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Abstract

Working memory (WM) deficits predict clinical and functional outcomes in schizophrenia but are poorly understood and
unaddressed by existing treatments. WM encoding and WM retrieval have not been investigated in schizophrenia without the
confounds of illness chronicity or the use of antipsychotics and illicit substances. Moreover, it is unclear if WM deficits may be
linked to cannabinoid 1 receptor dysfunction in schizophrenia. Sixty-six volunteers (35 controls, 31 drug-free patients with
diagnoses of schizophrenia or schizoaffective disorder) completed the Sternberg Item-Recognition paradigm during an fMRI
scan. Neural activation during WM encoding and WM retrieval was indexed using the blood-oxygen-level-dependent
hemodynamic response. A subset of volunteers (20 controls, 20 drug-free patients) underwent a dynamic PET scan to measure
[“C] MePPEP distribution volume (m]/cm3) to index CB1R availability. In a whole-brain analysis, there was a significant main
effect of group on task-related BOLD responses in the superior parietal lobule during WM encoding, and the bilateral
hippocampus during WM retrieval. Region of interest analyses in volunteers who had PET/fMRI indicated that there was a
significant main effect of group on task-related BOLD responses in the right hippocampus, left DLPFC, left ACC during
encoding; and in the bilateral hippocampus, striatum, ACC and right DLPFC during retrieval. Striatal CB1R availability was
positively associated with mean striatal activation during WM retrieval in male patients (R = 0.5, p =0.02) but not male
controls (R = —0.20, p = 0.53), and this was significantly different between groups, Z= —2.20, p = 0.02. Striatal CB1R may
contribute to the pathophysiology of WM deficits in male patients and have implications for drug development in
schizophrenia.

Introduction
Presentations: Schizophrenia International Research Society

Conference 2018, Society of Biological Psychiatry 73rd Annual

Meeting 2018, British Association of Psychopharmacology 2018. Verbal working memory (WM) deficits are a stable com-

ponent of the cognitive deficit seen in schizophrenia [1] that
predict poor clinical [2] and functional outcomes [3].
However, the neurobiology underlying WM impairments
remains poorly understood and unaddressed by current
treatments [4]. Identifying the pathophysiology underlying
impairments in WM is therefore important for the devel-
opment of pharmacological treatments targeting WM defi-
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cits in schizophrenia.

WM, the temporary storage and manipulation of infor-
mation, is comprised of distinct processes including
encoding, maintenance and retrieval [S]. Studies using the
Sternberg Item-Recognition paradigm (SIRP), able to dis-
entangle the effects of WM encoding and WM retrieval,
have shown that healthy volunteers show greater task-
dependent blood-oxygen-level-dependent (BOLD) respon-
ses during WM encoding in the bilateral anterior cingulate
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cortex (ACC), ventral striatum, left hippocampus, right
dorsolateral prefrontal cortex (DLPFC) and bilateral parietal
cortex; and greater BOLD signal during WM retrieval in the
bilateral parietal cortex, bilateral ttemporal cortex and the
posterior cingulate [6].

While numerous studies have investigated WM in schi-
zophrenia [7], few studies have used paradigms that are able
to investigate WM encoding and retrieval mechanisms
separately [8—11], and those that have, typically fail to
model them separately [8—10] or do not report findings for
both WM encoding and retrieval [11]. While one study
investigated WM encoding and retrieval in anti-psychotic-
treated, male patients with chronic schizophrenia [12],
groups were not matched on performance.

In this context, anti-psychotic treated patients relative to
controls showed lower activation during WM encoding in
the inferior and middle frontal gyri, but greater activation
during WM retrieval in the left hippocampus, left striatum
and the right inferior and frontal gyri [12]. However, it is
unclear if group differences [12] may be related to the
effects of anti-psychotic medication, substance use, illness
chronicity or poor task engagement.

Mice deficient in cannabinoid 1 receptors (CB1Rs) on
GABAergic interneurons exhibit WM deficits [13]. More-
over, alterations in peripheral CBIR mRNA levels have
been associated with poor cognitive performance [14]. We
recently showed that patients with schizophrenia show
fewer cortical CB1Rs, where lower levels are associated
with poorer cognitive functioning [15]. Moreover, medica-
tion-naive FEP patients, who do not use cannabis, show
greater levels of the endogenous CBIR agonist, ananda-
mide [16], shown to impair memory retrieval in rodents
[17-21].

We aimed to investigate the neural basis of both WM
encoding and WM retrieval, and their relationship to
CBIR availability. We predicted that patients relative to
controls would show lower CBIR availability [15, 22]
and altered functional activation during WM encoding
and WM retrieval [12]. Taking together findings that
CBIR modulate synaptic transmission and plasticity
underlying memory [23-25] and literature showing an
association between CBI1R availability and behavioural
measures of cognition in schizophrenia [15], we predicted
that CB1R availability would be associated with the
neural correlates of WM.

Methods
Design

A cross-sectional design was used. The neural correlates of
WM were investigated in males and females, as well as
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males alone. Due to sex differences in CB1Rs [26], we
investigated CB1Rs in males, with the view of investigating
females in future. The PET data, but not the fMRI or PET-
fMRI relationships, were recently reported [15].

Participants

Sixty-six volunteers including 31 patients with drug-naive/
free first episode psychosis (FEP) (mean [SD], age, 26.64
[4.68] years; 26 males, 5 females) and 35 healthy volunteers
(mean [SD] age, 27.12, [5.32] years; 26 males, 9 females)
matched on age (age +3 years) and sex were included.
Patients were recruited from early intervention services for
psychosis and healthy volunteers were recruited via local
advertising in London, United Kingdom. A power calcu-
lation indicated that a sample size of 20 volunteers per
group would have >80% power to detect a relationship of
R*>=0.35, p<0.05 (two-tailed) (see supplementary for full
details).

Inclusion and exclusion criteria

Patients met the following criteria: (1) <3 years of illness
onset; (2) mental capacity to consent; and (3) diagnosis of
schizophrenia/schizoaffective disorder [27]. Healthy volun-
teers met the following criteria: (1) no current/lifetime his-
tory of an Axis I disorder, as determined by the Structured
Clinical Interview of DSM-IV-TR Axis I Disorders (SCID)
[27]; (2) and no family history (first/second-degree) of an
Axis I disorder [28].

