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cases, endocannabinoids seem to have a protective role,
which, in certain diseases, can become ‘too much of a
good thing’. In view of the parallels that exist between
many experimental models and the corresponding con-
ditions seen in clinical studies, this conclusion opens the
way to the therapeutic use of substances that, depending
on the type of disorder, either prolong the half-life of
endocannabinoids or prevent their formation or action
(see below).

‘Endocannabinoid enzymes’ as drug targets
If the endocannabinoid system is involved in pathological
states, then cannabinoid CB1 and CB2 receptors —
which, however, recent evidence suggests are not the
sole molecular targets for the endocannabinoids15 —
can certainly be considered as new targets for drug
development. Furthermore, in view of the findings dis-
cussed in the previous section, attempts to pharmaco-
logically manipulate endocannabinoid levels might also
result in novel pharmaceuticals. Hence, an understand-
ing of how these molecules are made, and how cells
regulate their levels under physiological and pathological
conditions, has been recognized as a high priority in
cannabinoid research.

Most of the pathways and enzymes for the biosynthe-
sis and degradation of endocannabinoids have now been
identified (BOX 1; TABLE 1) and have been extensively
reviewed16,17,79. Both anandamide and 2-AG are pro-
duced by the hydrolysis of precursors that derive from
phospholipid remodelling (FIG. 4)80–83. The hydrolysis of
the phosphodiester bond of N-arachidonoylphos-
phatidylethanolamine, a minor component of animal
membranes, yields anandamide in one step. The enzyme
that catalyses this reaction, which was identified in the
1980s84 but remained uncharacterized until only a few
months ago, is N-acylphosphatidylethanolamine-
selective phospholipase D (NAPE-PLD) (BOX 1)85.
NAPE-PLD, a member of the zinc-metallo-hydrolase
family of enzymes of the β-lactamase fold, is chemically
and enzymatically distinct from other PLD enzymes, and
is almost equally efficacious with most NAPEs as sub-
strates. It is therefore responsible for the formation of
other biologically active N-acylethanolamines (NAEs),
such as the C16:0, C18:0 and C18:1 congeners. This
basic information on the structural and enzymatic
properties of NAPE-PLD should soon result in the
development of selective inhibitors of the enzyme. The
NAPE precursors for anandamide and NAEs are, in
turn, produced from the action of an as yet uncharac-
terized trans-acylase enzyme, which catalyses the
transfer of an acyl group from the sn-1 position of
phospholipids to the nitrogen atom of phosphatidyl-
ethanolamine in a Ca2+-sensitive manner 86,87.

2-AG is obtained from the hydrolysis of sn-1-acyl-2-
arachidonoyl-glycerols (DAGs) through the action of
two sn-1-selective-diacylglycerol lipases (DAGL-α and
DAGL-β), which have been recently cloned and charac-
terized (FIG. 4; BOX 1)88. These two isoforms seem to be
members of the serine lipase (Ser-lipase) family,
because they contain the typical lipase-3 and Ser-lipase
signature sequences. Within this latter domain, two

associated with, and possibly a causative factor of,
human acute myeloid leukaemias78.

In summary, it can be concluded from these ANALYTI-

CAL STUDIES ON ENDOCANNABINOIDS and cannabinoid recep-
tors that altered endocannabinoid signalling accompa-
nies several disorders. Such changes in signalling
sometimes represent an attempt to counteract a patho-
logical process, and in other instances are one of the
causative factors underlying the disease or its symptoms.
Although it is premature to view endocannabinoids as
markers of pathological states, a general conclusion from
the studies carried out in the past decade is that, in most
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Figure 4 | Anabolic and catabolic pathways of endocannabinoids and their most likely
subcellular localization. Hydrolytic enzymes are involved in both the biosynthesis of
endocannabinoids (ECs) and in their inactivation (BOX 1). The enzymes for 2-arachidonoylglycerol
(2-AG) biosynthesis, the phospholipases C (PLC)82,83 and the sn-1-selective diacylglycerol
lipases (DAGLs)88 seem to be mostly localized on the plasma membrane. The DAGLs, in
particular, are located on postsynaptic neurons in the adult nervous system88, whereas the
monoacylglycerol lipase (MAGL) for 2-AG inactivation is localized in presynaptic neurons110, which
supports a possible role as retrograde messenger at presynaptic CB1 receptors for this
compound157. The anandamide biosynthetic enzymes N-acyltransferase (NAT)84 and 
N-acylphosphatidyl-ethanolamine-specific phospholipase D (NAPE-PLD)85 and the inactivating
enzyme fatty acid amide hydrolase (FAAH)104 are all located on intracellular membranes. FAAH
seems to be most abundant on neurons postsynaptic to CB1 receptors158, indicating that
anandamide acts principally on these neurons. However, whether NAT and NAPE-PLD are pre- or
postsynaptic is not known. Finally, an as yet uncharacterised ENDOCANNABINOID MEMBRANE

TRANSPORTER (EMT) seems to facilitate both endocannabinoid release and re-uptake80,94–97, and
might be localized on both pre- and postsynaptic neurons. NArPE, N-arachidonoyl-
phosphatidyl-ethanolamine.

