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Abstract

Background. Interactions between the endocannabinoid system (ECS) and neurotransmitter
systems might mediate the risk of developing a schizophrenia spectrum disorder (SSD).
Consequently, we investigated in patients with SSD and healthy controls (HC) the relations
between (1) plasma concentrations of two prototypical endocannabinoids (N-arachidonoy-
lethanolamine [anandamide] and 2-arachidonoylglycerol [2-AG]) and (2) striatal dopamine
synthesis capacity (DSC), and glutamate and y-aminobutyric acid (GABA) levels in the anter-
ior cingulate cortex (ACC). As anandamide and 2-AG might reduce the activity of these neu-
rotransmitters, we hypothesized negative correlations between their plasma levels and the
abovementioned neurotransmitters in both groups.
Methods. Blood samples were obtained from 18 patients and 16 HC to measure anandamide
and 2-AG plasma concentrations. For all subjects, we acquired proton magnetic resonance
spectroscopy scans to assess Glx (i.e. glutamate plus glutamine) and GABA + (i.e. GABA
plus macromolecules) concentrations in the ACC. Ten patients and 14 HC also underwent
[18F]F-DOPA positron emission tomography for assessment of striatal DSC. Multiple linear
regression analyses were used to investigate the relations between the outcome measures.
Results. A negative association between 2-AG plasma concentration and ACC Glx concentra-
tion was found in patients ( p = 0.008). We found no evidence of other significant relation-
ships between 2-AG or anandamide plasma concentrations and dopaminergic,
glutamatergic, or GABAergic measures in either group.
Conclusions. Our preliminary results suggest an association between peripheral 2-AG and
ACC Glx levels in patients.

Introduction

Although the use of cannabis is associated with an increased risk of developing psychotic dis-
orders (Howes et al., 2004; Marconi, Di Forti, Lewis, Murray, & Vassos, 2016), the underlying
neurobiological mechanisms are still largely unknown. Two major constituents of Cannabis
sativa are delta-9-tetrahydrocannabinol (THC) and cannabidiol (CBD). THC is considered
the main psychoactive component of cannabis (i.e. producing the intoxicating ‘high’).
Moreover, CBD in concentrations much higher than those found in the Cannabis sativa plant
might have antipsychotic properties (McGuire et al., 2018). THC and CBD interact with the
endocannabinoid system (ECS) (Leweke et al., 2012; Sherif, Radhakrishnan, D’Souza, &
Ranganathan, 2016), an endogenous signalling system that employs endogenous fatty acid-based
mediators, referred to as endocannabinoids. Of these, N-arachidonoylethanolamine (ananda-
mide) and 2-arachidonoylglycerol (2-AG) are the best known. Both prototypical endocannabi-
noids are released on-demand and target two G protein-coupled cannabinoid receptors: CB1 and
CB2 (Fakhoury, 2017). The CB1 receptor is abundantly expressed in neuronal cells, but also in
other tissues, where it is located on plasma and mitochondrial membranes (reviewed in Howlett
and Abood (2017)). The CB2 receptor is expressed in non-neuronal and neuronal cells, including
immune cells (Howlett & Abood, 2017) and microglia (Mecha, Carrillo-Salinas, Feliú, Mestre, &
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Guaza, 2016; Stella, 2010). Anandamide and 2-AG are involved in
various signalling mechanisms, including their role as retrograde
messengers released from postsynaptic neurons (Fakhoury, 2017).

Accumulating evidence suggests that the ECS plays a role in
the pathophysiology of schizophrenia spectrum disorders (SSD)
(Bossong & Niesink, 2010; Bossong, Jansma, Bhattacharyya, &
Ramsey, 2014), which makes the ECS a potential target for
novel treatments. Minichino et al. (2019) demonstrated, in a
whole-group analysis, increased anandamide concentrations in
the blood and cerebrospinal fluid (CSF) of patients with psychotic
disorders compared to healthy controls (HC). A subsequent ana-
lysis revealed significantly increased anandamide concentrations
in the CSF (but not blood) of different clinical subgroups (i.e. pro-
dromal, first-episode, and multi-episode) compared to HC.
Increased CSF levels of anandamide were related to less severe
positive and negative symptoms. This is in line with previous
findings (Giuffrida et al., 2004) and suggests that engagement of
the ECS might act protectively. More specifically, elevated ana-
ndamide levels might constitute a compensatory mechanism to
reduce striatal hyperdopaminergia, which has been implicated
in the pathogenesis of positive symptoms (Leweke et al., 2004;
Minichino et al., 2019). A consistent correlation between blood
and CSF anandamide concentrations has not been demonstrated
(Giuffrida et al., 2004; Reuter et al., 2017). However, endocanna-
binoids cross the blood-brain barrier (Maccarrone et al., 2006)
and peripheral anandamide and 2-AG concentrations may there-
fore still be relevant for or reflect central brain processes.

Endocannabinoids most likely also play a role in controlling glu-
tamate N-methyl-D-aspartate (NMDA) receptor functioning (Li,
Yan, Wilson, & Swartzwelder, 2010; Liu, Bhat, Bowen, & Cheng,
2009; Sánchez-Blázquez, Rodríguez-Muñoz, Vicente-Sánchez, &
Garzón, 2013), possibly by regulating NR1 C1 subunit expression
(Rodríguez-Muñoz, Sánchez-Blázquez, Callado, Meana, &
Garzón-Niño, 2017). As hypo-functioning of NMDA receptors
on cortical fast-spiking y-aminobutyric acid (GABA)-ergic inter-
neurons and the subsequent excessive release of glutamate
(Egerton et al., 2020; Moghaddam & Javitt, 2012) have been impli-
cated in the pathophysiology of psychotic disorders, these findings
suggest that the interaction between the ECS and certain neuro-
transmitter systems might mediate the risk of developing a psych-
otic disorder.

Consequently, in this preliminary study, we investigated the
associations between striatal dopamine synthesis capacity
(DSC), as measured by [18F]F-DOPA positron emission tomog-
raphy (PET), and plasma concentrations of anandamide and
2-AG in patients with SSD and HC. We also examined the asso-
ciations between Glx (i.e. glutamate plus glutamine) and GABA +
concentrations (i.e. GABA plus macromolecules) in the anterior
cingulate cortex (ACC), as measured by proton magnetic reson-
ance spectroscopy (1H-MRS), and anandamide and 2-AG plasma
concentrations. We hypothesized that striatal DSC and ACC Glx
and GABA + concentrations are negatively correlated with plasma
endocannabinoid levels in both groups, as anandamide is thought
to provide retrograde inhibition of the dopaminergic system
(Minichino et al., 2019) and binding of anandamide and 2-AG
to the pre-synaptically located CB1 receptor inhibits the release
of glutamate and GABA from presynaptic neurons (Schlicker &
Kathmann, 2001; Wilson & Nicoll, 2002). Second, as alterations
in endocannabinoid functioning have been reported in schizo-
phrenia, we compared the plasma concentrations of anandamide
and 2-AG between patients and HC. Although meta-analytic
findings indicate unaltered plasma endocannabinoid levels in

first-episode psychosis patients (Minichino et al., 2019), we
expected to find lower levels in early psychosis patients compared
to HC, as this would (theoretically) result in reduced inhibition of
the pertinent neurotransmitters in the brain and the subsequent
development of psychotic symptoms.

Methods

Participants and procedures

We recruited 18 patients who had experienced a first psychotic
episode in the past five years and 16 HC, aged 18–50 years.
All patients had been diagnosed with SSD by a certified psych-
iatrist and received antipsychotic treatment. Their cannabis use
was assessed using the Composite International Diagnostic
Interview (Ter Smitten, Smeets, & Van den Brink, 1998). To
obtain a representative cohort, patients and HC were allowed to
have ever used cannabis. However, those who met the criteria
for a cannabis use disorder were excluded. Details of recruitment
and inclusion/exclusion criteria are explained in online
Supplementary Methods S1. The authors assert that all procedures
contributing to this work comply with the ethical standards of the
relevant national and institutional committees on human experi-
mentation and with the Helsinki Declaration of 1975, as revised
in 2008. The study was approved by the Medical Ethical
Committees of the Amsterdam Medical Centre (NL63410.018.17)
and the Leiden University Medical Center (NL72218.058.20). All
participants signed written informed consent. PET data of all sub-
jects are previously reported (van Hooijdonk et al., 2023). 1H-MRS
data of 12 patients and 16 HC are reported in other yet unpub-
lished manuscripts.