Exclusion criteria for all volunteers were as follows: (1)
current/lifetime history of substance abuse/dependence, as
determined by the SCID [27]; (2) substance use within the
last month; (3) positive result on a urine toxicology test
detecting THC metabolites for up to 30 days (50 ng/ml cut
off) or a positive result on a test detecting cocaine,
amphetamine, cannabis, opiates and benzodiazepines; (4)
head injury leading to loss of consciousness; and (5) con-
traindications to MRI safety.

Measures

Clinical and demographic variables

Age, sex, ethnicity, current/previous alcohol, nicotine and
illicit substance use, age of illness onset/duration were
recorded. Clinical symptom severity was determined using
the Positive and Negative Syndrome scale (PANSS) [29].

Neuroimaging

Sternberg Item-Recognition Paradigm (SIRP) High-
resolution T1-weighted images and the SIRP were
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acquired on a General Electric MR750 3.0 tesla scanner
(see supplementary materials for neuroimaging acquisi-
tion parameters). The SIRP, shown to have good relia-
bility [30], was used to investigate WM [31]. The task
comprised of (1) encoding trials, where volunteers were
instructed to memorize sets of letters; (2) retrieval trials,
where volunteers indicated whether they had seen the
letters previously; and (3) rest trials (see supplementary
materials for details and Supplementary Fig. 1 for a
paradigm schematic).

Cannabinoid 1 receptor availability As reported elsewhere
[15], a CBl-selective radiotracer, [“C]MePPEP using
arterial blood sampling, was used to measure CB1R avail-
ability [32] (see supplementary materials for neuroimaging
acquisition parameters).

Statistical analyses

Statistical analyses were conducted using Statistical Pack-
age for the Social Sciences (SPSS; Version 22) [33]. Data
normality was assessed using the Shapiro—Wilk test; and
equality of variances were assessed using the Lavene’s test.

Behavioural data analysis

Group differences in categorical and continuous variables
were determined using chi-square and independent samples
t tests, respectively.

fMRI analysis

Data were analysed using Statistical Parametric Mapping
software (SPM-12; Version 6684) [34] using Matlab 8.5
[35]. Frame-wise displacement was calculated used meth-
ods described previously [36]. High velocity motion spikes
were regressed out by including scan nulling (censoring)
regressors for volumes with volume-to-volume frame-
wise displacement greater than 0.5 mm. A standard pre-
processing pipeline was implemented (see supplementary
materials for methods). The blood-oxygen-level-dependent
(BOLD) response was modelled using an event-related
design where a canonical hemodynamic response function
(HRF) was convolved with regressors encoding the onset
and duration for the following ten conditions: encoding load
(EL) 1, EL 3, EL 5, EL 7, EL 9, retrieval load (RL) 1, RL 3,
RL 5, RL 7, and RL 9. Rest trials were left un-modelled and
served as an implicit baseline. Individual fixed-effects
analyses were performed for each participant to identify
regional differences in relative activation using the follow-
ing linear contrasts of parameter estimates: EL 3-1, 5-1, 7-1
and 9-1 and RL 3-1, 5-1, 7-1 and 9-1. To investigate
group differences in the neural correlates of WM, a 2

(group: patient vs. control) x4 (load: 3-1, 5-1, 7-1 and 9-1)
ANOVA was conducted for encoding and retrieval,
respectively, controlling for age, sex and mean frame-wise
displacement. Independent samples 7 tests were also used to
investigate group differences in (1) mean frame-wise dis-
placement and (2) task response accuracy (% of overall
correct responses).

Whole-brain analyses were conducted using the full
sample (N =66) including males and females, as well
as males only (N=52). Whole-brain and region
of interest (ROI) analyses were repeated in male volun-
teers (N =40) who had PET/fMRI, in order to permit the
investigation of the association between CB1R and the
neural correlates of WM in the same volunteers. ROI
analyses were conducted for the ACC, hippocampus and
striatum, defined using a standard probabilistic atlas [37].
Since this atlas [37] does not include the DLPFC, ROI
analyses conducted for the DLPFC were defined
using Brodmann areas 9 and 46 [38] using the WFU
PickAtlas Toolbox  (http://fmri.wfubmc.edu/software/
pickatlas). These ROIs were selected based on findings
that WM encoding activates the bilateral ACC, striatum,
hippocampus and DLPFC in controls [6] and findings
indicating that CBI1R agonists administered to
the striatum [39, 40], hippocampus [41, 42] and medial
prefrontal cortex impair memory in rodents [17].

A result was deemed significant if it survived family-
wise error (FWE) correction on the basis of the peak-level
extent (pFWE <0.05). Mean BOLD signal was extracted
using the MarsBar toolbox (http://marsbar.sourceforge.net)
using independently derived ROIs [37]. Mean BOLD signal
for encoding and retrieval trials were extracted for whole-
brain grey matter, defined using the WFU PickAtlas Tool-
box (http:/fmri.wfubmc.edu/software/pickatlas) in order to
investigate data normality and equality of variances.

PET analysis

A standard pre-processing pipeline was implemented (see
supplementary materials for methods). CBIR availability
was indexed using the distribution volume (V) of [“C]
MePPEP using the Logan graphical method with a
metabolite-free arterial plasma input function [43]. CB1R
availability was investigated in the same ROIs that were
used for the fMRI ROI analyses. A 2 (group) x 4 (region:
DLPFC, ACC, hippocampus, striatum) repeated measures
ANOVA was conducted to investigate group differences in
CBIR availability.

PET and fMRI analyses

Pearson’s correlation coefficients were calculated to
determine the association between CBIR availability and
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(1) performance accuracy; and (2) the linearity of the
load-dependence of the BOLD response during WM
encoding and WM retrieval (for each subject, we fitted a
linear regression model (intercept and slope) and took the
slope as our measure of linearity of the BOLD response,
as a function of task difficulty (separately for encoding
and retrieval)). Bonferroni corrections were applied.
Levels of statistical significance were p < 0.05 for all tests
(two-tailed).

Results
Demographic and clinical data
All data were normally distributed. There were no group

differences in age, sex, ethnicity, socio-economic status,
years of education, body mass index, current cannabis,

Sternberg Item-Recognition fMRI Paradigm
Performance

There were no significant group differences in performance
accuracy on load 1 (t(64) = 1.44, p =0.15) or 7 (t(64) = 1.95,
p = 0.06) but there were group differences on loads 3 (t(64) =
2.32, p=0.024), 5 (t(64)=2.69, p=0.01) and 9 (t(64)=
2.70, p=0.01). These findings did not survive Bonferroni
corrections. Relative to controls (M = 0.14 mm; SD = 0.07),
patients (M =0.21 mm; SD=0.17) showed greater total
frame-wise displacement (t(64) = —2.12, p =0.04).

fMRI analyses
Data normality and equality of variance All fMRI data

were normally distributed. There were no differences in the
variances for fMRI data between groups (see supplementary

alcohol or tobacco use (see Table 1). table 1).

