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ARTICLE
D3 dopamine receptors and a missense mutation of

fatty acid amide hydrolase linked 1n mouse and men:
implication for addiction

Esmaeil Mansouri '3, José N. Nobrega?*>®7, Matthew N. Hill®, Rachel F. Tyndale*>*®, Francis S. Lee®'®"", Christian S. Hendershot*>”,
Laura M. Best(®'?, Patricia Di Ciano*®'*'3, Georgia Balsevich®, Mathew E. Sloan(®'*, Stephen J. Kish>*>%'>'> junchao Tong"*'>¢,
Bernard Le Foll>*#>61217 and Isabelle Boileau'**>1

The endocannabinoid and dopaminergic systems have independently been implicated in substance use disorder and obesity. We
investigated a potential interaction between genetically inherited variation in fatty acid amide hydrolase (FAAH, C385A), which
metabolizes the cannabis-like endocannabinoid anandamide, and dopaminergic system, measured by dopamine receptor levels
and mRNA. Binding of the dopamine D3 preferring probe [C-11]-(+)-PHNO was measured with positron emission tomography (PET)
in 79 human subjects genotyped for the FAAH C385A polymorphism (36/79 AC + AA). Autoradiography with [H-3]-(+)-PHNO and
in situ hybridization with a D3-specific S-35 riboprobe were carried out in 30 knock-in mice with the FAAH C385A polymorphism
(20/30 AC + AA). We found that the FAAH genetic variant C385A was associated with significantly higher (4)-PHNO binding in both
humans and in knock-in mice, and this effect was restricted to D3 selective brain regions (limbic striatum, globus pallidus, and
ventral pallidum (9-14%; p < 0.04) in humans and Islands of Calleja (28%; p = 0.036) in mice). In situ hybridization with a D3-specific
S-35 riboprobe in FAAH knock-in C385A mice confirmed significantly increased D3 receptor mRNA across examined regions (7-44%;
p < 0.02). The association of reduced FAAH function with higher dopamine D3 receptors in human and mouse brain provide a
mechanistic link between two brain systems that have been implicated in addiction-risk. This may explain the greater vulnerability
for addiction and obesity in individuals with C385A genetic variant and by extension, suggest that a D3 antagonism strategy in
substance use disorders should consider FAAH C385A polymorphism.

Neuropsychopharmacology (2020) 45:745-752; https://doi.org/10.1038/s41386-019-0580-8

INTRODUCTION tuning synaptic transmission, which can influence behaviors,

Endogenous cannabinoids a.k.a. endocannabinoids (anandamide
or N-arachidonoylethanolamine [1] and 2-arachidonoylglycerol or
2-AG [2, 3]) are lipid-based modulators of brain circuits, including
the mesolimbic and corticostriatal dopamine pathways involved in
reward, salience processing, and motivated behaviors [4]. These
lipid transmitters are synthesized in postsynaptic neurons and act
on brain circuits (including on the dopamine system) in a
retrograde manner, to moderate their activity through interactions
with cannabinoid receptors (CB1 and CB2). Their action is then
terminated by two major enzymes: monoacylglycerol lipase [5] for
2-AG and fatty acid amide hydrolase (FAAH) for anandamide.
Modulating FAAH enzymatic activity represents a mean of fine-

including those relevant to addiction. As such, FAAH inhibitors
have been proposed as a treatment strategy for multiple
conditions, including substance use disorders and obesity.

Lower FAAH levels can be inherited through a genetic
polymorphism prevalent in ~38% of individuals of European
descents [6]. This genetic polymorphism in FAAH involves the
conversion of cytosine to adenosine (C385A) associated with a
change in amino acid sequence at position 129 from proline to
threonine (P129T). Both animal [7, 8] and human studies [6, 9]
have shown that relative to CC homozygotes, individuals with
C385A variant have markedly lower FAAH levels and consequen-
tially higher anandamide [10].
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This polymorphism has been linked with alcohol and drug
abuse, as well as with obesity [6, 8, 10-14], though there are some
conflicting findings [15-17]. Studies in healthy individuals have
also shown that individuals with the FAAH C385A polymorphism
have behavioral phenotypes considered risk factors for addiction,
including higher reward-reactivity, impulsiveness, and higher rates
of drug and alcohol use [17-19]. These human genetic studies
align with preclinical investigations, which have generally shown
that increasing CB1 receptor signaling, either directly using CB1
receptor agonists or partial agonist (e.g., by WIN 55,212-2, D°-
tetrahydrocannabinol (THC), anandamide, or 2-AG) or indirectly
(e.g., by decreasing FAAH levels genetically or with FAAH
inhibitors), leads to increased pursuit of drug and non-drug-
related reward [20-23]. Consistent with these findings, decreasing
CB1 receptor activity, using CB1 antagonists (SR141716A) or CB1
gene knockout animals [24], decreases motivation to seek drug
and non-drug-related reward [25-27].