The study was performed on 2 or 3 separate days, depending
on the availability of the research facilities, and consisted of
screening for in- and exclusion criteria, a 1H-MRS and [18F]
F-DOPA scan (the latter was optional for patients), and blood
sampling to assess endocannabinoid plasma concentrations.
Blood samples were collected on the same day as the PET scan
or, if the patient did not undergo PET scanning, on the same
day as the 1H-MRS scan. We instructed participants to refrain
from cannabis 24 h before the scan(s).

Blood collection and analysis

The procedures for blood collection and analyses are explained in
online Supplementary Methods S2. Briefly, venous blood samples
were collected into ethylenediaminetetraacetic acid (EDTA) tubes.
Given the fluctuations of plasma anandamide and 2-AG levels
throughout the day (Hanlon, 2020; Hanlon et al., 2016), we
strived to collect all blood samples in the late afternoon.
Samples were centrifuged at room temperature. After centrifuga-
tion, 1.10 ml of plasma was stored in a −80 °C freezer in the pres-
ence of 1.10 μl of a 100 mM phenylmethanesulfonyl fluoride
(PMSF) solution. PMSF is a serine protease inhibitor and prevents
anandamide breakdown by fatty acid amide hydrolase (FAAH),
which could potentially be released by blood cells during the veni-
puncture. Plasma concentrations (ng/ml) of anandamide and
2-AG were determined using previously published methods that
are based on liquid chromatography coupled to tandem mass
spectrometry (LC–MS/MS) (Balvers, Verhoeckx, & Witkamp,
2009; Balvers, Wortelboer, Witkamp, & Verhoeckx, 2013).
As 2-AG is prone to isomerization to 1-arachidonoylglycerol
(1-AG) and as this is unavoidable in plasma, we reported the
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total concentration of plasma 1-AG plus 2-AG (hereafter labelled
as 2-AG).

1H-MRS acquisition and pre-processing

The 1H-MRS procedures and pre-processing steps are explained in
online Supplementary Methods S3. In short, magnetic resonance
imaging (MRI) images were obtained on a 3T scanner (Phillips,
Ingenia Elition X, Best, The Netherlands) with a 32-channel head
coil at the Amsterdam UMC, the Netherlands. A structural whole-
brain T1-weighted MRI scan was acquired for 1H-MRS voxel place-
ment and brain tissue segmentation. To estimate the concentration
of Glx, 1H-MRS spectra were acquired using a Point Resolved
Spectroscopy (PRESS) sequence. Glx was selected as a proxy for glu-
tamatergic functioning, as it is difficult to differentiate glutamate and
glutamine signals at 4T or lower magnetic field strengths (Liemburg
et al., 2016). Additional 1H-MRS spectra were acquired using a
Mescher–Garwood Point Resolved Spectroscopy (MEGA-PRESS)
sequence, which is optimized to estimate the concentration of
GABA (Mullins et al., 2014). For logistic reasons, two
MEGA-PRESS sequences with similar scan parameters were used
for the patient group (online Supplementary Table S1). GABA con-
centrations reflect GABA plus macromolecules (GABA + ) concen-
trations, as macromolecules resonate at the same frequency as
GABA (3.0 ppm) (Rothman, Petroff, Behar, & Mattson, 1993).
Both 1H-MRS voxels were placed in the ACC parallel to the corpus
callosum on the sagittal midline (online Supplementary Fig. S2).
PRESS spectra were analyzed by use of LCModel version 6.3-1P
(Provencher, 1993, 2014) using the basis set of 16 metabolites. To
control the flexibility of the spline baseline, the DKNTMN param-
eter was set to 0.50 (Bhogal et al., 2017). Gannet version 3.1 was
used to analyze the MEGA-PRESS spectra (Edden, Puts, Harris,
Barker, & Evans, 2014). All metabolite estimates were water refer-
enced. Spectral quality was assessed and metabolite concentrations
were corrected for tissue content as described in online
Supplementary Methods S3.

PET/CT acquisition and pre-processing

The PET/computed tomography (CT) procedures and pre-
processing steps are explained in online Supplementary Methods
S4. One hour before the PET acquisition, participants consumed
150mg carbidopa and 400mg entacapone (Hoffman et al., 1992;
Sawle et al., 1994). In addition, a low-dose CT scan of the brain
was obtained for attenuation correction purposes. A 90-minute
dynamic PET scan was subsequently made on a Siemens PET/
CT system (Biograph mCT FlowTrue-V-128) immediately after
the administration of approximately 185 MBq [18F]F-DOPA. We
used Patlak graphical analysis (Patlak & Blasberg, 1985) to calculate
the influx constant kicer (min−1; henceforth described as kicer) as a
measure of DSC with the grey matter of the cerebellum as reference
region. The volumes of interest (i.e. striatum and cerebellum) were
identified from the co-registered T1-weighted MRI scan using the
Hammers’ maximum probability atlas (Hammers et al., 2003).
Afterward, linear fitting was conducted on the PET images
acquired between 25 and 90min to obtain a whole-brain paramet-
ric image, from which we extracted the kicer of the grey matter
(GM) of the whole striatum.

Statistical analysis

All statistical analyses were performed in IBM SPSS Statistics (ver-
sion 22). Outliers per group were defined as observations more

than 1.50 × interquartile range below the 1st quartile or more
than 1.50 × interquartile range above the 3rd quartile. To examine
the association between imaging data and plasma concentrations
of endocannabinoids across all subjects, we conducted multiple
linear regression analyses with one of the imaging outcomes
(i.e. kicer of the GM striatum, Glx, or GABA + concentration in
the ACC) as the dependent variable. The independent variables
were the plasma concentration of anandamide or 2-AG, group
(i.e. patient v. HC), and the interaction between the group and
the endocannabinoid plasma concentration. In the case of out-
liers, we repeated the analyses without these outliers. Finally, if
associations between imaging and blood outcomes were evident,
we repeated the multiple linear regression analysis and added
one more covariate. Due to the limited sample size, we assessed
the effects of age, sex, and cannabis lifetime use separately. This
is important because age and sex have an impact on striatal
DSC (Kumakura et al., 2005; Nordio et al., 2022) and ACC gluta-
mate concentration (Hädel, Wirth, Rapp, Gallinat, & Schubert,
2013). Moreover, the main constituents of cannabis, THC and
CBD, affect the ECS (Leweke et al., 2012). A p value of less
than 0.05 was considered statistically significant. No correction
for multiple testing was applied, as all analyses were preliminary.

Differences between patients and HC with regard to sociode-
mographic characteristics (e.g. age and sex) and imaging and
blood outcomes were examined utilizing a parametric independ-
ent t test, Mann–Whitney U test or Fisher’s exact test, depending
on the variable type and its distribution.

Results

Sample characteristics

Eighteen patients with SSD and 16 HC completed the study.
Plasma concentrations of endocannabinoids were determined
for all subjects. We were unable to use the [18F]F-DOPA data
of 3 patients and 2 HC, due to substantial head movements (>
7.50 mm). Five patients did not want to take part in the [18F]
F-DOPA PET part of the study. Thus, the final PET sample con-
sisted of 10 patients and 14 HC. With regard to the 1H-MRS ana-
lysis, one patient was excluded because of benzodiazepine use.
One additional patient was excluded from the Glx analysis due
to a low signal-to-noise ratio (SNR). The final 1H-MRS samples
consisted of 16 HC, as well as 16 and 17 patients, respectively,
for the analyses related to PRESS and MEGA-PRESS. All subjects,
except two patients, had a negative drug screen for cannabis use.

There were no significant between-group differences in age,
race, educational level, current tobacco use (i.e. at least daily for
one month in the past year), or lifetime cannabis use (i.e. ⩽ 5
v. > 5 times) in the PET, PRESS, or MEGA-PRESS samples.
However, there were numerical differences between groups with
regard to educational level, current tobacco use, and lifetime can-
nabis use (i.e. ⩽ 5 v. > 5 times; Table 1). Additionally, patients had
significantly higher Beck Depression Inventory scores than HC
(PET: U = 5.00, p < 0.001; PRESS: U = 22.00, p < 0.001;
MEGA-PRES: U = 23.00, p < 0.001). The patient groups consisted
of more male subjects compared to the HC group (PET: p = 0.34;
PRESS: p = 0.02; MEGA-PRESS: p = 0.04). Lastly, we found no
significant differences in injected [18F]F-DOPA dose between
patients and HC who underwent PET imaging.