ENDOCANNABINOID

MEMBRANE TRANSPORTER(S)

Putative and elusive membrane
protein(s) that has (have) been
postulated to be capable of
binding selectively to the
endocannabinoids and to
facilitate their transport across
the plasma membrane according
to concentration gradients .
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Joanne Cameron’s “World without Pain”: 
the coinheritance of two FAAH mutations

Photograph by Kamila Lozinska for The New Yorker



ECS Enzyme Inhibitors : Inspired By The Medicinal 
Properties Of Cannabis 

J. Med. Chem. 2017, 60, 1, 4–46



Development of CNS Disorders Drugs: Can PET help?
PET CAN SUPPORT: KEY DECISIONS 

1. Providing proof of concept (proof of 

biology) CNS imaging in humans

2. Detect and measure expression of 

molecular target

3. Measure and track drug engagement 

with molecular target (Target 

occupancy relationship) and 

4. Establish evidence of treatment 

response

REQUIREMENTS FOR SUCCESSFUL 
NEW TREATMENTS:

1. The disease / condition must be 
well understood 

2. A molecular target linked with 
the disease process must be 
identified

3. Develop synthetically feasible, 

stable, drug-like molecule (desired 

potency, selectivity, PK / PD and 

toxicity properties).

4. Advance to IND-enabling studies 

and Phase 1-III



Baseline [11C]CURB PF-04457845 (4 mg)

[11C]CURB: PET Tracer for Fatty Acid Amide Hydrolase 



Objective

To use brain PET imaging of FAAH with [11C]CURB to gain a 
better understanding of whether endocannabinoid 
metabolism in humans relates to:

◦ Psychiatric illnesses (substance use disorders, PTSD and 
anxiety disorder)

◦ Risk phenotypes



FAAH C385A polymorphism: loss-of-function mutation

8

A functional non-synonymous missense mutation à ↑ sensitivity to proteolytic degradation 

Position 129

Cytosine Adenosine

(Sipe et al., 2002; Chiang et al. 2004)

FAAH expression and activity in human peripheral blood T-lymphocytes.
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BRIEF COMMUNICATION

The fatty acid amide hydrolase C385A variant affects
brain binding of the positron emission tomography tracer
[11C]CURB
Isabelle Boileau1,2,3,4,5,6, Rachel F Tyndale3,5,7, Belinda Williams1,2,3,4, Esmaeil Mansouri1,2,3,4, Duncan J Westwood1,2,3,4,6,
Bernard Le Foll3,5,6,7, Pablo M Rusjan4,5, Romina Mizrahi3,4,5,6, Vincenzo De Luca3,5,6, Qian Zhou7, Alan A Wilson3,4, Sylvain Houle3,4,
Stephen J Kish2,3,4,5,6,7 and Junchao Tong2,3,4,5

The common functional single-nucleotide polymorphism (rs324420, C385A) of the endocannabinoid inactivating enzyme fatty acid
amide hydrolase (FAAH) has been associated with anxiety disorder relevant phenotype and risk for addictions. Here, we tested
whether the FAAH polymorphism affects in vivo binding of the FAAH positron emission tomography (PET) probe [11C]CURB
([11C-carbonyl]-6-hydroxy-[1,10-biphenyl]-3-yl cyclohexylcarbamate (URB694)). Participants (n= 24) completed one [11C]CURB/PET
scan and were genotyped for rs324420. Relative to C/C (58%), A-allele carriers (42%) had 23% lower [11C]CURB binding (λk3) in brain.
We report evidence that the genetic variant rs324420 in FAAH is associated with measurable differences in brain FAAH binding as
per PET [11C]CURB measurement.