Functional interactions between the endocannabinoid and the
dopaminergic systems are believed to contribute to the reported
increase in reward sensitivity and presumably to the elevated risk
for addictions [4, 28]. The dopamine system, particularly the
mesolimbic striato-cortical circuits play a critical role in compulsive
drug use. Using electrophysiology and microdialysis, it has been
shown that CB1 stimulation (with CB1 agonists (WIN 55, AM-356,
JWH-018), partial agonist (THC), FAAH inhibitors (URB597) and
exogenously administered anandamide, 2-AG and anandamide +
URB597) increases firing activity and synaptic dopamine levels
[29], and as such may promote drug seeking behavior.

Currently, despite parallel involvement of the endocannabinoid
and dopamine system in addiction-related behavioral phenotypes,
it is not clear whether differences in endocannabinoid metabolism
by FAAH affect components of the dopaminergic system in
animals or in humans. As reduced FAAH has been associated with
behaviors that often involve the dopaminergic system, it is
important to understand whether inherent variability in this
enzyme is related to differences in dopaminergic system
components. Currently, there has only been one in vivo study in
humans, which explored the effect of the FAAH genetic
polymorphism on dopaminergic receptor status [30]. This study
did not show an association between the D2-preferring PET
radioligand [C-11]-raclopride and FAAH C385A polymorphism [30].
There is converging evidence that the dopamine D3 receptor is
critically involved in the development and maintenance of
addiction. The D3 dopamine receptor has been shown to be
upregulated in preclinical models of substance use disorder [31]
and in human psychostimulant users (both port-mortem human
brain and in vivo) [31] and it has been related to addiction-
relevant phenotypes (e.g. risky decision making, impulsivity).
Altogether these data have raised interest in developing D3
antagonism for addiction treatment. There have been no studies
investigating the dopamine D3 receptor in FAAH C385A carriers.

PET [C-11]-(+)-PHNO enables investigating D2 and D3 receptors
in the living human brain [32]. Its in vivo binding in humans can
be interpreted in a region-dependent manner whereby D3 vs. D2
receptor binding is, by rank order, found in substantia nigra (SN,
100% D3 selective), ventral pallidum (VP, 75% D3 selective),
globus pallidus (GP, 65% D3 selective). In the limbic ventral
striatum (LST) [C-11]-(+)-PHNO binding is mixed with 26% of its
signal selective for the D3 receptor [33]. In contrast, [C-11]-
(+)-PHNO binding in the sensory motor striatum (SMST) and
associative striatum (AST) is solely attributed to D2 receptor
binding [33]. Studies with D2 and D3 receptor knockout rodents
have also shown that the autoradiographic binding of [H-3]-
(+)-PHNO can be interpreted in a region-dependent manner
whereby the binding in VP (anterior)/Islands of Calleja is exclusively
attributed to D3 receptor [34]. On the other hand, the [H-3]-
(+)-PHNO binding outside this D3-rich region in rodents is
associated with D2 receptor binding [34].
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In this exploratory study, a translational research approach was
used to investigate the effect of FAAH C385A genetic polymorph-
ism on (+)-PHNO radioligand binding in healthy human subjects
and in FAAH C385A knock-in mice. Given the finding that D2
receptor levels are not affected by FAAH C385A [30] and the
converging evidence that D3 receptor upregulation is linked with
addiction-relevant phenotypes, we tentatively hypothesize that
D3 but not D2 receptor binding would be elevated in FAAH C385A.