While the plasma concentrations of 2-AG did not differ sig-
nificantly between the two groups, those of anandamide were sig-
nificantly lower in patients than in HC ( p < 0.01; Table 1). This
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Table 1. Sample characteristics

PET sample MRI samples

PRESS MEGA-PRESS
PRESS &

MEGA-PRESS

Patients with SSD (n = 10) Healthy controls (n = 14) p Value
Patients with
SSD (n = 16)

Patients with
SSD (n = 17)

Healthy
controls (n = 16) p Valuea p Valueb

Demographics

Age in years, mean (S.D.)c 21.30 (2.75) 22.71 (3.95) 0.47d 22.94 (4.45) 22.82 (4.33) 23.19 (4.56) 0.92d 0.93d

No. (%) male sex 9 (90%) 9 (64.29%) 0.34e 16 (100%) 16 (94.12%) 10 (62.50%) 0.02e 0.04e

No. (%) white race 9 (90%) 13 (92.86%) 1.00e 14 (87.50%) 14 (82.35%) 15 (93.75%) 1.00e 0.60e

No. (%) highest educational
degree

0.66e 0.39e 0.47e

Pre-vocational secondary
education

0 (0%) 0 (0%) 1 (6.25%) 1 (5.88%) 0 (0%)

Secondary vocational
education

3 (30%) 6 (42.86%) 4 (25%) 5 (29.41%) 7 (43.75%)

Senior general secondary
education / Pre-university
education

5 (50%) 2 (14.29%) 6 (37.50%) 6 (35.29%) 2 (12.50%)

Higher professional
education / University
education (Bachelor’s
degree)

2 (20%) 5 (35.71%) 4 (25%) 4 (23.53%) 6 (37.50%)

University education
(Master’s degree)

0 (0%) 1 (7.14%) 1 (6.25%) 1 (5.88%) 1 (6.25%)

No. (%) DSM-V diagnosis NA NA NA NA NA

Schizophrenia 5 (50%) 6 (37.50%) 7 (41.18%)

Schizoaffective disorder 1 (10%) 1 (6.25%) 1 (5.88%)

Schizophreniform disorder 2 (20%) 3 (18.75%) 3 (17.65%)

Unspecified schizophrenia
spectrum and other
psychotic disorder

1 (10%) 3 (18.75%) 3 (17.65%)

Other specified
schizophrenia spectrum
and other psychotic
disorder

1 (10%) 3 (18.75%) 3 (17.65%)

PANSS at study enrollment,
mean (S.D.)

Positive score 13.20 (5.81) NA NA 12.44 (4.59) 12.88 (4.81) NA NA NA

Negative score 15.20 (7.10) NA NA 13.88 (6.22) 13.94 (6.03) NA NA NA
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General score 28.00 (8.76) NA NA 26.31 (7.27) 26.76 (7.28) NA NA NA

Total score 56.40 (19.53) NA NA 52.63 (16.14) 53.59 (16.12) NA NA NA

BDI, mean (S.D.) 13.70 (8.76) 1.50 (1.99) <0.001d 10.94 (7.56) 11.29 (7.46) 2.56 (4.76) <0.001d <0.001d

No. (%) current tobacco
usersf

3 (30%) 3 (21.43%) 0.67e 8 (50%) 8 (47.06%) 4 (25%) 0.27e 0.28e

No. (%) cannabis usersg 5 (50%) 3 (21.43%) 0.20e 10 (62.50%) 10 (58.82%) 4 (25%) 0.07e 0.08e

Injected [18F]F-DOPA dose
in MBq, mean (S.D.)

179.96 (13.75) 182.31 (15.46) 0.55d NA NA NA NA NA

Imaging measures

Striatal DSC in min-1,
mean (S.D.)

0.0159 (0.0026) 0.0170 (0.0011) 0.24h,i NA NA NA NA NA

Glx in the ACC, mean
(S.D.)

NA NA NA 19.06 (1.36) NA 18.99 (1.14) 0.87h NA

GABA + in the ACC, mean
(S.D.)

NA NA NA NA 2.86 (0.48) 3.43 (0.45) NA <0.01h,j

Blood measures Patients with SSD (n = 18) Healthy controls (n = 16) p Value

Anandamide plasma
concentration in ng/ml,
mean (S.D.)

0.31 (0.11) 0.43 (0.11) <0.01d NA NA NA NA NA

2-AG plasma concentration
in ng/ml, mean (S.D.)

3.53 (2.95) 3.07 (1.98) 0.75d,k NA NA NA NA NA

Abbreviations: ACC, anterior cingulate cortex; BDI, Beck Depression Inventory; CPZ, chlorpromazine; DSC, dopamine synthesis capacity; DSM-V, Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition; GABA, y-aminobutyric acid; Glx,
glutamate plus glutamine; MBq, megabecquerel; MEGA-PRESS, Mescher-Garwood Point Resolved Spectroscopy; NA, not applicable; PANSS, positive and negative symptom scale; PET, positron emission tomography; PRESS, Point Resolved
Spectroscopy; S.D., standard deviation; SSD, schizophrenia spectrum disorder; 2-AG, 2-arachidonoylglycerol.
Significant results are bold.
aGroup differences for the PRESS sample.
bGroup differences for the MEGA-PRESS sample.
cDuring the PET or MRI scan.
dGroup differences were assessed with the Mann–Whitney U test.
eGroup differences were assessed with Fisher’s exact test.
fCurrent tobacco use was defined as having used tobacco daily for at least one month in the past twelve months.
gCannabis use was defined as having used cannabis at least six times in a lifetime.
hGroup differences were assessed with an independent t test.
iOne outlier was identified (i.e. one patient). After the exclusion of this outlier, significant group differences were found (online Supplementary Table S4).
jAfter correction for SNR for GABA+, the difference between groups did not remain significant ( p = 0.27).
kFour outliers were identified (i.e. two patients and two healthy controls). Excluding these subjects did not change the results (online Supplementary Table S4).
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difference remained significant after adjusting for sex and lifetime
cannabis use (i.e. ⩽ 5 v. > 5 times) ( p = 0.047; online
Supplementary Table S3). Initially, we found lower ACC GABA
+ concentrations in patients than in HC ( p < 0.01). However,
the two different MEGA-PRESS sequences to assess GABA + con-
centration in the patient group yielded different mean SNRs for
GABA + . After adding SNR as covariate, the GABA + difference
between patients and HC was no longer significant ( p = 0.27).
Remarkably, after the exclusion of one outlier, we found a lower
striatal DSC ( p < 0.01) in patients compared to HC (online
Supplementary Table S4). Group had no significant impact on
Glx concentration in the ACC. The group differences in endocan-
nabinoid plasma levels and Glx and GABA concentrations in the
ACC did not change significantly after the exclusion of two
patients who had a positive drug screen for cannabis.

Multiple linear regression analyses: anandamide

A multiple linear regression analysis while correcting for group
revealed that anandamide plasma concentration was positively
associated with striatal DSC in patients, but not in HC (patients:
unstandardized beta = 0.01, p = 0.02; HC: unstandardized beta =
0.0002, p = 0.96; Table 2; online Supplementary Fig. S3).
However, this association did not remain significant after the
removal of one outlier. The interaction between group and ana-
ndamide plasma concentration was of borderline significance
(unstandardized beta = 0.01, p = 0.08), although clearly non-
significant after the removal of one outlier (unstandardized
beta = 0.003, p = 0.58; Table 2). In addition, we found no signifi-
cant associations while correcting for group between anandamide
plasma concentration and Glx or GABA + concentration in the
ACC in patients or HC (Table 2). There was also no evidence
that these associations might differ between groups. These results
did not change after excluding two patients with a positive drug
screen for cannabis (online Supplementary Table S5) or when
adding SNR for GABA + as covariate (online Supplementary
Table S6). See online Supplementary Fig. S3 for scatterplots dis-
playing the association between anandamide and imaging
measures.

