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In vivo brain endocannabinoid metabolism is related to
hippocampus glutamate and structure – a multimodal
imaging study with PET, 1H-MRS, and MRI
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Dysregulation of hippocampus glutamatergic neurotransmission and reductions in hippocampal volume have been associated with
psychiatric disorders. The endocannabinoid system modulates glutamate neurotransmission and brain development, including
hippocampal remodeling. In humans, elevated levels of anandamide and lower activity of its catabolic enzyme fatty acid amide
hydrolase (FAAH) are associated with schizophrenia diagnosis and psychotic symptom severity, respectively
(Neuropsychopharmacol, 29(11), 2108–2114; Biol. Psychiatry 88 (9), 727–735). Although preclinical studies provide strong evidence
linking anandamide and FAAH to hippocampus neurotransmission and structure, these relationships remain poorly understood in
humans. We recruited young adults with and without psychotic disorders and measured FAAH activity, hippocampal glutamate and
glutamine (Glx), and hippocampal volume using [11C]CURB positron emission tomography (PET), proton magnetic resonance
spectroscopy (1H-MRS) and T1-weighted structural MRI, respectively. We hypothesized that higher FAAH activity would be
associated with greater hippocampus Glx and lower hippocampus volume, and that these effects would differ in patients with
psychotic disorders relative to healthy control participants. After attrition and quality control, a total of 37 participants (62% male)
completed [11C]CURB PET and 1H-MRS of the left hippocampus, and 45 (69% male) completed [11C]CURB PET and hippocampal
volumetry. Higher FAAH activity was associated with greater concentration of hippocampal Glx (F1,36.36= 9.17, p= 0.0045; Cohen’s
f= 0.30, medium effect size) and smaller hippocampal volume (F1,44.70= 5.94, p= 0.019, Cohen’s f= 0.26, medium effect size).
These effects did not differ between psychosis and healthy control groups (no group interaction). This multimodal imaging study
provides the first in vivo evidence linking hippocampal Glx and hippocampus volume with endocannabinoid metabolism in the
human brain.

Neuropsychopharmacology (2022) 47:1984–1991; https://doi.org/10.1038/s41386-022-01384-4

INTRODUCTION
The hippocampus plays critical roles in cognition and emotion,
and deviations from healthy structure and function are observed
in psychotic disorders, including elevated glutamate, increased
energy metabolism and reduced grey matter volume, with
pathology beginning at CA1 and spreading outwards with disease
progression [1]. Hippocampus neurotransmission and plasticity
are regulated by the endocannabinoid system, which also
contributes to hippocampus development [2–4] and neurogenesis
[5, 6]. In addition to regulating neuronal excitability and
presynaptic neurotransmitter release at most synapses in the
brain [7, 8], the endocannabinoid system has roles in brain
development, synaptic plasticity and neuronal survival [9].
The endocannabinoids anandamide and 2-AG act primarily

through activation of cannabinoid CB1 receptors [10], although

anandamide may also modulate hippocampus neurotransmission
through TRPV1 receptors [11, 12]. Endocannabinoid system
disturbances in schizophrenia include reduced in vivo CB1
receptor binding in the brain and elevated anandamide in blood
and cerebrospinal fluid [13, 14]. In the brain, anandamide (but not
2-AG) content was reduced in post-mortem hippocampus of
patients [15]. Anandamide tissue levels are governed primarily by
its catabolic enzyme fatty acid amide hydrolase (FAAH; [16]). In
vivo, brain FAAH activity was unaltered in psychosis patients [17],
however lower brain FAAH activity was associated with greater
positive psychotic symptom severity (delusions, hallucinations,
suspiciousness, unusual thought content; [17]).
Preclinical studies have established contributions of FAAH in the

development and maintenance of hippocampal neurons and
synapses, neuroplasticity and hippocampus-mediated behaviors
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[18–21] and modulation of hippocampal glutamate neurotrans-
mission at the synaptic and neuronal population levels [18, 22]. In
rodents, pharmacological inhibition or gene knockout of FAAH led
to increased BDNF and hippocampus cell proliferation [23–25],
supporting a plausible role of FAAH in hippocampus structure in
the adult brain. Further, FAAH overexpression led to elevated
excitatory and inhibitory neurotransmission [18], supporting a role
of FAAH activity in hippocampus glutamate neurotransmission. In
humans, the FAAH rs324420 (C385A) polymorphism affects the
expression levels of FAAH, carriers of the variant A-allele exhibiting
lower levels of FAAH protein [26]. Carriers of the FAAH A-allele
have been reported to exhibit altered activity in several brain
regions including the hippocampus, amygdala and ventromedial
prefrontal cortex [27–29].
Whereas evidence from preclinical studies has established a role