Table 1 Sample clinical and demographic characteristics showing that there were no group differences between healthy volunteers and first
episode psychosis patients in age, sex, ethnicity, socio-economic status, body mass index, cannabis, alcohol or tobacco use.

Healthy volunteers First episode psychosis XU af p

patients
N 35 31
Age mean (SD), years 27.12 (5.32) 26.64 (4.68) t=0.52 64 0.60
Sex (male/female) 26/9 26/5 ©=118 2 0.55
Ethnicity (Caucasian/Black African or Black Caribbean/ Asian/ 15/3/11/4/2 12/0/6/3/0 =849 6 020
Mixed/missing)
Years of education after compulsory education mean (SD)* 4.01 (3.81) 3.01 (2.59) t=1.63 58 0.11
Socio-economic status (high/medium/ low/unemployed/ student/  3/4/10/1/13/4 1/2/13/5/7/3 ¥ =2438 20 023
missing data)®
Body mass index mean (SD) score 25.12 (3.81) 25.65 (5.10) t=-041 46 0.68

Current cannabis use (yes/no) 0/35 0/31 NA NA NA

Current alcohol use (yes/no/missing data) 21/12/2 17/13/1 =288 4  0.60
Current tobacco use (yes/no/ missing data) 10/23/2 13/17/1 P=314 4 053
Diagnosis (schizophrenia/ schizoaffective disorder) NA 28/3 NA NA NA
Illness duration mean (SD), months NA 22.39 (12.80) NA NA NA
Duration of prior treatment mean (SD), months NA 6.16 (10.10) NA NA NA
Current use of antipsychotics (yes/no) NA 31/0 NA NA NA
Prior use of antipsychotics (yes/no) NA 23/8 NA NA NA
PANSS positive mean (SD) score NA 25.83 (14.90) NA NA NA
PANSS negative mean (SD) score NA 24.10 (7.53) NA NA NA
PANSS general mean (SD) score NA 40.45 (10.20) NA NA NA
PANSS total mean (SD) score NA 86.82 (21.83) NA NA NA

N sample size, SCZ schizophrenia, SCZA schizoaffective disorder, PANSS Positive and Negative Syndrome scale, ¢ (independent samples #-test),
e (chi-square test), degrees of freedom (df), NA not applicable, SD standard deviation

*Years of education: calculated as the years of education after compulsory education (minimum compulsory education in the United Kingdom is
12 years)

®Socio-economic status: High = high, intermediate and lower grade professionals; medium = small employer, self-employed and lower technical
occupations; low = sales, routine occupations, unemployed; student = student
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Encoding In a whole-brain analysis of encoding trials (35
controls, 31 patients), there was a significant main effect of
group in the left angular gyrus, left superior parietal lobe;
and a significant main effect of WM load in the lingual
gyrus and the posterior cingulate gyrus (see Supplementary
Table 2). These findings remained unchanged when
restricting the analysis to male volunteers (26 controls, 26
patients) (see Supplementary Table 3).

In a whole-brain analysis of encoding trials (PET-fMRI
subset), there was a significant main effect of group in the
right middle temporal gyrus and frontal gyrus; and a
significant main effect of WM load in the left superior
parietal gyrus and the left middle frontal gyrus (see
Supplementary Table 4). In ROI analyses of encoding
trials, there was a significant main effect of group in the
right hippocampus, left DLPFC and the left ACC; and a
significant main effect of WM load in the left striatum,
bilateral DLPFC and the bilateral ACC (see Table 2 for full
results).

Retrieval In a whole-brain analysis of retrieval trials (35
controls, 31 patients), there was a significant main effect of
group in the bilateral hippocampus and the left posterior
cingulate (see Supplementary Table 2). These findings
remained unchanged when restricting the analysis to male
volunteers (26 controls, 26 patients) (see Supplementary
Table 3). In a whole-brain analysis of retrieval trials
(PET-fMRI subset), there was a significant main effect of
group in the left hippocampus, bilateral middle temporal
gyrus, left superior temporal gyrus, bilateral putamen, right
anterior cingulate gyrus and the left caudate (see Supple-
mentary Table 4). In ROI analyses of retrieval trials, there
was a significant main effect of group in the bilateral
striatum (see Fig. 1), bilateral hippocampus, right DLPFC
and bilateral ACC (see Table 2 for results).

CB1R availability

Data were normally distributed. There was no difference
in the variances between groups (see Supplementary
Table 1). In a 2 (group)x4 (region: DLPFC, ACC,
hippocampus, striatum) repeated measures ANOVA,
there was a significant effect of group (F(1,38)=4.61,
p=0.03) and region (F(1,38)=27.43, p<0.001).
However, the group x load interaction was not significant
(F(1,38) =0.47, p = 0.50).

Association between CB1R availability and working
memory

There were no significant associations between performance
accuracy and CB1R availability (see supplementary mate-
rials). However, male patients showed a significant positive

association between striatal CBIR availability (see Fig. 2)
and mean linear load-dependent responses of striatal BOLD
signal during WM retrieval (R=0.50, p=0.02; see
Figs. 2-3) but male controls did not (R = —0.15, p = 0.53).
However, neither of these findings survived Bonferroni
corrections. The association in patients remained sig-
nificant, when controlling for mean performance accuracy
(R=0.39, p =0.04). However, this association fell short of
statistical significance (p = 0.05) when restricting the ana-
lysis to volunteers who had PET and MRI scans <10 days
apart (see supplementary materials). There were no other
significant associations (see Supplementary Tables 5-6 for
full results).

Discussion

Our main finding was that male patients relative to male
controls showed altered functional activation during WM
encoding in the DLPFC, ACC and hippocampus and altered
functional activation during WM retrieval in the DLPFC,
ACC, hippocampus and striatum. Interestingly, the same
male patients showed fewer cannabinoid 1 receptor levels in
these brain regions relative to healthy volunteers. Moreover,
male patients showed a positive association between striatal
CBI1R availability and load-dependent functional activation
in the striatum during WM retrieval.