Multiple linear regression analyses: 2-AG

We found no significant association between 2-AG plasma con-
centration and striatal DSC in patients or HC, while correcting
for group (Table 2). This did not change after the removal of
three outliers (2 of 10 patients and 1 of 14 HC). The GABA + con-
centration in the ACC was negatively associated with 2-AG
plasma concentration in HC, but not in patients, while correcting
for group (patients: unstandardized beta =−0.02, p = 0.59; HC:
unstandardized beta =−0.12, p = 0.04). After removal of four out-
liers, we found a significant negative association in patients, but
not in HC (patients: unstandardized beta = −0.28, p = 0.04; HC:
unstandardized beta = −0.08, p = 0.42). The interaction term did
not reach significance, indicating that the associations between
GABA + concentration in the ACC and 2-AG plasma concentra-
tion might not differ between groups. We found no significant
associations between 2-AG and GABA + in any of the groups
after correcting for SNR for GABA + (online Supplementary
Table S6).

2-AG plasma concentration was not associated with Glx con-
centration in the ACC of patients or HC, while correcting for
group (Table 2). However, after the removal of four outliers and

while correcting for group, 2-AG plasma concentration was nega-
tively associated with Glx concentration in the ACC of patients
(unstandardized beta =−0.92, p = 0.02; Fig. 1). This was not
found in HC (unstandardized beta = 0.25, p = 0.29). The inter-
action between group and 2-AG plasma concentration was signifi-
cantly associated with Glx concentration in the ACC
(unstandardized beta =−1.17, p = 0.006), which suggests that
the associations between Glx concentration in the ACC and
2-AG plasma concentration differ between the two groups.
These results did not change after excluding two patients with a
positive drug screen for cannabis (online Supplementary
Table S5). See online Supplementary Fig. S4 for scatterplots dis-
playing the association between 2-AG and other imaging
measures.

To examine whether the association between Glx concentra-
tion in the ACC and 2-AG plasma concentration might be
explained by the effects of other variables, we performed add-
itional multiple linear regression analyses, after the removal of
outliers, with age, sex, and cannabis lifetime use separately
added to the model. In all models, the negative association
between Glx concentration in the ACC and 2-AG plasma concen-
tration in patients remained evident, while controlling for group
and age, sex, or cannabis lifetime use (online Supplementary
Table S7). In addition, the interaction term between group and
2-AG plasma concentration remained significant in all models,
suggesting that the relationships between Glx concentration in
the ACC and 2-AG plasma concentration are significantly differ-
ent in patients and HC, also after controlling for additional con-
founders. These results did not change after excluding two
patients with a positive drug screen for cannabis (online
Supplementary Table S8).

Discussion

We used [18F]F-DOPA PET, 1H-MRS, and LC–MS/MS to exam-
ine the interrelationships between plasma endocannabinoid levels
and dopaminergic, glutamatergic, and GABAergic measures in
patients with SSD and HC. The results of our analyses suggested
a significant negative association between Glx concentrations in
the ACC and 2-AG plasma concentrations in patients (after the
exclusion of probable outliers), but no such association in HC.
2-AG plasma concentrations were not consistently related to
GABA + concentrations in the ACC or striatal DSC, neither in
patients nor in HC. We found no evidence for relationships
between anandamide plasma concentrations and dopaminergic,
glutamatergic, or GABAergic measures in either group.
Furthermore, contrary to our expectations, we found lower ana-
ndamide plasma concentrations and lower striatal DSC in patients
compared to controls.

The negative correlation between Glx concentrations in the
ACC and 2-AG plasma concentrations in patients was in line
with our hypothesis, as binding of 2-AG to the CB1 receptor inhi-
bits the release of glutamate and GABA from presynaptic neurons
(Wilson & Nicoll, 2002). As excessive glutamate concentrations
are neurotoxic, it has been hypothesized that disinhibition of glu-
tamatergic projections to hippocampal and cortical areas cause
cell death in some patients with schizophrenia (Deutsch, Rosse,
Schwartz, & Mastropaolo, 2001). If this is true, endocannabinoids
might serve as endogenous mediators of neuroprotection.
Astrocytes also play a role herein, as these cells can take up gluta-
mate and thereby regulate the extracellular concentration of gluta-
mate. In Sprague–Dawley rats, the expression of astrocytic
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Table 2. Multiple linear regression analyses between imaging and blood measures

Independent variables Unstandardized beta coefficients p value

Model 1a: Dependent variable: striatal DSC, outliers not excludeda, R2 = 0.31, F(3, 20) = 2.96, p value = 0.06

Groupb −0.004 [−0.009 to 0.0005] 0.07

Effect of anandamide plasma concentration in HC 0.0002 [−0.008 to 0.009] 0.96

Effect of anandamide plasma concentration in patients 0.01 [0.002–0.02] 0.02

Interaction term: group × anandamide plasma concentration 0.01 [−0.002 to 0.02] 0.08

Model 1b: Dependent variable: striatal DSC, outliers excludeda, R2 = 0.33, F(3, 19) = 3.12, p value = 0.051

Groupb −0.003 [−0.007 to 0.002] 0.21

Effect of anandamide plasma concentration in HC 0.0002 [−0.007 to 0.007] 0.95

Effect of anandamide plasma concentration in patients 0.003 [ −0.006 to 0.01] 0.46

Interaction term: group × anandamide plasma concentration 0.003 [−0.008 to 0.01] 0.58

Model 2a: Dependent variable: striatal DSC, outliers not excludeda, R2 = 0.09, F(3, 20) = 0.64, p value = 0.60

Groupb −0.001 [−0.005 to 0.003] 0.49

Effect of 2-AG plasma concentration in HC −0.00009 [−0.001 to 0.001] 0.77

Effect of 2-AG plasma concentration in patients −0.00002 [−0.001 to 0.001] 0.97

Interaction term: group × 2-AG plasma concentration of 2-AG 000008 [−0.001 to 0.001] 0.89

Model 2b: Dependent variable: striatal DSC, outliers excludeda, R2 = 0.42, F(3, 17) = 4.13, p value = 0.02

Groupb −0.002 [−0.006 to 0.002] 0.34

Effect of 2-AG plasma concentration in HC −0.00003 [−0.001 to 0.001] 0.93

Effect of 2-AG plasma concentration in patients −0.0001 [ −0.001 to 0.001] 0.86

Interaction term: Group × 2-AG plasma concentration of 2-AG −0.00008 [−0.001 to 0.001] 0.91

Model 3: Dependent variable: Glx in the ACC, no outliers, R2 = 0.10, F(3, 28) = 1.07, p value = 0.38

Groupb 1.34 [−1.91 to 4.58] 0.41

Effect of anandamide plasma concentration in HC −0.96 [−6.62 to 4.70] 0.09

Effect of anandamide plasma concentration in patients −5.73 [−4.58 to 1.91] 0.09

Interaction term: Group × Anandamide plasma concentration −4.77 [−13.53 to 4.00] 0.28

Model 4a: Dependent variable: Glx in the ACC, outliers not excludeda, R2 = 0.09, F(3, 28) = 0.90, p value = 0.45

Groupb 0.71 [−0.87 to 2.28] 0.37

Effect of 2-AG plasma concentration in HC −0.003 [−0.33 to 0.33] 0.99

Effect of 2-AG plasma concentration in patients −0.17 [−0.39 to 0.04] 0.11

Interaction term: Group × 2-AG plasma concentration −0.17 [−0.56 to 0.23] 0.39

Model 4b: Dependent variable: Glx in the ACC, outliers excludeda, R2 = 0.29, F(3, 24) = 3.22, p value = 0.04

Groupb 3.24 [0.91–5.56] 0.008

Effect of 2-AG plasma concentration in HC 0.25 [−0.22 to 0.72] 0.29

Effect of 2-AG plasma concentration in patients −0.92 [−1.58 to −0.27] 0.008

Interaction term: Group × 2-AG plasma concentration −1.17 [−1.97 to −0.37] 0.006

Model 5: Dependent variable: GABA + in the ACC, no outliers, R2 = 0.31, F(3, 29) = 4.36, p value = 0.01

Groupb −0.61 [−1.81 to 0.60] 0.31

Effect of anandamide plasma concentration in HC −0.76 [−2.94 to 1.41] 0.48

Effect of anandamide plasma concentration in patients −0.94 [−3.18 to 1.31] 0.40

Interaction term: group × anandamide plasma concentration −0.17 [−3.30 to 2.95] 0.91

