008
Lingual gyrus −18 −41 −2 5 .008

Opposite effects of �9-THC and CBD during the oddball salience task
(�9-THC�placebo�CBD)
Superior frontal gyrus 29 56 −2

32
�.001

29 56 4
Middle frontal gyrus 40 48 −13

74

.001
40 48 9

Inferior frontal gyrus 51 26 −13
27

40 22 −2
Orbitofrontal cortex 29 30 −18 8

Abbreviations: CBD, cannabidiol; �9-THC, �9-tetrahydrocannabinol.
aDid not survive correction for less than 1 false-positive cluster.
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tion became stronger after excluding an outlier identified
using Cook’s D reliability analysis (r=−0.72; P=.002). This
relationship between psychotic symptoms and activation
was specific to the left caudate and was not observed in
the left parahippocampal or prefrontal clusters. The ef-
fect of �9-THC in this part of the caudate was also in-
versely correlated (r=−0.66; P=.02) with its effect on task
performance: the greater the attenuation of left caudate ac-
tivation by �9-THC, the greater its effect on the response
latency to standard relative to oddball stimuli.

COMMENT

We investigated the effects of �9-THC and CBD on the
neural substrate of attentional salience processing. Con-
sistent with our first hypothesis, that �9-THC would per-
turb salience processing, �9-THC had a greater effect than
placebo on the reaction time to standard (nonsalient) rela-
tive to oddball (salient) stimuli. Moreover, �9-THC modu-
lated both prefrontal and striatal function during the task,

–0.005

0.025

0.020

M
ea

n 
(S

E)
 R

ig
ht

 C
au

da
te

 A
ct

iv
at

io
n,

 S
SQ

 R
at

io

0.015

0.010

0.005

0.000

Δ9-THC Placebo

A B

0.00

0.05

0.04

M
ea

n 
(S

E)
 In

fe
rio

r F
ro

nt
al

 A
ct

iv
at

io
n,

 S
SQ

 R
at

io

0.03

0.02

0.01

Δ9-THC Placebo

C

Figure 1. Effect of �9-tetrahydrocannabinol (�9-THC) relative to placebo on activation (blood oxygen level–dependent response). A, Effect in the right caudate
(coronal [top] and transverse [bottom] views) and inferior frontal gyrus (transverse view [bottom]) during visual oddball salience processing. The left side of the
brain is shown on the left side of the images. B, Activation in the caudate in part A was attenuated by �9-THC relative to the placebo condition. C, Inferior frontal
activation in part A was augmented by �9-THC relative to the placebo condition. Magnitude of activation is indexed by the mean sum of squares (SSQ) ratio. Data
are given in arbitrary units.

ARCH GEN PSYCHIATRY/ VOL 69 (NO. 1), JAN 2012 WWW.ARCHGENPSYCHIATRY.COM
31

©2012 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 05/22/2023



augmenting activation in the former region and attenu-
ating it in the latter. Our second hypothesis was that the
effect of �9-THC on psychotic symptoms would be re-
lated to its influence on striatal activation. The data were
consistent with this hypothesis, with a significant cor-
relation between its striatal and symptomatic effects. Fi-
nally, in line with our third hypothesis, CBD had effects
opposite to those of �9-THC on activation in the stria-
tum, prefrontal cortex, and medial temporal cortex.