MATERIALS AND METHODS

Human subjects

All procedures were approved by the Center for Addiction and
Mental Health Research Ethics Board and were conducted
according to the principles expressed in the Declaration of
Helsinki. Subjects were recruited from the local community in
Toronto, Canada using Internet advertisements to participate in a
single-PET scan study with [C-11]-(+)-PHNO. After provision of
written informed consent, subjects completed a comprehensive
medical/screening interview to rule out past or present significant
medical conditions, neurologic illnesses or head trauma, Axis |
psychiatric disorders (As per Diagnostic and Statistical Manual of
Mental Disorders, fourth revision (DSM-IV) Axis | disorders [35]),
magnetic resonance imaging (MRI) and PET contraindication, use
of medication that may affect the central nervous system, or
positive drug screening for drugs of abuse at screening and scan
day.

Image acquisition and reconstruction

PET scanning was performed using either a high-resolution head-
dedicated PET camera system (CTl PET Systems-High Resolution
Research Tomography (CPS-HRRT), Siemens Medical Imaging,
Knoxville, TN) or a Siemens-Biograph HiRez XVI (Siemens
Molecular Imaging, Knoxville, TN, USA) PET/CT camera system
reported in Table 1. The radiosynthesis of [C-11]-(+)-PHNO and
acquisition of PET images have been detailed elsewhere (Wilson
et al. [32]) and included in the Supplementary Information
accompanying this article.

Region of interest (ROI)-based analysis

ROI delineation and time activity curve analyses were performed
using ROMI [36]. ROI-based analysis has been described elsewhere
[37] and included in the Supplementary Information accompany-
ing this article.

Human FAAH genotyping

The FAAH genotype (rs324420C > A) was determined using the
Tagman SNP genotyping assay set performed on a ViiA7 thermal
cycler (Life Technologies, Burlington, Ontario, Canada) with appro-
priate controls. Briefly 5 ul of 2x GTXpress Master mix (cat#4401892,
Life Technologies) is mixed with 10 ng of DNA and the 40 X probe
(cat#C_1897306_10, Life Technologies) in a final volume of 10 pl
and run for 50 cycles of 95°C for 1s and 60 °C for 20s.

Generation of FAAH C385A mice

All animal protocols were approved by the Canadian Council for
Animal Care and the standards of the Animal Ethics Committee at
our Institution. The introduction of C385A mutation in mice has
been described in a previous publication [8]. Genetic analysis was
done before and after sacrifice to confirm FAAH C385A genetic
polymorphism.

In vitro [H-3]-(+)-PHNO autoradiography

Preparation of [H-3]-(+)-PHNO and autoradiography of brain
tissue have been described in previous publications [34, 38].
Briefly, 30 mice genotyped for C385A genetic polymorphism (10
CC, 10 AC, 10 AA) were sacrificed by decapitation and brains were
quickly removed and frozen on dry ice. Brain tissues were then
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Ethnicity (White, Hispanic, Asian, Black, American Indian,
South Asian, Egyptian, Mixed), n

Body mass index (kg/mz), mean + s.d. (range) 27 £5 (23-36)
Cigarette smokers, n 3

1,3100,00,0

Current alcohol use/week, mean + s.d. (range) 2.90 +£4.22 (0-10)
HRRT vs. PET/CT, n 50

Mass injected (ug), mean *s.d. 7.83+£1.42
Corrected activity (mCi), mean * s.d. 883 + 205
Specific activity (mCi/pmol), mean + s.d. 221+0.13

Table 1. Demographic characteristics of subjects.

AA AA +AC CC homozygotes p-value

(n=5) (n=31) (n=36) (n=43) (AA + AC vs. CO)?
Age, mean +s.d. (range) 43+ 14 (21-56) 42+12 (21-71) 42+12 (21-71) 38+ 14 (20-70) 0.20
Gender (M, F) 2,3 20, 11 22, 14 27,16 (> =0.022)° 0.83

24,0,1,2,0,2,2,0

25+4 (19-34) 25 + 4 (19-36) 25 +3 (19-31) 0.38

13 8 (*=2632)° 0.11
0.98 + 1.95 (0-8) 1254239 (0-10)  1.28+2.39 (0-12) 0.95
19, 12 24,12 22,21 (@ =2.415)° 0.12
9.00+1.36 8.84+1.41 9.07 £0.96 0.40
1097 +321 1067 +314 1079 +312 0.86
214031 2154029 2.19+031 0.56

25,3,2,2,0,2,0,2 301,621,210 (X=6888)° 044

2Group comparisons were done between CC (n =43) vs. AA + AC (n = 36)

There were no significant differences between AA and AC groups in any of the parameters presented here