Model 6a: Dependent variable: GABA + in the ACC, outliers not excludeda, R2 = 0.38, F(3, 29) = 5.98, p value = 0.003

Groupb −0.87 [−1.43 to −0.31] 0.003

Effect of 2-AG plasma concentration in HC −0.12 [−0.24 to −0.004] 0.04

(Continued )
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glutamine synthetase, an astrocyte-specific enzyme that converts
glutamate to glutamine (Bak, Schousboe, & Waagepetersen,
2006), is modulated by 2-AG following lipopolysaccharide-
induced inflammation (Wang et al., 2018; Wang, Wang, &
Zhang, 2021). In addition, the activation of metabotropic and
ionotropic glutamatergic receptors triggers the production of
endocannabinoids, such as 2-AG, in several brain regions
(Chevaleyre & Castillo, 2003; Galante & Diana, 2004; Maejima,
Hashimoto, Yoshida, Aiba, & Kano, 2001; Ohno-Shosaku,
Shosaku, Tsubokawa, & Kano, 2002). These findings suggest
that 2-AG can induce compensatory mechanisms to reduce a

possibly increased release of glutamate in patients. We found no
evidence of an association between ACC Glx levels and 2-AG
plasma concentrations in HC. Possibly, a compensatory mechan-
ism to reduce glutamatergic neurotransmission is only triggered
when needed, as endocannabinoids are released upon demand.

We found no associations between anandamide plasma con-
centrations and Glx in the ACC in either group. Watts et al.
(2022) measured the activity of the enzyme FAAH, which breaks
down anandamide, by use of [11C]CURB PET. They demon-
strated a positive association between FAAH activity (in eight dif-
ferent brain regions, including the ACC) and Glx concentration in
the hippocampus of patients with psychotic disorders (n = 18)
and HC (n = 19). Although additional research is needed, this
might indicate that the association between peripheral ananda-
mide and Glx is dependent on the brain region where Glx is mea-
sured. Moreover, as 2-AG has been found in the brain at levels
170 times greater than anandamide (Stella, Schweitzer, &
Piomelli, 1997), it might play a more important role than ananda-
mide in the self-regulatory mechanisms of glutamatergic neurons
in the frontal cortex. This hypothesis needs to be validated by
future research.

Glutamate, glutamine, and GABA are closely related to each
other by a sequence of events, known as the glutamate/
GABA-glutamine cycle (Bak et al., 2006). Previous research showed
that both 2-AG and anandamide act as positive allosteric modula-
tors of GABAA receptors (Baur et al., 2013; Sigel et al., 2011). Bakas
et al. (2017) demonstrated that, in the case of 2-AG, this results in
an increased affinity of GABA for the GABAA receptor at low
GABA concentrations. We report a negative correlation between
GABA+ concentration in the ACC and 2-AG plasma concentra-
tion in HC, but not in patients. However, after the removal of out-
liers, we found a negative correlation between these two measures
in patients, but not in HC. The discrepancy between these analyses
indicates that a few observations have a large influence on the out-
come. Moreover, the negative correlation in patients did not remain
significant after removing two patients with a positive drug screen
for cannabis (online Supplementary Table S5) and we found no
significant correlations after correction for the SNR for GABA+
(online Supplementary Table S6). Therefore, additional research
in larger samples is needed to elucidate the relationship between
peripheral 2-AG (and anandamide) levels and GABA+ concentra-
tions in the ACC.

Table 2. (Continued.)

Independent variables Unstandardized beta coefficients p value

Effect of 2-AG plasma concentration in patients −0.02 [−0.10 to 0.06] 0.59

Interaction term: Group × 2-AG plasma concentration 0.10 [−0.04 to 0.24] 0.15

Model 6b: Dependent variable: GABA + in the ACC, outliers excludeda, R2 = 0.47, F(3, 25) = 7.25, p value = 0.001

Groupb −0.06 [−0.98 to 0.86] 0.89

Effect of 2-AG plasma concentration in HC −0.08 [−0.27 to 0.12] 0.42

Effect of 2-AG plasma concentration in patients −0.28 [−0.54 to −0.02] 0.04

Interaction term: Group × 2-AG plasma concentration −0.20 [−0.53 to 0.12] 0.21

Abbreviations: ACC, anterior cingulate cortex; DSC, dopamine synthesis capacity; GABA + , y-aminobutyric acid plus macromolecules; Glx, glutamate plus glutamine; HC, healthy controls, 2-AG,
2-arachidonoylglycerol.
Significant results are bold.
aFor the PET data, one outlier was identified. For the 2-AG data, four outliers were identified.
bGroup was coded as null for healthy controls and one for patients. To examine the effects in the patient group, reversed coding for group was used.

Figure 1. 2-AG and Glx in patients with SSD and controls. Scatterplot displaying the
correlation between 2-AG plasma concentration and Glx levels in the ACC in patients
with SSD (black circles) and healthy controls (grey squares). (a) Outliers are not
excluded. (b) Four outliers (2 patients and 2 healthy controls) are
excluded.#Abbreviations: ACC, anterior cingulate cortex; Glx, glutamate plus glutam-
ine; SSD, schizophrenia spectrum disorders; 2-AG, 2-arachidonoylglycerol; β, unstan-
dardized beta.
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Although endocannabinoids control dopaminergic neuro-
transmission in the striatum and midbrain (Covey, Mateo,
Sulzer, Cheer, & Lovinger, 2017), we found no association
between 2-AG plasma concentrations and striatal DSC (i.e. an
indicator of striatal hyperdopaminergia). Contrary to expectation,
we even found a positive association between anandamide plasma
concentration and striatal DSC in patients, but this relationship
did not remain significant after the removal of one outlier.
However, given our relatively small sample, it is too early to
rule out significant associations between these measures in
patients or HC.

We found lower anandamide plasma concentrations in
patients than in HC. This is not in line with the meta-analysis
of Minichino et al. (2019), which reported an elevation of ananda-
mide across clinical subgroups of patients with schizophrenia
compared to HC and, in an additional analysis, no significant
alterations in first-episode patients. Minichino et al. (2019) also
proposed that antipsychotic medication downregulates ananda-
mide concentrations in blood. As the patients in our sample all
used antipsychotic medication, this might explain our finding.
Alternatively, lower levels of anandamide might be truly evident
in early psychosis (antipsychotic-naïve) patients compared to
HC, as this would (theoretically) result in reduced inhibition of
several important neurotransmitters in the brain and the subse-
quent development of psychotic symptoms. It is also possible,
however, that anandamide plasma levels fluctuate more according
to the degree of a specific psychotic episode (acute deterioration v.
remission) than the nature of the disorder (e.g. early psychosis,
remitting-relapsing stage, continuous residual symptoms).
Finally, an increase in anandamide might reflect a compensatory
mechanism in some patients. Additional research is needed to
investigate these hypotheses. Our finding of no significant differ-
ence between patients and HC with regard to 2-AG plasma con-
centration is in line with a report by Potvin et al. (2008).