of the endocannabinoid system in hippocampal structure and
neurotransmission (11, 20; and as described above) no study to
date has explored this in living humans. Here, we measured brain
FAAH activity, hippocampal glutamate metabolites (glutamate
and glutamine, hereafter, Glx), and hippocampus volume in young
adults with and without psychotic disorders using positron
emission tomography (PET), proton magnetic resonance spectro-
scopy (1H-MRS) and structural magnetic resonance imaging (MRI).
In animals, elevated FAAH activity is associated with increased

excitatory neurotransmission [18] whereas reduced FAAH activity
(or increases in anandamide) is associated with elevated
hippocampus cell proliferation and BDNF [2, 23–25, 30, 31].
Therefore, in healthy control participants, we hypothesized that
higher FAAH activity would be associated with higher hippocam-
pus Glx and smaller hippocampus volume. In psychosis patients
there is strong evidence for elevated hippocampus Glx and lower
hippocampus volume [32, 33], therefore, we hypothesize that the
associations of FAAH with Glx and hippocampus volume will
differ in schizophrenia relative to observations in the healthy
control group.

MATERIALS AND METHODS
Participants
Details regarding study participants for each analysis ([11C]CURB and
hippocampus Glx & [11C]CURB and hippocampus volume), including
neuroimaging quality control and FAAH rs324420 genotyping are provided
in the results section and Supplementary Materials. Patients in the
psychotic spectrum met criteria for a DSM-IV psychotic disorder
(schizophrenia, schizophreniform disorder, delusional disorder, psychosis
not otherwise specified) as determined by the structured clinical interview
for DSM-IV (SCID) and confirmed by a trained psychiatrist (RM). Symptom
severity was rated using the Positive and Negative Syndrome Scale (PANSS;
[34]). Healthy control participants had no history of psychiatric illness
including substance abuse or dependence (except nicotine or caffeine) as
determined by the SCID and no history of psychotic disorders in first-
degree relatives. Drug use history was assessed by a semi-structured
interview and current use was tested using a urine drug screen.
Participants were excluded if they were pregnant, breastfeeding, or had
a medical illness or metal implants precluding MRI. Participant data
reported in this publication partially overlap with previously published
cohorts, including hippocampus 1H-MRS [35], hippocampal volume [36],
and [11C]CURB λk3 [17].
This study was approved by the Research Ethics Board at the Centre for

Addiction and Mental Health (CAMH). All participants provided written
informed consent after receiving a description of all study procedures. All
psychosis patients demonstrated capacity to provide informed consent as
assessed by MacCAT [37].

Positron emission tomography
PET scans were performed using a 3D brain high resolution research
tomograph (HRRT; CPS/Siemens, Knoxville, TN, USA), which measures
radioactivity in 207 slices with an interslice distance of 1.22 mm. To reduce
head movement, each participant was fitted with a custom thermoplastic
mask used with a head-fixation system. A transmission scan using a single

photon point source, 137Cs (t1/2= 30.2 years, Eγ= 662 keV), was acquired
to correct the emission data for the attenuation of the emission photons
through the head and support. Following a transmission scan, an
intravenous bolus of [11C]CURB (357 ± 28 MBq) was infused over 1 min at
a constant rate (Harvard Apparatus, Holliston, MA, USA) and dynamic PET
data were acquired in for the next 60min. Arterial samples were taken
continuously for the first 22.5 min after [11C]CURB injection with an
automatic blood sampling system (Model PBS-101, Veenstra Instruments,
The Netherlands). Manual samples were taken 3, 7, 12, 15, 20, 30, 45, and
60min after injection. Radioactivity in whole blood and plasma (1500 g,
5 min) was counted using a Packard Cobra II or Wizard *470 γ-counter
cross-calibrated with the PET system. Concentration of the parent
radioligand and its metabolites was determined in each manual sample
(except the one at 15min). Blood-to-plasma radioactivity ratios were fitted
using a biexponential function and parent plasma fraction using a Hill
function. A metabolite-corrected arterial plasma input function was
generated as previously described [38]. [11C]CURB binding was quantified
using the validated two-tissue-compartment model with irreversible
binding (2-TCMi). The validated outcome measure for [11C]CURB quanti-
fication is the composite parameter λk3, which is independent of blood
flow, and is proportional to the amount of [11C]CURB bound to FAAH. As
[11C]CURB binds to the active site of FAAH [39–41], [11C]CURB λk3 should
be proportional to the concentration of available FAAH active sites. Proton
density (PD)-weighted brain MR images required for the delineation of
each region of interest were obtained for each subject using a 3 T MR-750
scanner (General Electric Medical Systems). The creation of input functions
from blood data as well as the extraction of time-activity curves for each
region were performed using a validated and reproducible in-house
imaging pipeline [42].
The FAAH rs324420 genotype was determined using DNA samples from