EFFECTS OF �9-THC ON TASK PERFORMANCE
AND PSYCHOTIC SYMPTOMS

The responses to all task stimuli were faster under the in-
fluence of �9-THC than placebo. Similar effects of �9-
THC on reaction times during a range of other tasks have
been reported in some44,45 but not all45-47 studies. How-
ever, its effect on response time was more marked for stan-
dard than for oddball stimuli, suggesting that �9-THC may
have made the nonsalient stimuli appear to be relatively
salient. It is possible that the effect of �9-THC on response
time was stronger for standard stimuli because this con-
dition was studied using more trials than its oddball coun-
terpart, thus providing greater statistical power to detect a
drug effect. Nevertheless, had this been the explanation,
the same might have applied to the effect of CBD on re-
sponse times to standard and oddball stimuli, and this was
not the case. Another possibility is that, under the influ-
ence of �9-THC, there was a nonspecific disinhibition of
psychomotor responses, resulting in a general speeding of
responses to stimuli, and that thiswasmoreprominentwith
standard than with oddball stimuli, as the former condi-
tion was less demanding. However, when the same par-
ticipants were studied in the same scanning session while
performing a different task that required a button-press re-
sponse to indicate the sex of persons when viewing their
faces, �9-THC did not reduce the RTs (data not shown).

Previous work48 involving ketamine-induced psy-
chotic symptoms suggests that the relationship between
psychotic symptoms and alteration in the processing of
salience of environmental stimuli may involve an attenu-

ation of the salience of unpredictable salient stimuli, as
well as enhanced salience of predictable nonsalient stimuli.
In the present study, although �9-THC was associated
with a reduction in the RTs to standard stimuli but not
with an increase in the RTs to oddball stimuli, it did have
effects on the neural response to both salient and non-
salient stimuli (discussed further in the next subsection,
“Neural Effects of �9-THC”). The absence of an effect
on responses to salient stimuli at the behavioral level may
reflect a lesser sensitivity of behavioral compared with
physiological measures.

The effects of �9-THC on the processing of nonsa-
lient stimuli are of particular interest in relation to its ef-
fects on psychosis. An increased responsiveness to stimuli
that are not normally salient may be fundamental to the
development of psychotic symptoms.6 Moreover, in the
present study, the magnitude of �9-THC’s effect on re-
sponse times to nonsalient stimuli was correlated with
its effect on activation in the right caudate, the region
where the physiological effect of �9-THC was linked to
its induction of psychotic symptoms. However, a direct
relationship between the effect of �9-THC on response
times to nonsalient stimuli and its induction of psy-
chotic symptoms was not observed. Nevertheless, the pres-
ent study was powered to detect the effects of the drug
on the blood oxygen level–dependent response and may
have lacked sufficient power to detect a relationship be-
tween drug effects at the behavioral level. Independent
evidence indicates that the striatum plays a central role
in normal salience processing,38,49 as well as in the aber-
rant processing of salience in individuals with psy-
chotic symptoms.8 Our results are also in line with evi-
dence that, under the influence of �9-THC, irrelevant
background sounds and visual patterns became more sa-
lient during the performance of a visual processing task47

and that people with long-term cannabis use show im-
pairments in filtering out nonsalient information.50

NEURAL EFFECTS OF �9-THC

�9-Tetrahydrocannabinol modulated brain activation in
areas that normally respond to salient stimuli, including
the right inferior prefrontal cortex30,51-53 and the right cau-
date.37,38 �9-Tetrahydrocannabinol reduced the caudate re-
sponse to oddball stimuli but augmented the prefrontal
response. In the right caudate, effect of �9-THC reflected
augmentation of activation while viewing standard stimuli,
as well as attenuation of activation while viewing salient
oddball stimuli, resulting in a net reduction in the differ-
ence between the caudate response to oddball relative to
standard stimuli. As discussed in the “Effects of �9-THC
on Task Performance and Psychotic Symptoms” subsec-
tion, this effect of �9-THC was correlated with its effect
on speeding of the response to the standard stimuli and
inducingpsychotic symptoms. In theprefrontal cortex, �9-
THC augmented the response to oddball relative to stan-
dard stimuli. Greater activation of the prefrontal cortex to
nonsalient stimuli and a reduced response to salient stimuli
have been reported48 as acute effects of ketamine, another
drug that can induce psychotic symptoms. In individuals
at ultrahigh risk of developing psychosis relative to healthy
control persons, the erroneous perception of nonsalient
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stimuli as salient is associated with increased prefrontal
cortical activation.54 An effect of �9-THC on prefrontal ac-
tivation in the context of salience processing is thus con-
sistent with data from previous studies. Findings in this
region are particularly interesting in relation to our find-
ings in the striatum, which plays a central role in salience
processing and is strongly connected to the prefrontal cor-
tex.55 Altered prefrontal-striatal interactions are thought
to be critical in the pathophysiologic characteristics of psy-
chosis.56 However, �9-THC augmented the prefrontal re-
sponse to salient (oddball) as opposed to nonsalient (stan-
dard) stimuli, which seems at odds with the previous
findings. The direction of the prefrontal effect is difficult
to interpret but could reflect a compensatory response to
the effect of �9-THC on striatal activation, where it had
an attenuating effect. �9-Tetrahydrocannabinol in-
creased reaction times to oddball stimuli, and its augmen-
tation of the prefrontal response was correlated with this