Consistent with previous literature [6], WM encoding was
associated with greater task-related BOLD responses in the
hippocampus and striatum. However, our finding that controls
showed greater striatal and hippocampal activation during
WM retrieval was not shown previously [6]. Instead, greater
task-related BOLD responses during WM retrieval in the
parietal, temporal and cingulate cortices have been reported in
controls [6]. Since we used peak-level thresholding, this dis-
crepant finding may be explained by the use of cluster-extent
thresholding in this previous study, shown to have poor
spatial specificity and increase false positive rates [44].

Our finding that patients showed greater activation dur-
ing WM retrieval in the left hippocampus and the left
caudate in drug-free patients is consistent with findings in
anti-psychotic-treated, chronic male patients [12]. However,
our finding extends this work by showing that drug-free/
naive FEP patients show altered activation during WM
retrieval. Although our finding that patients show greater
activation in the middle frontal gyrus during WM encoding
is at odds with literature reporting decreased activation in
this region during WM encoding [12], this previous study
showed group differences in performance accuracy which
may indicate poor task engagement in patients [12].

Our finding that patients showed lower CBIR avail-
ability in regions implicated in memory [6] is consistent
with previous work using arterial blood sampling [15, 22],
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Table 2 Region of interest analysis of the effects of working memory encoding and working memory retrieval in all male healthy volunteers (N =
20) and male patients with first episode psychosis (N = 20) who had PET and fMRI when controlling for age, sex and frame-wise displacement.

Group Contrast ROI H  MNI coordinates F Z CS p*

Healthy volunteers vs. patients Encoding: main effect of group  Bilateral hippocampus R 26 -8 -20 12.50 3.27 2 0.039
Encoding: main effect of load Bilateral hippocampus NA NA NA NA NA NA
Encoding: group x load Bilateral hippocampus NA NA NA NA NA NA
interaction

Healthy volunteers vs. patients Encoding: main effect of group  Bilateral striatum NA NA NA NA NA NA
Encoding: main effect of load Bilateral striatum L -2062 9.77 437 118 0.003
Encoding: main effect of load Bilateral striatum R 20122 859 437 79 0.012
Encoding: group x load Bilateral striatum NA NA NA NA NA NA
interaction

Healthy volunteers vs. patients Encoding: main effect of group  Bilateral DLPFC L 44634 2237 441 77 0.006
Encoding: main effect of load Bilateral DLPFC L —-48234 19.20 6.31 273 <0.001
Encoding: main effect of load Bilateral DLPFC R 82436 13.10 5.16 85 <0.001
Encoding: main effect of load Bilateral DLPFC R 50628 9.72 435 84 0.009
Encoding: group x load Bilateral DLPFC NA NA NA NA NA NA
interaction

Healthy volunteers vs. patients Encoding: main effect of group Bilateral ACC L —103620 16.52 3.78 21 0.017
Encoding: main effect of load Bilateral ACC R 81838 13.97 5.35 384 <0.001
Encoding: group x load Bilateral ACC NA NA NA NA NA NA
interaction

Healthy volunteers vs. patients Retrieval: main effect of group Bilateral Hippocampus R 26 -26 -12 25.14 4.67 79 <0.001
Retrieval: main effect of group Bilateral Hippocampus L —30 -30 -12 22.02 438 49 0.001
Retrieval: main effect of load Bilateral Hippocampus NA NA NA NA NA NA
Retrieval: group x load interaction Bilateral Hippocampus NA NA NA NA NA NA

Healthy volunteers vs. patients Retrieval: main effect of group Bilateral striatum R 302-8 3432 543 201 <0.001
Retrieval: main effect of group Bilateral striatum L -30-6-8 2594 475 35 <0.001
Retrieval: main effect of group Bilateral striatum L -141214 21.94 437 57 0.002
Retrieval: main effect of group Bilateral striatum R 16616 21.21 429 80 0.003
Retrieval: main effect of load Bilateral striatum NA NA NA NA NA NA
Retrieval: group x load interaction Bilateral striatum NA NA NA NA NA NA

Healthy volunteers vs. patients Retrieval: main effect of group Bilateral DLPFC R 24226 2240 4.41 176 0.005
Retrieval: main effect of group Bilateral DLPFC R 46232 19.20 4.09 28 0.018
Retrieval: main effect of load Bilateral DLPFC NA NA NA NA NA NA
Retrieval: group x load interaction Bilateral DLPFC NA NA NA NA NA NA

Healthy volunteers vs. patients Retrieval: main effect of group Bilateral ACC R 10042 24.54 4.62 154 0.001
Retrieval: main effect of group Bilateral ACC R 104212 20.77 4.25 167 0.002
Retrieval: main effect of group Bilateral ACC L -81628 19.06 4.07 43 0.005
Retrieval: main effect of load Bilateral ACC R 1024 32 8.06 3.88 19 0.011
Retrieval: main effect of group Bilateral ACC L —42238 7.11 358 5 0.031
Retrieval: group x load interaction Bilateral ACC NA NA NA NA NA NA

H hemisphere, L left, R right, MNI Montreal Neurological Institute, CS cluster size, p* p value surviving family-wise error (FWE) correction on
the basis of peak-level extent

but is at odds with a study that failed to use arterial blood
sampling [45], necessary for the reliable estimation of the
radiotracer kinetics [43]. Our finding that patients show
lower CB1R levels, in the context of functional alterations
during WM, is consistent with literature demonstrating that
CB1R-deficient mice exhibit WM deficits [13, 17].
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Moreover, our finding that CBIR levels were not associated
with behavioural measures of WM is also consistent with
literature showing that peripheral CB1R mRNA levels were
not associated with WM [14].

A recent meta-analysis indicated that central levels of
CBIR agonist, anandamide, are elevated in patients with
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Fig. 1 Statistical parametric maps showing that a main effect of
group in the striatum during working memory in first episode
psychosis patients relative to healthy volunteers (MNI coordi-
nates: x =30, y =2, z=—8); F = 34.32, Z =5.43, cluster size =
201, p<0.001). These findings survived family-wise error (FWE)
correction on the basis of the peak-level extent (pFWE <0.05). The
colour bar shows the 7 statistic.