Journal of Cerebral Blood Flow & Metabolism (2015) 35, 1237–1240; doi:10.1038/jcbfm.2015.119; published online 3 June 2015

Keywords: [11C]CURB; fatty acid amide hydrolase; FAAH polymorphism (rs324420, C385A); positron emission tomography

INTRODUCTION
Endogenous cannabinoids (endocannabinoids) are lipid neuro-
transmitters primarily known for ‘mimicking’ the effects of
cannabis on cannabinoid receptors (CB1); their critical roles in
modulating human behaviors and physiologic processes, as well
as their highly valued anxiolytic, analgesic, and anti-inflammatory
properties, are increasingly being recognized (and investigated for
therapeutic applications). Fatty acid amide hydrolase (FAAH) is a
single-pass membrane protein of 579 amino acids and the primary
catabolic enzfyme for the major endocannabinoid N-arachidonoy-
lethanolamine (anandamide) and other fatty acid amides includ-
ing N-palmitoylethanolamine and N-oleoylethanolamine and as
such is a key regulator of endocannabinoid tone/signalling
(evidenced by mice lacking FAAH, FAAH− /− ) and is implicated
in a number of human behaviors and has been a major target for
drug development.1–3

A single-nucleotide polymorphism in the human FAAH gene has
been associated with increased risk for addictions.4 This single-
nucleotide polymorphism involves a transversion that changes a
cytosine to an adenine (C385A) in the FAAH gene and results in
the conversion of a conserved proline residue at amino-acid
position 129 to threonine (P129T). Studies using T-lymphocytes
from human peripheral blood,5 transfected COS-7 cells,4,5 and
FAAH knock-in mice3 to investigate the functional consequence of

the variant enzyme indicate that relative to the wild-type variant,
the variant FAAH has markedly reduced FAAH protein expression
and steady-state activity, due to a posttranslational mecha-
nism that precedes the productive folding of the enzyme. As a
result those homozygous for the A allele have elevated plasma
N-arachidonoylethanolamine (and related N-acylethanolamides)
levels.3,6 Approximately 38% of individuals of European descent
have one or more copies of the variant form of the enzyme
(AC and AA genotypes).4

Genetic association studies have thus far shown that the
enzyme variant that leads to a reduced expression and func-
tionality of FAAH; i.e., higher N-arachidonoylethanolamine
(N-palmitoylethanolamine and N-oleoylethanolamine), is asso-
ciated, in Caucasian individuals, with higher rates of cannabis
sampling, higher reward reactivity (in functional magnetic
resonance imaging task)7 and trait impulsiveness, but lower risk
of development of substance use disorder diagnosis (reduced
drug-craving, withdrawal symptoms and self-reported drug liking
in cannabis and methamphetamine users) as well as lower
anxiety-relevant traits (lower amygdala reactivity to threat during
functional magnetic resonance imaging task and self-reported
anxiety).1–3,8

We recently developed [11C]CURB ([11C-carbonyl]-6-hydroxy-
[1,10-biphenyl]-3-yl cyclohexylcarbamate (URB694)) the first

1Addiction Imaging Research Group, Centre for Addiction and Mental Health, Toronto, Ontario, Canada; 2Human Brain Lab, Centre for Addiction and Mental Health, Toronto,
Ontario, Canada; 3Campbell Family Mental Health Research Institute, Centre for Addiction and Mental Health, Toronto, Ontario, Canada; 4Research Imaging Centre, Centre for
Addiction and Mental Health, Toronto, Ontario, Canada; 5Department of Psychiatry, University of Toronto, Toronto, Ontario, Canada; 6Institute of Medical Sciences, University of
Toronto, Toronto, Ontario, Canada and 7Department of Pharmacology and Toxicology, University of Toronto, Toronto, Ontario, Canada. Correspondence: Dr I Boileau, Addiction
Imaging Research Group, Centre for Addiction and Mental Health, 250 College Street (PET centre), Toronto, Ontario M5T 1R8, Canada.
E-mail: isabelle.boileau@camh.ca
This study was supported in part by Canada Foundation for Innovation, the Ontario Ministry of Research and Innovation (SH), The National Institute of Health and National
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Evidence that a SNP affecting FAAH 
(FAAH C385A) is functional in brain .



FAAH C385A Behavioral phenotype: Human 
AVOIDANCE BEHAVIOR

↓Trait Anxiety

↓Amygdala response to threat

↑FC in amygdala fear circuits

↓Withdrawal symptoms in CUD

↓Negative effects for heavy 
drinking

REWARD / APPROACH BEHAVIOR

↑ Trait Impulsivity

↑ Drug and alcohol use

↑ Obesity

↑ Ventral striatum response to 
reward

↑ Rate of SUD (sedative drugs)

↑ Problematic drinking in AUD 
and in AUD risk

10



↓Fear avoidance

↑ Pain threshold

↑FC in amygdala fear circuits

↑ Alcohol intake

↓Acute effects of alcohol

11

FAAH KO & C385A KI Behavioral phenotype: Mice 



Is FAAH elevated in “fear” related conditions (PSTD and 
Social anxiety) and associated with ”fear” circuits ?