This study has several strengths. It combines multiple neuroi-
maging techniques and it is the first to examine, in vivo, the asso-
ciation between several neurotransmitter systems and
endocannabinoid plasma concentrations in patients with SSD
and HC. However, some limitations should be mentioned. First,
the sample size is small, especially for the subgroups that under-
went PET scanning. The small sample size probably also explains
the discrepancies between analyses with and without outliers.
Second, the association between Glx concentrations in the ACC
and 2-AG plasma concentrations in patients emerged after the
exclusion of four outliers, while there was no absolute certainty
that the pertinent patients were true outliers. Excluding outliers
would preferably be supported by technical, biological, and/or
other reasons. The kicer distribution of 892 scans reported by
Nordio et al. (2022), for instance, supported the exclusion of
the DSC outlier. Likewise, one 2-AG outlier, with a negative
drug screen, had used cannabis for 26 weeks in the year before
study participation. Other outliers may be explained by unknown
pre-analytic or biological factors. Third, endocannabinoid plasma
concentrations are influenced by, among others, antipsychotic
medication (Minichino et al., 2019), cognitive performance
(Reuter et al., 2017), cannabis use (Chester et al., 2022), sleep
and circadian rhythm (Hanlon, 2020; Hanlon et al., 2016), nutri-
tion and body mass index (Jager & Witkamp, 2014; Joosten,
Balvers, Verhoeckx, Hendriks, & Witkamp, 2010), menstrual
cycle (Dlugos, Childs, Stuhr, Hillard, & De Wit, 2012), inflamma-
tion (Hillard, 2018), physical exercise (Hillard, 2018), and blood
collection and storage procedures. It is unlikely that cannabis

use influenced the observed results, as we excluded subjects
with a cannabis use disorder and the sensitivity analyses without
two patients with a positive drug screen for cannabis resulted in
similar findings. Due to the small sample size, we could only
adjust our main findings for age, sex, and cannabis lifetime use.
It is, therefore, important that the above-described factors are
taken into account while setting up future, larger, studies in this
research area. Fourth, this study was cross-sectional. Future stud-
ies should examine, for example, whether alterations in the ECS
precede or succeed alterations in neurotransmitter systems in
psychosis. Fifth, the sources of the peripheral endocannabinoids
that we measured are unknown and CSF anandamide concentra-
tions do not correlate consistently with anandamide concentra-
tions in blood (Giuffrida et al., 2004; Reuter et al., 2017).
Therefore, peripheral concentrations of endocannabinoids might
not reflect those in a specific brain region but an average of endo-
cannabinoids in the whole brain. Sixth, as it is difficult to differ-
entiate glutamate and glutamine signals at 4T or lower magnetic
field strengths (Liemburg et al., 2016), we used the composite
measure Glx. Future MRI studies at higher field strengths should
examine whether endocannabinoid plasma concentrations are dif-
ferently related to glutamine and glutamate. Finally, although the
scan parameters of the two utilized MEGA-PRESS sequences were
similar, differences in SNR were noticeable within the patient
group.

Conclusions

These preliminary results suggest an association between periph-
eral 2-AG and ACC Glx levels in patients with SSD. This might
reflect a mechanism to compensate for a possible increase of
neurotoxic glutamate in patients and points to the ECS as a
potential target for novel treatments. More research in larger
cohorts is needed to replicate our findings.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0033291724000291

Acknowledgements. We thank all participants for their contribution to this
study. We would also like to thank Fabian Termorshuizen for his support with
the statistical analyses.

Author contributions. CvH, JPS, TvA, JB, and EvdG designed and planned
the study. CvH and MvdP performed the data collection. CvH, CS, and MvdP
analyzed the neuroimaging data under the supervision of EvdG, AS, and MY.
MB and RW performed the LC–MS/MS analyses. CvH performed the statis-
tical analyses and wrote the original draft of the manuscript. All authors
reviewed and edited the manuscript. All authors have read and agreed to
the published version of the manuscript.

Funding statement. This work was supported in part by Stichting J.M.C.
Kapteinfonds (JPS) and a Veni grant (91618075) from the Netherlands
Organisation for Health Research and Development (ZonMw) (EvdG). The
funders had no role in the study design, data collection or analysis, decision
to publish, or preparation of the manuscript.

Competing interests. The authors declare none.

References

Bak, L. K., Schousboe, A., & Waagepetersen, H. S. (2006). The glutamate/
GABA-glutamine cycle: Aspects of transport, neurotransmitter homeostasis
and ammonia transfer. Journal of Neurochemistry, 98(3), 641–653. doi:
10.1111/j.1471-4159.2006.03913.x

Psychological Medicine 2197

https://doi.org/10.1017/S0033291724000291 Published online by Cambridge University Press

https://doi.org/10.1017/S0033291724000291
https://doi.org/10.1017/S0033291724000291
https://doi.org/10.1017/S0033291724000291


Bakas, T., Van Nieuwenhuijzen, P., Devenish, S., McGregor, I., Arnold, J., &
Chebib, M. (2017). The direct actions of cannabidiol and 2-arachidonoyl
glycerol at GABAA receptors. Pharmacological Research, 119, 358–370.
doi: 10.1016/j.phrs.2017.02.022

Balvers, M. G., Verhoeckx, K. C., & Witkamp, R. F. (2009). Development and
validation of a quantitative method for the determination of 12 endocanna-
binoids and related compounds in human plasma using liquid
chromatography-tandem mass spectrometry. Journal of Chromatography
B, 877(14–15), 1583–1590. doi: 10.1016/j.jchromb.2009.04.010

Balvers, M. G., Wortelboer, H. M., Witkamp, R. F., & Verhoeckx, K. C. (2013).
Liquid chromatography-tandem mass spectrometry analysis of free and
esterified fatty acid N-acyl ethanolamines in plasma and blood cells.
Analytical Biochemistry, 434(2), 275–283. doi: 10.1016/j.ab.2012.11.008

Baur, R., Kielar, M., Richter, L., Ernst, M., Ecker, G. F., & Sigel, E. (2013).
Molecular analysis of the site for 2-arachidonylglycerol (2-AG) on the β2
subunit of GABA(A) receptors. Journal of Neurochemistry, 126(1), 29–36.
doi: 10.1111/jnc.12270

Bhogal, A. A., Schür, R. R., Houtepen, L. C., van de Bank, B., Boer, V. O.,
Marsman, A., … Klomp, D. W. J. (2017). 1H-MRS processing parameters
affect metabolite quantification: The urgent need for uniform and transpar-
ent standardization. NMR in Biomedicine, 30(11), e3804. doi: 10.1002/
nbm.3804

Bossong, M. G., Jansma, J. M., Bhattacharyya, S., & Ramsey, N. F. (2014). Role
of the endocannabinoid system in brain functions relevant for schizophre-
nia: An overview of human challenge studies with cannabis or
Δ9-tetrahydrocannabinol (THC). Progress in Neuro-Psychopharmacology
and Biological Psychiatry, 52, 53–69. doi: 10.1016/j.pnpbp.2013.11.017

Bossong, M. G., & Niesink, R. J. (2010). Adolescent brain maturation, the
endogenous cannabinoid system and the neurobiology of cannabis-induced
schizophrenia. Progress in Neurobiology, 92(3), 370–385. doi: 10.1016/
j.pneurobio.2010.06.010

Chester, L. A., Englund, A., Chesney, E., Oliver, D., Wilson, J., Sovi, S., …
McGuire, P. (2022). Effects of cannabidiol and delta-9-tetrahydrocannabinol
on plasma endocannabinoid levels in healthy volunteers: A randomized
double-blind four-arm crossover study. Cannabis and Cannabinoid
Research. Advance online publication. doi: 10.1089/can.2022.0174

Chevaleyre, V., & Castillo, P. E. (2003). Heterosynaptic LTD of hippocampal
GABAergic synapses: A novel role of endocannabinoids in regulating excit-
ability. Neuron, 38(3), 461–472. doi: 10.1016/s0896-6273(03)00235-6

Covey, D. P., Mateo, Y., Sulzer, D., Cheer, J. F., & Lovinger, D. M. (2017).
Endocannabinoid modulation of dopamine neurotransmission.
Neuropharmacology, 124, 52–61. doi: 10.1016/j.neuropharm.2017.04.033

Deutsch, S. I., Rosse, R. B., Schwartz, B. L., & Mastropaolo, J. (2001). A revised
excitotoxic hypothesis of schizophrenia: Therapeutic implications. Clinical
Neuropharmacology, 24(1), 43–49. doi: 10.1097/00002826-200101000-00008

Dlugos, A., Childs, E., Stuhr, K. L., Hillard, C. J., & De Wit, H. (2012). Acute
stress increases circulating anandamide and other N-acylethanolamines in
healthy humans. Neuropsychopharmacology, 37(11), 2416–2427. doi:
10.1038/npp.2012.100

Edden, R. A., Puts, N. A., Harris, A. D., Barker, P. B., & Evans, C. J. (2014).
Gannet: A batch-processing tool for the quantitative analysis of gamma-
aminobutyric acid-edited MR spectroscopy spectra. Journal of Magnetic
Resonance Imaging, 40(6), 1445–1452. doi: 10.1002/jmri.24478

Egerton, A., Grace, A. A., Stone, J., Bossong, M. G., Sand, M., & McGuire, P.
(2020). Glutamate in schizophrenia: Neurodevelopmental perspectives and
drug development. Schizophrenia Research, 223, 59–70. doi: 10.1016/
j.schres.2020.09.013