Fig. 2 Statistical parametric maps showing that cannabinoid 1
receptor availability, as determined by the distribution volume of
[1!C] MePPEP, is significantly lower in the striatum in patients
relative to controls. Results are show using a height threshold p <
0.05 for visualization purposes. The colour bar shows the ¢ statistic.

psychotic illnesses [46]. Moreover, the acute administration
of partial CBIR agonist, delta-9-tetrahydrocannabinol,
consistently induced WM deficits in healthy volunteers
in a systematic review of 35 human studies [17]. Previous
work has also shown that delta-9-tetrahydrocannabinol
induces greater WM deficits in schizophrenia relative to
healthy individuals [47]. While it is unclear if higher levels
of endogenous CBIR agonists precipitate CB1R down-
regualtion in psychosis, the chronic exposure to CBIR
agonists, delta-9-tetrahydrocannabinol, down-regulates

CBIR levels in humans. Moreover, CBIR knockout mice,
who are deficient in CB1R on GABAergic interneurons,
show WM deficits [13].

Strengths and limitations

A strength of the study was that patients were anti-psychotic
naive/free and satisfied criteria for schizophrenia or schi-
zoaffective disorder, shown to have good diagnostic stabi-
lity [48, 49]. A limitation of our study, inherent to all cross-
sectional designs, is that we are unable to determine if
CBIR alterations are causally implicated in cognitive
impairments. Future longitudinal studies using pharmaco-
logical interventions, that modulate CB1R availability, are
needed to determine whether CBIR agonist-mediated
reductions in CBIR availability [50] induce WM impair-
ments in humans. A limitation of the study was that CB1R
availability was only investigated in male volunteers. Given
sex differences in CB1R availability [26] and sex differ-
ences in the behavioural and functional effects of cannabi-
noids on neuronal excitability and synaptic plasticity [51],
we specifically investigated the association between CB1R
and WM in males to reduce the effect of sex as a source of
variability. However, future studies are needed to determine
if our findings generalize to female patients.

PET and MRI scans were conducted as closely together as
possible. However, due to limited scanner availability, these
scans were approximately 1 month apart. Since test—retest
data indicates that CBIR availability, as determined by the
VT of [''C]MePPEP, remains stable between 1 and 309 days
[32], the delay between the two scans is unlikely to impact the
variability of the VT. When restricting the analysis to
volunteers who had PET and MRI scans less than 10 days
apart, we observed a trend-level association between striatal
CBIR availability and mean linear load-dependent BOLD
responses in the striatum during memory retrieval. This
association is likely to have fallen short of statistical sig-
nificance (p = 0.05) since the sample was statistically under-
powered, in accordance with our power calculation.

Since the endocannabinoid system dynamically changes
in response to cannabis use [50], we ensured that all sub-
jects had negative urine drug screens prior to both scans and
that subjects with current substance or a history of sub-
stance abuse/dependence were excluded. However, future
studies should use simultaneous PET-fMRI scanners to
improve the integration of multimodal imaging data.

While some subjects had previously used cannabis,
1 month of abstinence normalizes CB1R levels [52] and
there were no associations between CBIR levels and prior
cannabis use [15]. Similarly, although tobacco use may
influence CBIR levels [53], there were no group differences
in tobacco use or associations between CBIR levels and
tobacco use [15].

SPRINGER NATURE
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Fig. 3 The associtation between striatal CB1R availability and the
striatal neural correlates of working memory retrieval. a Asso-
ciation between the distribution volume of ['C]MePPEP in the

striatum (ml/cm®) and mean load-dependent striatal BOLD signal
during WM retrieval (beta values) during working memory in the

Although we were able to disentangle the effects of WM
encoding and WM retrieva, WM maintenance was not
modelled. Future studies could address this by imposing a
longer delay between encoding and retrieval blocks. Although
performance was not included in the model, the association
between striatal CBIR availability and striatal fMRI BOLD
responses remained unchanged when controlling for perfor-
mance. However, this finding did not survive Bonferroni
corrections for multiple comparisons. Moreover, while patients
showed greater frame-wise displacement relative to controls,
we controlled for frame-wise displacement in all fMRI ana-
lyses and thus, this is unlikely to be a significant confound.

Given findings indicating that behavioural and functional
measures of WM are associated with functional poly-
morphisms in the cannabinoid 1 receptor (CNRI) gene
[54, 55], a limitation was that we were unable to investigate
functional polymorphisms in the CNRI gene and how they
may be linked to CBIR and WM in schizophrenia.

Implications for understanding the neurobiology of
working memory deficits

Our finding that patients show greater activation during
both WM encoding and WM retrieval, in the context of no
significant differences in performance, suggests that patients
may utilize greater levels of neural activity to achieve levels
of performance comparable to controls.

Our findings show that WM encoding and WM retrieval
processes are both altered in the early stages of schizophrenia
without the confounds of substance use [56] and anti-
psychotic medication [12]. Moreover, our finding that striatal
CBI1R availability is associated with altered striatal fMRI
activation during WM retrieval in drug-naive/free FEP
patients extends preclinical literature demonstrating that
CBIR agonists administered to the striatum impair memory
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striatum in healthy volunteers and b patients with first episode psy-
chosis. A Fisher r-to-z transformation indicated that these relationships
were significantly different between groups, Z=—2.20, p=0.02
(two-tailed).

[39, 40]. Since this association was exclusively shown in
patients, but not controls, striatal CBIR dysfunction may
precipitate an adaptation in the normal mechanisms under-
lying WM retrieval in the early stages of psychosis.

Our finding that striatal CB1R availability was asso-
ciated with striatal activation during WM retrieval may be
due to the unique topographical organization of striatal
CBIR. CBIR are densely distributed on GABAergic
interneurons in the striatum, where they inhibit GABA
release [57, 58], a mechanism known as depolarization-
induced suppression of inhibition [59]. By contrast, CB1R
are predominately localized on glutamate neurons in the
hippocampus [60] and pyramidal neurons in the cortex
[61], where they inhibit glutamate release, a mechanism
known as depolarization-induced suppression of excita-
tion [59]. The regional specificity of our findings may
therefore indicate that WM impairments in schizophrenia
are linked to alterations in the disinhibition of synaptic
transmission, arising from striatal CB1R dysfunction on
GABAergic interneurons. This adds to other neurochem-
ical evidence implicating the striatum in the pathophy-
siology of schizophrenia [62—-66].

Since CB1R regulate neurotransmitter release by inhibiting
N-, P- and Q-type calcium channel openings and by activating
inwardly rectifying potassium channels [67], fewer CB1R
may disrupt the balance of excitatory and inhibitory synaptic
transmission underlying long-term potentiation [24, 68].
These findings identify the CBIR as potential target for the
treatment of WM impairments in FEP.