FAAH is negatively associated with 
amygdala functional connectivity  in HC (N = 31)

• FAAH affects amygdala circuitry involved in fear and emotion processing
• Drug that inhibit FAAH may regulate this circuit know to be abnormally functioning in 

PTSD, anxiety and mood disorder.
Green et al. 2020, JNP



FAAH is positively associated with amygdala reactivity to threat in HC (N = 28)

• Higher FAAH levels is 
associated with amygdala 
hyper reactivity  to threat

• FAAH inhibitors may decrease 
hyper-reactivity to threat



FAAH inhibitor PF-04457845 

• ↑levels of AEA (10 fold) 

• ↓fear learning (startle)

• ↓autonomic stress reactivity (EDR)

• ↓ stress-induced affective responses (facial EMG) 

• FAAH inhibition = ↓  response to fear and anxiogenic 
effects of stress.



Cross-sectional study design



FAAH is marginally elevated in Social Anxiety (N = 12 SAD vs 34 HC) 



FAAH is NOT elevated in PTSD (N = 16 PTSD vs 29 HC)



Summary
• Multimodal imaging data in HC are in line with models 

suggesting that up regulated FAAH may contribute to 
abnormal fronto-amygdala circuit function.

• These findings support use of FAAH inhibitors in disorders in 
which abnormalities in these circuits are suspected.

• Our finding in SAD support the view that upregulated FAAH 
may contribute to the pathology

• Our findings in PTSD are not in line with “imperfect” animal 
models of PTSD in which differences in timeline or acute state 
may explain discrepant findings 



Is FAAH lower  in substance use disorders?
Testing the hypothesis that SUD would be associated with of lower levels of FAAH



FAAH Inhibitors as a Substitution Therapy in CUD(?)



FAAH is lower in CUD in early abstinence and 
correlated with THC metabolites

Heavier more recent use of 
cannabis ↓ FAAH

HC CUD



Alcohol-induced changes in brain FAAH levels in 
preclinical studies and clinical investigations of AUD

FAAH KO/KI ↑ DRINKING AND AUD SEVERITY FAAH IN PMB – INCONSISTENT FINDINGS 



FAAH is lower in AUD in early abstinence and 
correlated with drinks a week (N = 14 AUD vs 25 HC)

Best et al. 2020 NPP



Low FAAH may be transient 

Best et al. 2020 NPP



FAAH substrates are elevated in AUD in early abstinence

Best et al. 2020 NPP



Brain FAAH is marginally lower in people that relapse

Best et al. 2020 NPP



Impaired FAAH function : Phenotype for high alcohol 
intake  and potential vulnerability factor

Hansson 2007



Do FAAH levels vary with risk for AUD?

Family history

Self-reported  effects of alcohol 
during alcohol infusion

HRV during alcohol infusion

Best et al. unpublished



FAAH in brain marginally related to  AUDIT Scores and 
drinks/week

Best et al. unpublished



FAAH polymorphism related to higher AUDIT scores in 
heavy drinking youth



Low FAAH: Less negative Effects  of Heavy Drinking

Best et al. unpublished



Low FAAH related to low HRV during alcohol infusion



Summary
oFAAH levels are lower in CUD and related to heavier use /  
could mask withdrawal

oFAAH levels  are  transiently lower / peripheral AEA is 
higher in recently-abstinent subjects with AUD compared to 
controls and related to heavier recent alcohol use and 
relapse

oFamily history of AUD is not related to brain levels of FAAH
o Low FAAH is associated with greater rates of drinking 
(AUDIT), decreased self-reported negative effects of alcohol 
and lower HRV during alcohol infusion.
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7%
p = 
0.47

4%
p = 
0.18

-2%
p = 
0.58

Lower FAAH (C385A) is associated with D3 receptor in mice and men

Mansouri et al. 2020, NPP



Lower FAAH (C385A) is associated with D3 receptor in mice and men

Mansouri et al. 2020, NPP
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Conclusion
oLow FAAH and increased endocannabinoid tone may be 
related to motivation to use drugs  or increased tolerance

oWhether low FAAH is an acute compensatory response or 
an inherited or acquired biological vulnerability is not 
known

oThe exact mechanism linking low FAAH with more drinking 
or greater tolerance is not know but may involve decreased 
GABA / increased mesolimbic dopamine signaling

oLongitudinal studies comparing FAAH vs. clinical symptoms 
should help in understanding whether FAAH might 
represent a useful therapeutic target.
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