PComparisons of proportions were carried out using Chi-Square tests between CC (n =43) vs. AA + AC (n = 36)

stored at —80 °C until cryostat sectioning. Twenty-micron coronal
sections were cut at —18 to —20°C in a Leica cryostat and
mounted onto Superfrost-plus Fisher slides. [H-3]-(+)-PHNO
incubation (2nM); was performed in buffer containing 50 mM
Tris-HCl, 1 mM EDTA, 1.5mM CaCl, 4 mM MgC12, 120 mM Nadl,
pH =7.4. After 2 h of incubation at room temperature, sections
were washed in the appropriate buffer (2 x 5 min at 4 °C followed
by a quick dip in ice cold distilled water) and left to dry at room
temperature for 1 h. Slides were then exposed to Kodak Biomax
film for 6 weeks in the presence of calibrated standards (American
Radiolabeled Chemicals, St. Louis, MO).

Densitometric film analyses were performed with an MCID Basic
system (InterFocus Imaging, Linton, Cambridge, UK) and
expressed as pCi/gram of tissue by reference to a standard curve
generated from the 3H-calibrated standards. Brain ROls, as listed in
Fig. 2, were defined according to the Franklin and Paxinos atlas
[39]. Film analyses were performed without awareness of group
membership. Note, the in vitro [H-3]-(+)-PHNO binding in VP
(anterior)/Islands of Calleja is exclusively attributed to D3 receptor,
whereas [H-3]-(+)-PHNO binding outside this region is associated
with D2 receptor binding [34].

D3R in situ hybridization

In situ hybridization of DA D3 messenger RNA (mRNA) was
performed on cryostat sections adjacent to the ones used for [H-
3]-(+)-PHNO autoradiography.

Following recent protocols (e.g., Creed, Hamani, & Nobrega
2012), slides were thawed and prehybridized at room tempera-
ture. Sections were fixed in 4% paraformaldehyde for 5 min, rinsed
in 1x PBS (2 x 5 min), treated with 0.1 M triethanolamine for 5 min,
acetylated in 0.1 M triethanolamine containing 0.25% acetic
anhydride for 10 min, and rinsed in 2x SSC. The slides were then
dehydrated in graded ethanol, defatted in 100% chloroform,
rehydrated, and air dried.

Hybridization of slide mounted brain sections was performed
with [**S]-UTP labeled riboprobes generated by in vitro transcrip-
tion using the Maxiscript kit (Ambion), and a PCR product primed
by a mouse D3 receptor mRNA sequence (Genbank #
NM_007877.2, bases 429-448 and 999-980). The probe was
diluted to a concentration of 18,000 com/ul in hybridization
solution containing 50% formamide, 35% Denhardts, 10% dextran
sulfate, 0.1x SSC, salmon sperm DNA (300 pg/ml), yeast tRNA (100
pug/ml), and DTT (40 uM). Slides were incubated overnight at 60 °C.
After hybridization, sections were rinsed with agitation using
decreasing concentrations of SSC containing 25 g/ml sodium
thiosulfate. Slides were then rinsed 2 x 20 min in 4x SSC at 60 °C,
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treated in an RNase A solution (0.5 M NaCl, 1 uM EDTA, 10 uM Tris-
HCl, and RNase A 20 pg/ml) at 45 °C for 40 min, followed by 2 X
24 min in 2x SSC at room temperature, 2 X 24 min in 0.5x SSC at
60 °C, 24 min in 0.1x SSC at 60 °C, and 24 min in 0.1x SSC at room
temperature for 24 min. Sections were then rinsed in milliQ water
for 10s, dehydrated in 70% ethanol for 10s and air dried. The
slides were then exposed to Kodak BioMax film at 4 °C for 1 week.

In situ hybridization signals on film were quantified using MCID
Basic 7.0 image analyses software without awareness of group
membership of the samples. Densitometric data were expressed
as nCi/gram of tissue by reference to a standard curve generated
from calibrated standards exposed on the same films. The same
ROIs (listed in Fig. 2c) from the in vitro [H-3]-(+)-PHNO
autoradiography study were investigated for D3 mRNA expression.