Conclusions

Relative to controls, drug-naive/free FEP patients exhibit
functional alterations during WM encoding and WM
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retrieval. In contrast to controls, patients showed a positive
association between striatal CBIR availability and mean
load-dependent striatal functional activation during WM
retrieval. These findings identify altered striatal CB1R
availability and striatal neural correlates of WM retrieval in
the pathophysiology of WM impairments in FEP.

Code availability

All codes are available upon request.

Acknowledgements The authors would like to thank all of the
volunteers who took part in the study and consultant psychiatrists that
facilitated recruitment for the project including Dr. Marta Di Forti and
Dr. Manisha Desai.

Funding FB, OH, HL and JH were supported by a EU-FP7 METSY
grant. OH was also supported by the Medical Research Council (MR/
NO027078/1). MV was supported by the National Institute for Health
Research (NIHR) Biomedical Research Centre at South London and
Maudsley NHS Foundation Trust and King’s College London.

Compliance with ethical standards

Conflict of interest FB, OO, MV, TRM and HL reported no conflicts
of interest. JH reported speaker fees in meetings organized by Orion
Pharma, Lundbeck and Otsuka. OH reported receiving investigator-
initiated research funding from or participating in advisory or speaker
meetings organized by AstraZeneca, Autifony, Bristol-Myers Squibb,
Eli Lilly, Heptares, Janssen, Lundbeck, Lyden-Delta, Otsuka, Servier,
Sunovion, RAND, and Roche.

Ethics statement The study obtained ethical approvals (14/L.0/1289).
Informed written consent was obtained from all subjects.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Chan A, Kowk I, Chiu H, Lam L, Pang A, Chow L. Memory and
organizational strategies in chronic and acute schizophrenic
patients. Schizophr Res. 2000;41:431-45.

2. Jenkins LM, Bodapati AS, Sharma RP, Rosen C. Working
memory predicts presence of auditory verbal hallucinations in
schizophrenia and bipolar disorder with psychosis. J Clin Exp
Neuropsychol. 2018;140:84-94.

3. Fu S, Czajkowski N, Rund BR, Torgalsbgen A-K. The relation-
ship between level of cognitive impairments and functional out-
come trajectories in first-episode schizophrenia. Schizophr Res.
2017;190:144-9.

4. Howes OD, Egerton A, Allan V, Stokes P, Kapur S. Mechanisms
underlying psychosis and antipsychotic treatment response in
schizophrenia: insights from PET and SPECT imaging. Curr
Pharm Des. 2009;15:2550-9.

5. Klink PC, Jeurissen D, Theeuwes J, Denys D, Roelfsema PR.
Working memory accuracy for multiple targets is driven by
reward expectation and stimulus contrast with different time-
courses. Sci Rep. 2017;7:9082.

6. de Leeuw M, Kahn RS, Zandbelt BB, Widschwendter CG, Vink
M. Working Memory and Default Mode Network abnormalities in
unaffected siblings of schizophrenia patients. Schizophr Res.
2013;150:555-62.

7. Forbes NF, Carrick LA, McIntosh AM, Lawrie SM. Working
memory in schizophrenia: a meta-analysis. 2009;39:889-905.

8. Garrison JR, Fernandez-Egea E, Zaman R, Agius M, Simons JS.
Reality monitoring impairment in schizophrenia reflects specific
prefrontal cortex dysfunction. Neuroimage Clin. 2017;14:260-8.

9. van Veelen NMJ, Vink M, Ramsey N, Buuren M, Hoogendam J,
Kahn R. Prefrontal lobe dysfunction predicts treatment response in
medication-naive first-episode schizophrenia. Schizophr Res.
2011;129:156-62.

10. Manoach DS, Gollub R, Benson E, Searl M, Goff D, Halpern E,
et al. Schizophrenic subjects show aberrant fMRI activation of
dorsolateral prefrontal cortex and basal ganglia during working
memory performance. Biol Psychiatry. 2000;48:99-109.

11. Koch K, Wagner G, Nenadic I, Schachtzabel C, Schultz C, Roebel
M, et al. Fronto-striatal hypoactivation during correct information
retrieval in patients with schizophrenia: an fMRI study. Neu-
roscience. 2008;153:54-62.

12. Johnson MR, Morris N, Astur R, Calhoun V, Mathalon D, Hiehl
K, et al. A functional magnetic resonance imaging study of
working memory abnormalities in schizophrenia. Biol Psychiatry.
2006;60:11-21.

13. Albayram 0, Passlick S, Bilkei-Gorzo A, Zimmer A, Steinhiuser
C. Physiological impact of CB1 receptor expression by hippo-
campal GABAergic interneurons. Pfliigers Arch—Eur J Physiol.
2016;468:727-317.

14. Chase KA, Feiner B, Rosen C, Gavin DP, Sharma RP. Character-
ization of peripheral cannabinoid receptor expression and clinical
correlates in schizophrenia. Psychiatry Res. 2016;245:346-53.

15. Borgan F, Laurikainen H, Veronese M, Reis Marques T,
Haaparanta-Solin M, et al. In vivo availability of cannabinoid 1
receptor levels in patients with first-episode psychosis. JAMA
Psychiatry. 2019;76:1074-84.

16. Leweke F, Giuffrida A, Koethe D, Schreiber D, Nolden B, Kra-
naster L, et al. Anandamide levels in cerebrospinal fluid of first-
episode schizophrenic patients: Impact of cannabis use. Schizophr
Res. 2007;94:29-36.

17. Borgan F, Beck K, Bulter E, McCutcheon R, Veronese M, Vernon
A, et al. The effects of cannabinoid 1 receptor compounds on
memory: a meta-analysis and systematic review across species.
Psychopharmacology (Berl). 2019;236:3257-70.

18. Castellano C, Cabib S, Palmisano A, Di Marzo V, Puglisi-
Allegra S. The effects of anandamide on memory consolidation
in mice involve both D1 and D2 dopamine receptors. Behav
Pharm. 1997;8:707-12.

19. Costanzi M, Battaglia M, Populin R, Cestari V, Castellano C.
Anandamide and memory in CD1 mice: effects of immobiliza-
tion stress and of prior experience. Neurobiol Learn Mem.
2003;79:204-11.