blood and a Taqman SNP genotyping assay (probe: cat#C___1897306_10,
Life Technologies) as previously described [26].

1H-magnetic resonance spectroscopy
1H-MRS scans were performed at the CAMH Brain Health Imaging Centre
(Toronto, Canada) using a 3T General Electric Discovery MR750 scanner
(Milwaukee, WI, USA) equipped with an 8-channel head coil. Head
motion was minimized by positioning each subject at the center of the
head coil with soft restraint padding around the head and tape strapped
across the forehead. All participants underwent T1-weighted (t1w) MRI
scans (fast spoiled-gradient-echo 3-dimensional sagittal; FSPGR
sequence, TE= 3.0 ms, TR= 6.7 ms, TI= 650 ms, flip angle= 8°, FOV=
28 cm, acquisition matrix 256 × 256 matrix, slice thickness= 0.9 mm).
Single voxel 1H-MRS spectra were obtained using a standard GE Proton

Brain Examination (PROBE) sequence with point-resolved spectroscopy
(PRESS sequence, TE= 35ms, TR= 2000ms, number of excitations
NEX= 8, bandwidth= 5000 Hz, 4096 data points used, 256 water-
suppressed and 16 water-unsuppressed scans). Voxels (10 × 14 × 30mm3)
were carefully positioned on the left hippocampus (Fig. 1). The signal over
the voxel was shimmed to achieve a linewidth of 12 Hz or less, measured
from the unsuppressed water peak in the voxel.
MRS data were analyzed with LCModel version 6.3-0E [43], using a

standard basis set of metabolites at TE= 35ms. The basis set contained
L-alanine, aspartate, Cr, Cr methylene group, γ-aminobutyric acid, glucose,
glutamate, glutamine, glutathione, glycerophosphocholine, L-lactate, mI,
NAA, N-acetylaspartylglutamate, phosphocholine, phosphocreatine, scyllo-
inositol, and taurine, as well as the following lipids (Lip) and macro-
molecules (MM): Lip09, Lip13a, Lip13b, Lip20, MM09, MM12, MM14, MM17,
and MM20.
Spectral fits yielded relative quantification of metabolite concentration

levels. We then used the water-scaled metabolite results from LCmodel
and corrected for fraction of water in each compartment (grey matter,
white matter, and cerebrospinal fluid) as well as a relaxation term that
accounts for the T1 and T2 of the water in each compartment
(Supplementary Materials). Neurometabolite concentrations (including
Glx) were thus expressed in institutional units (IU) that could be compared
across individuals regardless of variations in the contribution of tissue
composition to the voxel signal.
All scans included in statistical analyses met 1H-MRS quality control

cutoffs (full-width at half-maximum (FWHM) ≤0.1, signal-to-noise ratio
(SNR) ≥10, Cramér-Rao lower bounds ≤20%), scans failing to meet QC
cutoffs or meeting other criteria for rejecting analyses described in the LC
Model manual [43] were removed from the analyses (detailed in Supple-
mentary Materials).
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Hippocampus volume
MRI image pre-processing and total brain volume extraction. T1w MR
images were converted to the MINC file format (https://www.mcgill.ca/bic/
software/minc) and preprocessed using the minc-bpipe-library pre-
processing pipeline from the CoBrA Laboratory tools (http://github.com/
CobraLab/minc-bpipe-library). First, a two-step whole-scan bias field
correction was applied using N4ITK [44]. Next, the image volume was
cropped to remove excess data around the head to improve subsequent
image processing steps. Finally, a brain mask computed using the BEaST
patch based segmentation technique was used to calculate total
intracranial volume (ICV; [45]).