Statistical approch

Regional (+)-PHNO binding (from both PET and autoradiography)
were analyzed using general linear model (IBM SPSS Statistics 24
(Armonk, New York, USA). PET [C-11]-(4)-PHNO binding regional
differences between CC vs. AA+ AC was investigated with
repeated measure analysis of variance (RM-ANOVA; 2 Groups x 6
ROIs). Owing to limited number of subjects with the AA genotype
(n=15), this group was pooled with AC subjects (n = 31) for the
statistical analysis (n=36). Autoradiography and in situ results
were analyzed with univariate between-subject analysis. Sphericity
was corrected using the Greenhouse-Geisser method when
required. Post-hoc least significant difference pairwise compar-
isons were used to dissect significant interactions. Significance
levels were set at 0.05.

RESULTS

Higher [C-11]-(+)-PHNO binding in C385A human subjects
[C-11]-(+)-PHNO data for these cases have been published as part
of previous studies [40-46]. All healthy control subjects from
previous studies who consented to pooled analysis and for whom
PET and genotype data were available, were entered in the
current study.

Human subjects’ demographic information is reported in
Table 1. A total of 79 healthy volunteers with FAAH genotype
and brain imaging data were included in this study. All subjects
were genotyped for the FAAH C385A single-nucleotide poly-
morphism (SNP). Forty-three volunteers had the FAAH CC
genotype and 36 had one or two copies of the A allele (31 AC
and 5 AA). Subjects had no history of drug abuse or psychiatric
disorders (as per Diagnostic and Statistical Manual of Mental
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Fig. 1 [C-11]-(+)-PHNO binding in individuals with the CC (n =43, white circles), AC (n =31, gray circles), and AA (n =5, gray circles)

allele variant of the rs324420 FAAH single-nucleotide polymorphism. Removal of data from three outlier subjects with [C-11]-(4+)-PHNO
non-displaceable binding potential values in VP two standard deviations above the mean (arrows point to the three outliers), did not change
our findings (two genotype groups x ROI interaction: F(5, 360) = 2.87, p = 0.015; genotype group effect: F(1, 72) = 9.66, p = 0.003). Individuals
with the AA genotype (n=5) did not significantly differ from ACs. Asterisk indicates significant differences in [C-11]-(4+)-PHNO non-
displaceable binding potential between AA 4+ AC and CC genotype groups. SN substantia nigra, AST associative striatum, LST ventral limbic
striatum, SMST sensory motor striatum, GP globus pallidus VP ventral pallidum.

Disorders, fourth revision (DSM-IV) Axis | disorder (First et al. [35])),
did not self-report use of drugs of abuse in the 30 days prior to
scanning, and tested negative for drugs of abuse on screening day
as well as before their PET scan. A total of 21 subjects reported
smoking cigarettes; 13 subjects with the A-variant (3 AAs and 10
ACs) and 8 with CC genotype (Table 1). There were no significant
differences between the genotype groups in terms of age, body
mass index, alcohol intake status, smoking status, [C-11]-(+)-PHNO
scan parameters, and scanner type (HRRT vs. PET-CT) (Table 1).

A RM-ANOVA (2 genotype groups x 6 ROIs [SN, VP, GP, LST, AST,
SMST]) indicated a significant effect of group (genotypes CC vs.
AA + AC) on [C-11]-(+)-PHNO binding (F(1, 77) = 5.172, p = 0.026)
and a significant ROl by genotype group interaction (F(2.48,
190.93) = 2.940, p =0.044). Further RM-ANCOVA (2 genotype
groups x 6 ROIs [SN, VP, GP, LST, AST, SMST]) with smoking status
and type of PET scanning as covariates indicated a significant
effect of group (genotypes CC vs. AA + AC) on [C-11]-(+)-PHNO
binding (F(1, 75) = 7.27, p = 0.009, overall Cohen’s d =0.71) and a
significant ROl by genotype group interaction (F(2.32, 174.24) =
2.60, p=0.025). The between-group differences indicated an
overall higher [C-11]-(+)-PHNO binding in the AA 4+ AC group
relative to CC group, with the greatest magnitude of effect in VP
(14%, p = 0.04, Cohen’s d = 0.48), GP (11%, p =0.03, Cohen’s d =
0.49), and LST (9%, p=0.01, Cohen’s d=0.59) (Fig. 1); non-
significant differences were observed in the remaining D2-rich
ROIs (—2 to 4%; p>0.18) and SN (7%, p = 0.47). Results do not
survive Bonferroni correction for multiple comparisons. Subjects
with AA genotype (n = 5) did not significantly differ from ACs (p >
0.05) in any ROls.