20. Costanzi M, Battaglia M, Rossi-Arnaud C, Cestari V, Castellano
C. Effects of anandamide and morphine combinations on memory

SPRINGER NATURE


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

F. Borgan et al.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

consolidation in cdl mice: involvement of dopaminergic
mechanisms. Neurobiol Learn Mem. 2004;81:144-9.

Mallet PE, Beninger RJ. The cannabinoid CB1 receptor antagonist
SR141716A attenuates the memory impairment produced by delta9-
tetrahydrocannabinol or anandamide. Psychopharmacol (Berl).
1998;140:11-9.

Ranganathan M, Cortes J, Radhakrishnan R, Thurnauer H, Planeta
B, Skosnik P, et al. Archival report reduced brain cannabinoid
receptor availability in schizophrenia. Biol Psychiatry. 2016.
https://doi.org/10.1016/j.biopsych.2015.08.021.

Navakkode S, Korte M. Pharmacological activation of CBI1
receptor modulates long term potentiation by interfering with
protein synthesis. Neuropharmacology. 2014;79:525-33.

Abush H, Akirav I. Cannabinoids modulate hippocampal memory
and plasticity. Hippocampus. 2009;20:1126-38.

Wilson RI, Kunos G, Nicoll RA. Presynaptic specificity of endo-
cannabinoid signaling in the hippocampus. Neuron. 2001;31:453-62.
Laurikainen H, Tuominen L, Merisaari H, Armio R, Sormunen E,
Borgan F, et al. Sex difference in brain CB1 receptor availability
in man. Neuroimage. 2019;184:834—42.

First M, Spitzer R, Miriam G, Williams J. Structured clinical
interview of DSM-IV-TR AXIS I disoders-patient edition (SCID-
1/P, 172007 revision). New York: Biometrics Research, New York
State Psychiatric Institute; 2007.

Maxwell E. Family interview for genetic studies (FIGS): a manual
for FIGS. Bethesda, MD. Clinical Neurogenetics Branch, Intramural
Research Program National Institute of Mental Health; 1992.

Kay SR, Fiszbein A, Opler LA. The positive and negative syn-
drome scale (PANSS) for schizophrenia. Schizophr Bull.
1987;13:261-76.

Forsyth J, McEwen S, Gee D, Bearden C, Addington J, Goodyear
B, et al. Reliability of functional magnetic resonance imaging acti-
vation during working memory in a multi-site study: analysis from
the North American Prodrome Longitudinal Study. Neuroimage.
2014;97:41-52.

Bossong M, Jansma J, van Hell H, Jager G, Oudman E, Saliasi E,
et al. Effects of @9-tetrahydrocannabinol on human working
memory function. BPS. 2012;71:693-9.

Riafio Barros D, McGinnity C, Rosso L, Heckemann R, Howes O,
Brooks D, et al. Test—retest reproducibility of cannabinoid-
receptor type 1 availability quantified with the PET ligand [''C]
MePPEP. Neuroimage. 2014;97:151-62.

IBM SPSS Statistics for Windows, Version 22. Armonk, NY; 2013.
The FIL Methods Group. Statistical Parametric Mapping
Software. Wellcome Trust Centre for Neuroimaging, Institute of
Neurology, University College London. 2014.

MATLAB and Statistics Toolbox Release. The Mathworks, Inc.
Natick, Massachusetts, USA. 2010.

Power JD, Barnes KA, Snyder AZ, Schlaggar BL, Petersen SE.
Spurious but systematic correlations in functional connectivity MRI
networks arise from subject motion. Neuroimage. 2012;59:2142-54.
Hammers A, Allom R, Koepp M, Free S, Myers R, Lemieux L,
et al. Three-dimensional maximum probability atlas of the human
brain, with particular reference to the temporal lobe. Hum Brain
Mapp. 2003;19:224-47.

Townsend J, Bookheimer SY, Foland-Ross LC, Sugar CA,
Altshuler LL. FMRI abnormalities in dorsolateral prefrontal
cortex during a working memory task in manic, euthymic
and depressed bipolar subjects. Psychiatry Res—Neuroimaging.
2010;182:22-29.

Goodman J, Packard MG. Peripheral and intra-dorsolateral stria-
tum injections of the cannabinoid receptor agonist WIN 55,212-2
impair consolidation of stimulus-response memory. Neu-
roscience. 2014;274:128-37.

Rasekhi K, Oryan S, Nasehi M, Zarrindast M-R. Involvement of the
nucleus accumbens shell glutamatergic system in ACPA-induced

SPRINGER NATURE

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

impairment of inhibitory avoidance memory consolidation. Behav
Brain Res. 2014;269:28-36.

Wise LE, Thorpe AJ, Lichtman AH. Hippocampal CB(1) recep-
tors mediate the memory impairing effects of Delta(9)-tetra-
hydrocannabinol. Neuropsychopharmacology. 2009;34:2072-80.
Ghasemzadeh Z, Rezayof A. Neuromodulatory effects of the
dorsal hippocampal endocannabinoid system in dextromethorphan/
morphine-induced amnesia. Eur J Pharm. 2017;794:100-5.
Tonietto M, Rizzo G, Veronese M, Borgan F, Bloomfield P,
Howes O, et al. A unified framework for plasma data modelling in
dynamic Positron Emission Tomography studies. IEEE Trans
Biomed Eng. 2018;9294:1-1.

Woo C-W, Krishnan A, Wager TD. Cluster-extent based thresh-
olding in fMRI analyses: pitfalls and recommendations. Neuro-
image. 2014;91:412-9.

Ceccarini J, De Hert M, Van Winkel R, Peuskens J, Bormans G,
Kranaster L, et al. Increased ventral striatal CB1 receptor binding
is related to negative symptoms in drug-free patients with schi-
zophrenia. Neuroimage. 2013;79:304-12.

Minichino A, Senior M, Brondino N, et al. Measuring Disturbance
of the Endocannabinoid System in Psychosis: A Systematic
Review and Meta-analysis. JAMA Psychiatry. 2019;76:914-23.
Cyril D, Abi-Saab W, Madonick S, Forselius-Bielen K, Doersch
A, Braley G, et al. Delta-9-tetrahydrocannabinol effects in schi-
zophrenia: implications for cognition, psychosis, and addiction.
Biol Psychiatry. 2005;57:594-608.