Automatic segmentation of the hippocampus. Bilateral hippocampus
volumes were extracted from pre-processed T1w images using MAGeT
Brain, a multi-atlas segmentation algorithm [46, 47]. Briefly, five high-
resolution atlases onto which structures have been manually segmented
by anatomical experts [48] were used to label a set of 21 template scans,
stratified across the data. Standard model-based segmentation procedure
was performed using the ANTs algorithm for atlas-to-template nonlinear
registration [44]. All subjects were then registered to the 21 templates,
yielding 105 possible candidate segmentations; final segmentations were
decided by a voxel-voting procedure [49]. Following segmentation, a
quality control check was performed by visual inspection to ensure that
labels respected anatomical borders. Scans that failed to meet quality
control were removed from the analysis (Supplementary Materials).

Statistical analysis
Demographics were examined for group differences using independent-
sample t-tests or chi-square tests. Sex was included as a covariate in light
of the effect of sex on [11C]CURB λk3 [17] and on hippocampal glutamate
[50]. Age was included as a covariate in all analysis as age differed between
patient and control groups and has been associated with hippocampus Glx
[51] and hippocampal volume [52]. Two participants from the healthy
control group, and no participants from the psychosis group had the FAAH
rs324420 AA genotype (Supplementary Tables S1 and S2). As the AA
genotype is present only in one group, we have removed these
participants from the primary analysis. Inclusion of the AA participants in
the analysis did not have a meaningful impact on the outcomes of the
primary analysis or the conclusions of this investigation (Supplementary
Materials).
The present analysis includes a priori regions of interest consistent with

those described in our study comparing FAAH between patients with
psychotic disorders and healthy controls [17]; hippocampus, amygdala,
limbic striatum, associative striatum, sensorimotor striatum, medial

prefrontal cortex, anterior cingulate cortex and dorsolateral prefrontal
cortex. The relationship between [11C]CURB λk3 and Glx was tested using a
linear mixed effects model with [11C]CURB λk3 as the outcome measure,
participant ID as a random effect (including intercept), region of interest as
a repeated within-subject effect with a diagonal covariance structure, FAAH
rs324420 (C385A) genotype, sex, and diagnostic group as fixed factors, and
age as a covariate. For models testing hippocampal volume, total
intracranial volume was also included as a covariate. Analyses including
common sources of confounding as covariates (medications and tobacco
use) are presented after reporting results without these variables. Effect
sizes were calculated using sum of squares from SPSS version 25 and were
interpreted as follows: Cohen’s f= 0.1, small effect; Cohen’s f= 0.25,
medium effect; and Cohen’s f= 0.40, a large effect [17]. All statistical tests
were two-tailed, with α= 0.05. For all analyses, interaction terms that were
not significant were removed from the model. A significant main effect in
the mixed-model — in the absence of a significant interaction with region
of interest — indicates that the main effect is controlled for all regions
studied.

RESULTS
Sample characteristics
Demographics and sample characteristics of the sample used in
the FAAH and 1H-MRS analysis are presented in table 1.
Demographics and sample characteristics for the FAAH and
hippocampal structure analysis are presented in supplementary
table S1. For both analyses the psychosis group was older than
the healthy control group. For the FAAH and 1H-MRS analysis the
psychosis group contained fewer female participants than
the healthy control group. For the FAAH and hippocampus
structure analysis only, the psychosis group had more smokers
than the healthy control group. All participants tested negative for
alcohol and drugs of abuse through urine toxicology. Although
groups differed in total injected radioactivity (MBq), as expected
MBq did not exert a significant effect on [11C]CURB λk3
(F1,36.37= 0.097, p= .76; model controlled for all regions of
interest, FAAH genotype, sex, and group) [53].
In line with results reported for overlapping samples [17, 35, 36],

patients and healthy control participants did not differ with
respect to [11C]CURB λk3 (F1,36.41= 1.04, p= 0.31; controlling for 8
regions of interest, FAAH rs324420 genotype, and sex), Glx
(F1,33= 0.00, p= 0.99; controlling for age and sex), or

Fig. 1 Hippocampus voxel placement and 1H-MRS spectrum. A Hippocampus voxel placement, and B 1H-MRS spectrum (LC model output)
for an individual participant included in the present analysis.
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hippocampus volume (F1,40= 0.63, p= 0.80; controlling for age,
sex, and total intracranial volume).