effect. This suggests that the greater prefrontal response
during the oddball condition was related to the speeding
of the reactions to oddball stimuli with �9-THC, perhaps
because this was associated with an increase in task de-
mands. In studies involving actual driving and simulator
driving tasks, cautious driving behavior characterized by
driving at reduced speeds and with greater headway has
been reported in individuals under the influence of �9-
THC, reflecting a similar compensatory effect.57-60

Collectively, these observations suggest that �9-THC
may increase the aberrant attribution of salience and in-
duce psychotic symptoms through its effects on the stria-
tum and lateral prefrontal cortex. This is consistent with
evidence that striatal8,9,61 and lateral prefrontal48,54 func-
tion are altered during salience processing in patients with
psychosis,8,9,61 individuals at ultrahigh risk of psycho-
sis,54 and persons in a drug-induced psychotic state.48 The
precise neurochemical mechanisms underlying these ef-
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Figure 3. Effects of �9-tetrahydrocannabinol (�9-THC), cannabidiol (CBD), and placebo. A, Opposite effects of �9-THC and CBD relative to placebo on prefrontal,
left caudate, and hippocampal activation (blood oxygen level–dependent response) during visual oddball salience processing. The left side of the brain is shown
on the left side of the image. B, Prefrontal activation in part A was augmented by �9-THC but attenuated by CBD. C, Caudate activation in part A was attenuated by
�9-THC but augmented by CBD. D, Hippocampal activation (A) was attenuated by �9-THC but augmented by CBD. Magnitude of activation is indexed by the mean
sum of squares (SSQ) ratio. Data are given in arbitrary units.
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fects of �9-THC are unclear. However, administration of
�9-THC alters central dopamine transmission in hu-
mans,10,62 and perturbed dopamine function is thought to
be a key factor in the inappropriate attribution of salience
to environmental stimuli or events.63,64 Contemporary mod-
els of psychosis propose that dopamine dysfunction leads
to the development of psychotic symptoms through an ef-
fect on salience processing.6 Thus, it is possible that ad-
ministration of �9-THC perturbed salience processing and
induced psychotic symptoms through its effects on cen-
tral dopamine function.

OPPOSITE EFFECTS OF �9-THC AND CBD

Cannabidiol augmented the response of the right cau-
date to the task relative to placebo, although this did not
survive the conservative threshold of less than 1 false-
positive cluster. However, when the effects of CBD were
contrasted with those of �9-THC and placebo, there was
a significant effect in the left caudate, with CBD augment-
ing, but �9-THC attenuating, the response. At the behav-
ioral level, there was a trend for CBD to have a greater ef-
fect on the speeding of the response latency for oddball
relative to standard stimuli. These effects suggest that CBD
may also influence the effect of cannabis use on salience
processing—and hence psychotic symptoms—by having
an opposite effect, enhancing the appropriate response to
salient stimuli. This is consistent with evidence that CBD
has behavioral16-18,20,24,25,65 and neurophysiological20 ef-
fects opposite to those of �9-THC and that CBD may have
therapeutic potential as an antipsychotic.23-25