Salvatore P, Baldessarini R, Tohen M, Khalsa H, Sanchez-Toledo J,
Zarate C, et al. McLean-Harvard International First-Episode Project:
two-year stability of ICD-10 diagnoses in 500 first-episode psy-
chotic disorder patients. J Clin Psychiatry. 2011;72:183-93.
Borgan F, Jauhar S, McCutcheon R, Pepper F, Rogdaki M,
Lythgoe D, et al. Glutamate levels in the anterior cingulate cortex
in un-medicated first episode psychosis: a proton magnetic reso-
nance spectroscopy study. Sci Rep. 2019;9:8685.

Hirvonen J, Goodwin R, Li C, Terry G, Zoghi S, Morse C, et al.
Reversible and regionally selective downregulation of brain can-
nabinoid CB1 receptors in chronic daily cannabis smokers. Mol
Psychiatry. 2012;17:642-9.

Bara A, Manduca A, Bernabeu A, Borsoi M, Serviado M, Lassalle
O, et al. Sex-dependent effects of in utero cannabinoid exposure
on cortical function. eLife 2018;7:¢36234. https://doi.org/10.7554/
eLife.36234.

D’Souza D, Cortes-Briones J, Ranganathan M, Thurnauer H,
Ceratura G, et al. Rapid changes in CB1 receptor availability in
cannabis dependent males after abstinence from cannabis. Biol
psychiatry Cogn Neurosci Neuroimaging. 2016;1:60-67.
Hirvonen J, Zanotti-Gregonara P, Gorelick D, Lyoo C, Rallis-
Frutos D, Morse C, et al. Decreased cannabinoid CB1 receptor
binding in male tobacco smokers examined with positron emis-
sion tomography. Biol Psychiatry. 2018;84:715-21.

Taurisano P, Antonucci L, Fazio L, Rampino A, Romano A,
Romano R, et al. Prefrontal activity during working memory is
modulated by the interaction of variation in CB1 and COX2
coding genes and correlates with frequency of cannabis use.
Cortex. 2016;81:231-8.

Ruiz-Contreras A, Carrillo-Sanchez K, Ortega-Mora I, Barrera-Tlapa
M, Roman-Lopez T, Rosas-Escobar C, et al. Performance in working
memory and attentional control is associated with the rs2180619
SNP in the CNR! gene. Genes Brain Behav. 2014;13:173-8.
Bossong M, Jager G, van Hell H, Zuurman L, Jansma J, Mehta M,
et al. Effects of A9-tetrahydrocannabinol administration on human
encoding and recall memory function: a pharmacological fMRI
study. J Cogn Neurosci. 2012;24:588-99.

Kofalvi A, Rodrigues R, Ledent C, Mackie K, Sylvester V, Rodrigo
A, et al. Involvement of cannabinoid receptors in the regulation
of neurotransmitter release in the rodent striatum: a combined


https://doi.org/10.1016/j.biopsych.2015.08.021
https://doi.org/10.7554/eLife.36234
https://doi.org/10.7554/eLife.36234

The neural and molecular basis of working memory function in psychosis: a multimodal PET-fMRI study

58.

59.

60.

61.

62.

63.

immunochemical and pharmacological analysis. J Neurosci. 2005;
25:2874-84.

Szabo B, Dorner L, Pfreundtner C, Norenberg W, Starke K.
Inhibition of GABAergic inhibitory postsynaptic currents by can-
nabinoids in rat corpus striatum. Neuroscience. 1998;85:395-403.
Marzo VDi, Bifulco M, Petrocellis LDe. The endocannabinoid
system and its therapeutic exploitation. Nat Rev Drug Disco.
2004;3:771-84.

Németh B, Ledent C, Freund TF, Hijos N. CB1 receptor-
dependent and -independent inhibition of excitatory postsynaptic
currents in the hippocampus by WIN 55,212-2. Neuropharma-
cology. 2008;54;51-7.

Fortin DA, Levine ES. Differential effects of endocannabinoids on
glutamatergic and GABAergic inputs to layer 5 pyramidal neu-
rons. Cereb Cortex. 2006;17:163-74.

McCutcheon RA, Abi-Dargham A, Howes OD. Schizophrenia,
dopamine and the striatum: from biology to symptoms. Trends
Neurosci. 2019;42:205-20.

Jauhar S, McCutcheon R, Borgan F, Veronese M, Nour M, Pepper
F, et al. The relationship between cortical glutamate and striatal

64.

65.

66.

67.

68.

dopamine function in first episode psychosis: a multi-modal PET
and MRS imaging study. Lancet Psychiatry. 2018;5:816—23.
Borgan F, O'Daly O, Hoang K, Veronese M, Withers D,
Batterham R, et al. Neural responsivity to food cues in patients
with unmedicated first-episode psychosis. JAMA Netw Open.
2019;2:¢186893.

Jauhar S, Nour M, Veronese M, Rogdaki M, Bonoldi I, Azis M,
et al. A test of the transdiagnostic dopamine hypothesis of psy-
chosis using positron emission tomographic imaging in bipolar
affective disorder and schizophrenia. JAMA Psychiatry. 2017;
74:1206-13.

Howes O, Kambeitz J, Kim E, Stahl D, Slifstein M, Abi-Dagham A,
et al. The nature of dopamine dysfunction in schizophrenia and what
this means for treatment. Arch Gen Psychiatry. 2012;69:399-409.
Wilson RI, Nicoll RA. Endogenous cannabinoids mediate retrograde
signalling at hippocampal synapses. Nature. 2001;410:588-92.
Wilson RI, Nicoll RA. Endogenous cannabinoids mediate retro-
grade signalling at hippocampal synapses Marijuana affects brain
function primarily by activating the G- protein-coupled cannabi-
noid receptor-1 (CB1). Lett Nat. 2001;401:588-92.

SPRINGER NATURE



	The neural and molecular basis of working memory function in�psychosis: a multimodal PET-fMRI study
	Abstract
	Introduction
	Methods
	Design
	Participants
	Inclusion and exclusion criteria
	Measures
	Clinical and demographic variables
	Neuroimaging
	Sternberg Item-Recognition Paradigm (SIRP)
	Cannabinoid 1 receptor availability
	Statistical analyses
	Behavioural data analysis
	fMRI analysis
	PET analysis
	PET and fMRI analyses

	Results
	Demographic and clinical data
	Sternberg Item-Recognition fMRI Paradigm
	Performance
	fMRI analyses
	Data normality and equality of variance
	Encoding
	Retrieval
	CB1R availability
	Association between CB1R availability and working memory

	Discussion
	Strengths and limitations
	Implications for understanding the neurobiology of working memory deficits

	Conclusions
	Supplementary information
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