FAAH is associated with hippocampal Glx
Higher FAAH activity was associated with greater hippocampal Glx
concentration (Fig. 2; F1,36.36= 9.17, p= 0.0045; Cohen’s f= 0.30,
medium effect size, controlling for the eight regions sampled:
hippocampus, amygdala, LST, AST, SMST, mPFC, ACC, DLPFC). This
effect did not differ significantly by group (F1,36.32= 0.73, p= 0.40)
or brain region (F1,55.57= 1.82, p= 0.102).
The relationship between FAAH activity and hippocampal Glx

remained significant when controlling for antipsychotic use
(F1,36.39= 9.45, p= 0.0040) or antidepressant use (F1,36.39= 9.31,
p= 0.0042). Similarly, the effect remained significant if excluding
smokers (n= 2; F1,34.43= 8.77, p= 0.0055) or those taking
benzodiazepines (n= 2; F1,34.57= 9.10, p= 0.0048) or stimulants
(n= 2; F1,34.31= 7.72, p= 0.0088).

FAAH is associated with hippocampus structure
Higher FAAH activity was associated with smaller hippocampal
volume (Fig. 3; F1,44.70= 5.94, p= 0.019, Cohen’s f= 0.26, medium
effect size; controlling for the eight regions sampled). This effect
did not differ significantly by group (F1,44.73= 2.73, p= 0.11) or
brain region (F7,80.09= 0.49, p= 0.84). This effect remained
significant when controlling for antipsychotic use (F1,44.71= 5.76,
p= 0.021) or antidepressant use (F1,44.68= 5.93, p= 0.019). Simi-
larly, the effect remained significant if excluding smokers (n= 4;
F1,40.71= 5.73, p= 0.021), those taking benzodiazepines (n= 2;
F1,42.77= 6.71, p= 0.013) or stimulants (n= 3; F1,41.75= 6.39,
p= 0.015).

DISCUSSION
Here we report that higher brain FAAH activity is associated with
higher levels of hippocampal Glx and smaller hippocampal
volume. Further, these effects did not differ significantly between

young adults with and without psychotic disorders (no interac-
tion). To our knowledge, links between brain FAAH activity, Glx,
and brain structure have not previously been examined in vivo in
humans.
The observation that higher FAAH activity was associated with

higher Glx in the hippocampus is not without precedent.
Preclinical data demonstrate that overexpression of FAAH in
hippocampus led to elevated spontaneous glutamatergic and
GABAergic neurotransmission [18]. Further support for links
between the endocannabinoid and glutamate systems in the
human brain comes from a report linking hippocampal cannabi-
noid CB1 receptors with Glx concentrations in the anterior
cingulate cortex [54]. Future studies combining molecular
neuroimaging with challenges to FAAH or glutamate may provide
insight into a causative mechanism underlying these effects [55].
The finding that higher brain FAAH activity was associated with

smaller hippocampal volume is supported by other studies in this
field. The endocannabinoid system is involved in growth and
development of the hippocampus through numerous mechanisms
including interaction with neurotransmitters and neurotrophins
[56, 57]. In older adults, lower hippocampal volume was associated
with lower plasma levels of FAAH substrates [58]. In rodents,
knockout of FAAH increased hippocampal progenitor cell pro-
liferation [2] and elevating anandamide levels protected against
stress-induced suppression of cell proliferation [31]. Further,
increases of anandamide were implicated in exercise-induced
increases in hippocampal cell proliferation [30]. Likewise, treatment
with a FAAH inhibitor was associated with increased hippocampus
BDNF and hippocampal cell proliferation in rodent models of
depression or neuropathic pain [23–25]. These reports linking the
endocannabinoid system with hippocampal cell proliferation in
rodents support a potential link between the endocannabinoid
system and hippocampal structure in humans [59].
There are several strengths to the design and methodology of

the present study. Most patients were untreated, with only 3
patients in each analysis treated with antipsychotics at therapeutic

Table 1. Sample characteristics and clinical measures for [11C]CURB and 1H-MRS analysis (n or mean ± SD).