Fakhoury, M. (2017). Role of the endocannabinoid system in the pathophysi-
ology of schizophrenia. Molecular Neurobiology, 54(1), 768–778. doi:
10.1007/s12035-016-9697-5

Galante, M., & Diana, M. A. (2004). Group I metabotropic glutamate receptors
inhibit GABA release at interneuron-Purkinje cell synapses through endo-
cannabinoid production. Journal of Neuroscience, 24(20), 4865–4874. doi:
10.1523/JNEUROSCI.0403-04.2004

Giuffrida, A., Leweke, F. M., Gerth, C. W., Schreiber, D., Koethe, D., Faulhaber,
J., … Piomelli, D. (2004). Cerebrospinal anandamide levels are elevated in
acute schizophrenia and are inversely correlated with psychotic symptoms.
Neuropsychopharmacology, 29(11), 2108–2114. doi: 10.1038/sj.npp.1300558

Hädel, S., Wirth, C., Rapp, M., Gallinat, J., & Schubert, F. (2013). Effects of age
and sex on the concentrations of glutamate and glutamine in the human
brain. Journal of Magnetic Resonance Imaging, 38(36), 1480–1487. doi:
10.1002/jmri.24123

Hammers, A., Allom, R., Koepp, M. J., Free, S. L., Myers, R., Lemieux, L., …
Duncan, J. S. (2003). Three-dimensional maximum probability atlas of the
human brain, with particular reference to the temporal lobe. Human Brain
Mapping, 19(4), 224–247. doi: 10.1002/hbm.10123

Hanlon, E. C. (2020). Impact of circadian rhythmicity and sleep restriction on
circulating endocannabinoid (eCB) N-arachidonoylethanolamine (ananda-
mide). Psychoneuroendocrinology, 111, 104471. doi: 10.1016/
j.psyneuen.2019.104471

Hanlon, E. C., Tasali, E., Leproult, R., Stuhr, K. L., Doncheck, E., De Wit, H.,
… Van Cauter, E. (2016). Sleep restriction enhances the daily rhythm of cir-
culating levels of endocannabinoid 2-arachidonoylglycerol. Sleep, 39(3),
653–664. doi: 10.5665/sleep.5546

Hillard, C. J. (2018). Circulating endocannabinoids: From whence do they
come and where are they going? Neuropsychopharmacology, 43(1), 155–
172. doi: 10.1038/npp.2017.130

Hoffman, J. M., Melega, W. P., Hawk, T. C., Grafton, S. C., Luxen, A.,
Mahoney, D. K., … Phelps, M. E. (1992). The effects of carbidopa admin-
istration on 6-[18F] fluoro-L-dopa kinetics in positron emission tomog-
raphy. Journal of Nuclear Medicine, 33(8), 1472–1477. Retrieved from
https://jnm.snmjournals.org/content/33/8/1472.long

Howes, O. D., McDonald, C., Cannon, M., Arseneault, L., Boydell, J., &
Murray, R. M. (2004). Pathways to schizophrenia: The impact of environ-
mental factors. International Journal of Neuropsychopharmacology, 7
(suppl 1), S7–S13. doi: 10.1017/S1461145704004122

Howlett, A. C., & Abood, M. E. (2017). CB1 and CB2 receptor pharmacology.
Advances in Pharmacology, 80, 169–206. doi: 10.1016/bs.apha.2017.03.007

Jager, G., & Witkamp, R. F. (2014). The endocannabinoid system and appetite:
Relevance for food reward. Nutrition Research Reviews, 27(1), 172–185. doi:
10.1017/S0954422414000080

Joosten, M. M., Balvers, M. G., Verhoeckx, K., Hendriks, H. F., & Witkamp, R.
F. (2010). Plasma anandamide and other N-acylethanolamines are corre-
lated with their corresponding free fatty acid levels under both fasting
and non-fasting conditions in women. Nutrition and Metabolism, 7, 49.
doi: 10.1186/1743-7075-7-49

Kumakura, Y., Vernaleken, I., Gründer, G., Bartenstein, P., Gjedde, A., &
Cumming, P. (2005). PET studies of net blood-brain clearance of FDOPA
to human brain: Age-dependent decline of [18F]fluorodopamine storage
capacity. Journal of Cerebral Blood Flow and Metabolism, 25(7), 807–819.
doi: 10.1038/sj.jcbfm.9600079

Leweke, F., Giuffrida, A., Gerth, C., Koethe, D., Schreiber, D., Klosterkotter, J.,
& Piomelli, D. (2004). Endogenous cannabinoids and their neurobiological
and functional role in schizophrenia spectrum disorders. Biological
Psychiatry, 55, 1S–242S. Retrieved from https://escholarship.org/uc/item/
1345w4w8

Leweke, F., Piomelli, D., Pahlisch, F., Muhl, D., Gerth, C., Hoyer, C.,… Koethe,
D. (2012). Cannabidiol enhances anandamide signaling and alleviates
psychotic symptoms of schizophrenia. Translational Psychiatry, 2(3), e94.
doi: 10.1038/tp.2012.15

Li, Q., Yan, H., Wilson, W. A., & Swartzwelder, H. S. (2010). Modulation of
NMDA and AMPA-mediated synaptic transmission by CB1 receptors in
frontal cortical pyramidal cells. Brain Research, 1342, 127–137. doi:
10.1016/j.brainres.2010.04.029

Liemburg, E., Sibeijn-Kuiper, A., Bais, L., Pijnenborg, G., Knegtering, H., van
der Velde, J., … Aleman, A. (2016). Prefrontal NAA and Glx levels in dif-
ferent stages of psychotic disorders: A 3T 1H-MRS study. Scientific Reports,
6(1), 21873. doi: 10.1038/srep21873

Liu, Q., Bhat, M., Bowen, W. D., & Cheng, J. (2009). Signaling pathways from
cannabinoid receptor-1 activation to inhibition of N-methyl-D-aspartic
acid mediated calcium influx and neurotoxicity in dorsal root ganglion neu-
rons. Journal of Pharmacology and Experimental Therapeutics, 331(3),
1062–1070. doi: 10.1124/jpet.109.156216

Maccarrone, M., Fiori, A., Bari, M., Granata, F., Gasperi, V., De Stefano, M. E.,
… Strom, R. (2006). Regulation by cannabinoid receptors of anandamide
transport across the blood-brain barrier and through other endothelial

2198 Carmen F. M. van Hooijdonk et al.

https://doi.org/10.1017/S0033291724000291 Published online by Cambridge University Press

https://jnm.snmjournals.org/content/33/8/1472.long
https://jnm.snmjournals.org/content/33/8/1472.long
https://escholarship.org/uc/item/1345w4w8
https://escholarship.org/uc/item/1345w4w8
https://escholarship.org/uc/item/1345w4w8
https://doi.org/10.1017/S0033291724000291


cells. Thrombosis and Haemostasis, 95(1), 117–127. doi: 10.1160/
TH05-06-0413

Maejima, T., Hashimoto, K., Yoshida, T., Aiba, A., & Kano, M. (2001).
Presynaptic inhibition caused by retrograde signal from metabotropic glu-
tamate to cannabinoid receptors. Neuron, 31(3), 463–475. doi: 10.1016/
s0896-6273(01)00375-0

Marconi, A., Di Forti, M., Lewis, C. M., Murray, R. M., & Vassos, E. (2016).
Meta-analysis of the association between the level of cannabis use and
risk of psychosis. Schizophrenia Bulletin, 42(5), 1262–1269. doi: 10.1093/
schbul/sbw003

McGuire, P., Robson, P., Cubala, W. J., Vasile, D., Morrison, P. D., Barron, R.,
… Wright, S. (2018). Cannabidiol (CBD) as an adjunctive therapy in
schizophrenia: A multicenter randomized controlled trial. American
Journal of Psychiatry, 175(3), 225–231. doi: 10.1176/appi.ajp.2017.17030325

Mecha, M., Carrillo-Salinas, F. J., Feliú, A., Mestre, L., & Guaza, C. (2016).
Microglia activation states and cannabinoid system: Therapeutic implica-
tions. Pharmacology and Therapeutics, 166, 40–55. doi: 10.1016/
j.pharmthera.2016.06.011