RELATIONSHIP BETWEEN THE EFFECTS
OF �9-THC ON ACTIVATION AND

ON SYMPTOMS AND TASK PERFORMANCE

There was a significant relationship between the effects of
�9-THC on activation and its effects on task performance
and positive psychotic symptoms in the right and left dor-
sal striatum. In the right dorsal striatum, this relationship
was in the region where �9-THC attenuated activation
relative to placebo. The relationship in the left dorsal
striatum was in the region where the effects of �9-THC
were opposite from those of CBD. These relationships
were observed in roughly homotopic areas of the dorsal
striatum in the 2 cerebral hemispheres. This suggests that
the relationship between the effects of �9-THC on activa-
tion and its effects on task performance and positive psy-
chotic symptoms is not a chance finding, as we found the
same pattern of correlations in 2 similar striatal regions.
The relationship between the effects of �9-THC on acti-
vation and its effect on task performance and positive psy-
chotic symptoms presented herein is also consistent with
evidence linking the effects of �9-THC on psychotic
symptoms and the striatum20 and evidence linking the
striatum, dopamine dysfunction, and psychosis.66

LIMITATIONS

In neuroimaging studies that involve pharmacologic chal-
lenges, it is difficult to exclude the possibility that the
drug’s effects reflect an influence on cerebral blood flow

rather than neural activity. However, studies67 in ro-
dents have shown that administration of �9-THC re-
duces glucose metabolism in the striatum, indicating that
the drug has a direct effect on neural activity. In hu-
mans, long-term cannabis use does not affect neurovas-
cular coupling or the hemodynamic response measured
with fMRI,68 and acute challenge with other drugs that
have vascular effects does not alter the shape of the he-
modynamic response that is used to estimate effects in
fMRI studies. This is consistent with other evidence69,70

that fMRI can reliably estimate drug-induced changes in
neural activity, even for drugs that affect the cerebral vas-
culature. Previous studies have not found effects of �9-
THC on global cerebral blood flow71 or on regional blood
flow in the striatum during cognitive tasks.72,73

The volunteers who participated in the present study
were also assessed while performing an emotional pro-
cessing task, the results of which are reported else-
where.22 During the emotional processing task, �9-
THC attenuated activation in the inferior frontal gyrus,
whereas, during the oddball task in the present study,
�9-THC increased activation in the same region. Simi-
larly, CBD attenuated parahippocampal activation dur-
ing the fear processing task but increased engagement
of the same region during the oddball task. If these ef-
fects of �9-THC and CBD had been due to their influ-
ence on the vascular supply to these regions, the same
drugs would have to have had opposite effects on blood
flow to the same region in the same individuals within
the same scanning session. This seems very unlikely.
Moreover, the drug effects were in regions where simi-
lar effects have been reported in electrophysiologic stud-
ies,74,75 which were independent of vascular effects.

Another possibility is that changes in the level of CBD
in blood during a single scanning session may have af-
fected the results presented herein. The task described
was part of a larger battery of fMRI activation paradigms
that were administered during the study. They were al-
ways presented in the same order across the different study
sessions. As a result, activation during the tasks per-
formed later in the scanning session might have been
modulated to a greater extent by CBD than were those
performed earlier. Although this modulation might have
influenced the relative effects of CBD on the different cog-
nitive tasks used in the study, CBD would have affected
the task we describe in the same manner for all partici-
pants, since the same order of tasks was repeated across
all participants and all drug conditions. Hence, it would
not have affected the differences between the effects of
�9-THC and CBD on activation during the task pre-
sented herein.

In conclusion, these data provide the first evidence,
to our knowledge, that the effects of cannabis on psy-
chosis may be mediated by influencing the neural sub-
strate of attentional salience processing. They also pro-
vide experimental support for the salience model of
psychosis, which proposes that psychotic symptoms de-
velop through the inappropriate attribution of salience
to nonsalient stimuli.6
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