Healthy control Psychotic disorder F/chia p

n 19 18

Age (years) 21.7 ± 1.6 24.8 ± 6.0 4.84 0.034

BMI 24.5 ± 4.6 24.1 ± 5.0 0.31 0.58

Years of education 14.7 ± 1.7 15.0 ± 1.8 0.053 0.82

male/female 8/11 15/3 6.68 0.01

Handedness (right/left) 18/1 15/3 1.25 0.26

Tobacco non-smoker/smoker 19/0 16/2 — 0.23b

Medications & clinical profile

Antidepressant — 7

Benzodiazepine — 2

Stimulant — 2

Antipsychotics (AP): AP-free/AP-treated/sub-therapeutic — 11/3/4

Mean antipsychotic dose (chlorpromazine-equivalent mg)2

Therapeutic dose (n= 3) — 521 ± 335

Sub-therapeutic dosec (n= 4) — 59 ± 20

PANSS Total Score — 58.2 ± 11.7

Diagnosis (SZ/SF/SA/DD/NOS) — 11/4/1/1/1

BMI body mass index, AP antipsychotic, CPZ chlorpromazine, PANSS positive and negative syndrome scale, SZ schizophrenia, SF schizophreniform disorder, SA
schizoaffective disorder, DD delusional disorder, NOS psychosis not otherwise specified.
aMean dose for those taking antipsychotics; chlorpromazine equivalent doses calculated per Andreasen et al. 2010 [53].
bFisher’s exact test.
cSub-therapeutic defined as doses below the equivalent starting dose of chlorpromazine (~200mg/day).
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doses. Most patients were within 30 months of psychosis onset
(mean: 20.7 ± 25.7 months; median 10 months) and had minimal
exposure to antipsychotic medications, minimizing possible
confounds related to past and ongoing exposure to antipsychotic
medications.
Hippocampal FAAH activity was measured with the gold

standard of PET methodology, using a metabolite-corrected
arterial plasma input function and the validated [11C]CURB λk3,
which has been demonstrated to be highly selective for FAAH [60]
and is sensitive to changes in brain FAAH activity [26]. All
participants completing [11C]CURB PET scans were genotyped for
the FAAH rs324420 polymorphism, known to affect FAAH protein
levels [26]. Hippocampus 1H-MRS conducted using a standard
short-TE PRESS sequence was subjected to rigorous quality control
and metabolite values were corrected for the T1 and T2 of water in

each tissue type contained within the voxel for each subject
(Supplementary Materials).
The findings of this study should be interpreted in the context of

several limitations. Using standard 1H-MRS sequences at 3T it is
difficult to reliably estimate glutamine due to spectral overlap with
glutamate [61], therefore we utilized the composite outcome
measure Glx, which has been reported to be elevated in psychosis-
spectrum populations [62]. Studies at higher field strength or
making use of acquisitions that have been optimized for
estimating glutamine concentration could help to clarify whether
FAAH activity is differently associated with glutamate or glutamine,
or whether associations between FAAH activity and glutamine
(rather than Glx) differ between patients and controls [62, 63].
Hippocampus volume as measured in the present study, did

not differ significantly between groups (Supplementary Material).
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Patients in the present study had first-episode psychosis, with
most participants within 10 months of diagnosis. Although
reduced hippocampus volume have been reported in first-
episode and chronic schizophrenia [64], reduced hippocampus
volume is associated with longer duration of untreated psychosis
[65, 66]. Similarly, the finding of elevated hippocampus Glx is most
robust in samples of patients with chronic schizophrenia [62], and
has also been associated with longer duration of untreated
psychosis (e.g., >12 months; 66). Characteristics of the sample in
the present study – first-episode psychosis and short duration of
untreated psychosis – may have contributed to the lack of group
differences observed on both metrics. Therefore, a study of
patients with chronic schizophrenia exhibiting elevated hippo-
campus Glx and reduced hippocampus volume could provide
greater insight into how FAAH may be related to altered

hippocampus structure and glutamate in psychotic disorders
[67, 68].
Individual differences in hippocampal volume could have affected

the time-activity-curves (TACs) for [11C]CURB by the partial volume
effect. However, it is expected that lower volume would produce
reductions in the TAC and the λk3 – the opposite of what was
observed in this analysis. Therefore, partial volume effects on [11C]
CURB λk3 cannot explain the current findings.
Finally, the patient sample included only three female patients

(five for hippocampal volume analysis). Preclinical studies have
identified important contributions of sex to the functions of FAAH
and anandamide in modulating hippocampal activity [20, 69].
Therefore, studies with larger numbers of female patients are
necessary to determine whether the present findings generalize to
female patients with psychotic disorders.
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Taken together, results from this study provide evidence that
links between the endocannabinoid system and hippocampus
neurotransmission and structure that have been previously
observed in animals, are conserved in humans.
By combining [11C]CURB PET, 1H-MRS and structural MRI, the

present study provides the first in vivo evidence in humans linking
the brain endocannabinoid system with hippocampal glutamate
metabolites and hippocampal volume. Across brain regions,
higher FAAH activity was associated with higher glutamate
metabolite concentrations and smaller hippocampal volumes in
young adults.
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