Minichino, A., Senior, M., Brondino, N., Zhang, S. H., Godlewska, B. R.,
Burnet, P. W., … Lennox, B. R. (2019). Measuring disturbance of the endo-
cannabinoid system in psychosis: A systematic review and meta-analysis.
JAMA Psychiatry, 76(9), 914–923. doi: 10.1001/jamapsychiatry.2019.0970

Moghaddam, B., & Javitt, D. (2012). From revolution to evolution: The gluta-
mate hypothesis of schizophrenia and its implication for treatment.
Neuropsychopharmacology, 37(1), 4–15. doi: 10.1038/npp.2011.181

Mullins, P. G., McGonigle, D. J., O’Gorman, R. L., Puts, N. A., Vidyasagar, R.,
Evans, C. J., & Edden, R. A. (2014). Current practice in the use of
MEGA-PRESS spectroscopy for the detection of GABA. NeuroImage, 86,
43–52. doi: 10.1016/j.neuroimage.2012.12.004

Nordio, G., Easmin, R., Giacomel, A., Dipasquale, O., Martins, D., Williams,
S., … Veronese, M. (2022). Digital data repository and automatic analysis
framework for FDOPA PET neuroimaging. BioRxiv. Advance online publi-
cation. doi: 10.1101/2022.04.14.488129

Ohno-Shosaku, T., Shosaku, J., Tsubokawa, H., & Kano, M. (2002).
Cooperative endocannabinoid production by neuronal depolarization and
group I metabotropic glutamate receptor activation. European Journal of
Neuroscience, 15(6), 953–961. doi: 10.1046/j.1460-9568.2002.01929.x

Patlak, C. S., & Blasberg, R. G. (1985). Graphical evaluation of blood-to-brain
transfer constants from multiple-time uptake data. Journal of Cerebral Blood
Flow and Metabolism, 5(4), 584–590. doi: 10.1038/jcbfm.1983.1

Potvin, S., Kouassi, É, Lipp, O., Bouchard, R. H., Roy, M. A., Demers, M. F., …
Stip, E. (2008). Endogenous cannabinoids in patients with schizophrenia
and substance use disorder during quetiapine therapy. Journal of
Psychopharmacology, 22(3), 262–269. doi: 10.1177/0269881107083816

Provencher, S. W. (1993). Estimation of metabolite concentrations from loca-
lized in vivo proton NMR spectra. Magnetic Resonance in Medicine, 30(6),
672–679. doi: 10.1002/mrm.1910300604

Provencher, S. W. (2014). LCModel & LCMgui User’s Manual. LCModel
version 6. Retrieved from http://www.lcmodel.ca/pub/LCModel/manual/
manual.pdf

Reuter, A. R., Bumb, J. M., Mueller, J. K., Rohleder, C., Pahlisch, F., Hanke, F.,
… Schwarz, E. (2017). Association of anandamide with altered binocular
depth inversion illusion in schizophrenia. The World Journal of Biological
Psychiatry, 18(6), 483–488. doi: 10.1080/15622975.2016.1246750

Rodríguez-Muñoz, M., Sánchez-Blázquez, P., Callado, L. F., Meana, J. J., &
Garzón-Niño, J. (2017). Schizophrenia and depression, two poles of

endocannabinoid system deregulation. Translational Psychiatry, 7(12),
1291. doi: 10.1038/s41398-017-0029-y

Rothman, D. L., Petroff, O., Behar, K. L., & Mattson, R. H. (1993). Localized
1H NMR measurements of gamma-aminobutyric acid in human brain in
vivo. Proceedings of the National Academy of Sciences, 90(12), 5662–5666.
doi: 10.1073/pnas.90.12.5662

Sánchez-Blázquez, P., Rodríguez-Muñoz, M., Vicente-Sánchez, A., & Garzón,
J. (2013). Cannabinoid receptors couple to NMDA receptors to reduce the
production of NO and the mobilization of zinc induced by glutamate.
Antioxidants and Redox Signaling, 19(15), 1766–1782. doi: 10.1089/
ars.2012.5100

Sawle, G., Burn, D., Morrish, P., Lammertsma, A., Snow, B., Luthra, S., …
Brooks, D. J. (1994). The effect of entacapone (OR-611) on brain
[18F]-6-L-fluorodopa metabolism: Implications for levodopa therapy of
Parkinson’s disease. Neurology, 44(7), 1292–1297. doi: 10.1212/
wnl.44.7.1292

Schlicker, E., & Kathmann, M. (2001). Modulation of transmitter release via
presynaptic cannabinoid receptors. Trends in Pharmacological Sciences,
22(11), 565–572. doi: 10.1016/s0165-6147(00)01805-8

Sherif, M., Radhakrishnan, R., D’Souza, D. C., & Ranganathan, M. (2016).
Human laboratory studies on cannabinoids and psychosis. Biological
Psychiatry, 79(7), 526–538. doi: 10.1016/j.biopsych.2016.01.011

Sigel, E., Baur, R., Rácz, I., Marazzi, J., Smart, T. G., Zimmer, A., & Gertsch, J.
(2011). The major central endocannabinoid directly acts at GABA(A)
receptors. Proceedings of the National Academy of Sciences, 108(44),
18150–18155. doi: 10.1073/pnas.1113444108

Stella, N. (2010). Cannabinoid and cannabinoid-like receptors in microglia,
astrocytes, and astrocytomas. Glia, 58(9), 1017–1030. doi: 10.1002/
glia.20983

Stella, N., Schweitzer, P., & Piomelli, D. (1997). A second endogenous canna-
binoid that modulates long-term potentiation. Nature, 388(6644), 773–778.
doi: 10.1038/42015

Ter Smitten, M., Smeets, R., & Van den Brink, W. (1998). Composite inter-
national diagnostic interview (CIDI), version 2.1. Amsterdam: World
Health Organization.

Van Hooijdonk, C. F. M., van der Pluijm, M., Smith, C., Yaqub, M., van
Velden, F. H. P., Horga, G., … van de Giessen, E. (2023). Striatal dopamine
synthesis capacity and neuromelanin in the substantia nigra: A multimodal
imaging study in schizophrenia and healthy controls. Neuroscience Applied,
2, 101134. doi: 10.1016/j.nsa.2023.101134

Wang, J., Wang, S., & Zhang, H. (2021). Modulation of astrocytic glutamine
synthetase by endocannabinoid 2-arachidonoylglycerol in
JNK-independent pathway. Frontiers in Pain Research, 2, 682051. doi:
10.3389/fpain.2021.682051

Wang, S., Zhang, H., Geng, B., Xie, Q., Li, W., Deng, Y., … Wang, J. (2018).
2-arachidonyl glycerol modulates astrocytic glutamine synthetase via p38
and ERK1/2 pathways. Journal of Neuroinflammation, 15(1), 220. doi:
10.1186/s12974-018-1254-x

Watts, J. J., Guma, E., Chavez, S., Tyndale, R. F., Ross, R. A., Houle, S., …
Mizrahi, R. (2022). In vivo brain endocannabinoid metabolism is related
to hippocampus glutamate and structure–a multimodal imaging study
with PET, 1H-MRS, and MRI. Neuropsychopharmacology, 47(11), 1984–
1991. doi: 10.1186/s12974-018-1254-x

Wilson, R. I., & Nicoll, R. A. (2002). Endocannabinoid signaling in the
brain. Science (New York, N.Y.), 296(5568), 678–682. doi: 10.1126/science.
1063545

Psychological Medicine 2199

https://doi.org/10.1017/S0033291724000291 Published online by Cambridge University Press

http://www.lcmodel.ca/pub/LCModel/manual/manual.pdf
http://www.lcmodel.ca/pub/LCModel/manual/manual.pdf
http://www.lcmodel.ca/pub/LCModel/manual/manual.pdf
https://doi.org/10.1017/S0033291724000291

	Endocannabinoid levels in plasma and neurotransmitters in the brain: a preliminary report on patients with a psychotic disorder and healthy individuals
	Introduction
	Methods
	Participants and procedures
	Blood collection and analysis
	1H-MRS acquisition and pre-processing
	PET/CT acquisition and pre-processing
	Statistical analysis

	Results
	Sample characteristics
	Multiple linear regression analyses: anandamide
	Multiple linear regression analyses: 2-AG

	Discussion
	Conclusions
	Acknowledgements
	References