Higher in vitro [H-3]-(+)-PHNO binding in C385A knock-in mice

A total of 30 adult mice (10 AA, 10 AC, and 10 CC, 15 M, and 15 F)
were used to investigate the autoradiographic binding of [H-3]-
(+)-PHNO [34]. In order to replicate the human analyses in the
mouse model, data from the mice with AA and AC genotypes
were combined together. An univariate analysis (AA 4+ AC vs. CC)

SPRINGERNATURE

showed significantly higher binding (28%, F(1, 29) =4.874, p =
0.036, Cohen’s d=1.94) of [H-3]-(4)-PHNO in D3-rich VP (ante-
rior)/Islands of Calleja in C385A knock-in mice (Fig. 2a). We found
no differences in other brain regions sampled (see Fig. 2a),
including D2-rich ROIs (magnitude: —5 to 28% p >0.2). [H-3]-
(+)-PHNO binding in substantia nigra compacta (SNC) (p = 0.99)
did not differ between the genotypes, although in the mouse
brain the binding in this region is not attributed to D3 binding
[34]. There were no significant differences between AA vs. AC
FAAH genotype groups.

Higher D3 mRNA levels in in C385A knock-in mice
Subsequently, to further investigate the higher levels of D3
receptors in AA+ AC group, in situ hybridization with a D3-
specific [S-35] riboprobe was carried out in the same mouse brains
used for [H-3]-(+)-PHNO autoradiography (adjacent sections). A
univariate analysis (AA + AC vs. CC) revealed significantly higher
D3 mRNA levels in nucleus accumbens (core) (7%, F(1, 29) = 6.274,
p =0.018, Cohen’s d =0.94), nucleus accumbens (shell) (8%, F(1,
29) =10.584, p=0.003, Cohen’s d=1.18), VP/Islands of Calleja
(30%, F(1, 29) = 24.829, p = 0.00003, Cohen’s d = 1.94), and Islands
of Calleja (major) (44%, F(1, 29) = 18.546, p = 0.0002, Cohen’s d =
1.56) in FAAH knock-in AA + AC genotype mice (Fig. 2b, ),
suggesting that increase in [H-3]-(+)-PHNO binding in C385A mice
were indeed related to upregulated D3 receptors. We did not find
any significant differences in D3 mRNA levels between AC and AA
FAAH genotypes. D3 mRNA levels in the remaining D2 ROIs
(olfactory tubercle, caudate-putamen (anterior pole), and lateral
striatal stripe) did not show any significant differences (magni-
tude: 4-11%, p > 0.1) between the two groups (AA + AC vs. CQ)
(Fig. 2b, ).

DISCUSSION
To our knowledge this is the first study to suggest an elevation of
dopamine D3 receptors in healthy human volunteers and knock-in

Neuropsychopharmacology (2020) 45:745 - 752
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Fig. 2 [H-3]-(+)-PHNO binding and D3 mRNA levels in mice. a Comparison of mouse [H-3]-(+)-PHNO binding between CC genotypes (n =

10, white circles), AC (n = 10, gray circles), and AA (n = 10, black circles) rs324420 FAAH genotypes (AA and AC genotype groups are combined
together). b Comparison of D3 mRNA levels in CC (n = 10, white circles), AC (n = 10, gray circles), and AA (n = 10, black circles) rs324420 FAAH
genotypes. In situ hybridization was performed with a S-35-labeled probe (AA and AC genotype groups are combined together). ¢ D3 mRNA
autoradiographic images from in situ hybridization with D3-specific S-35 riboprobe from mice with CC, AC, and AA rs324420 FAAH genotypes,
respectively. Asterisk indicates significant differences in [H-3]-(4+)-PHNO binding or D3 mRNA levels between the two rs324420 FAAH genotype
groups (CC vs. AA + AQ). There were no significant differences between AA and AC groups. NAcc-C nucleus accumbens Core, NAcc-Sh nucleus
accumbens shell, VP/I Call ventral pallidum (anterior)/Islands of Calleja, VP/MPOA ventral palidum (medial)/medial preoptic area, ICj-M Islands
of Calleja (major), OIf Tub olfactory tubercle, CPu-DM Caudate-putamen (dorsomedial), CPu-DL Caudate-putamen (dorsolateral), CPu-VL
Caudate-putamen (ventrolateral), CPu-Lat band Caudate-putamen (exterior lateral band), SNC Substantia nigra compacta, VTA ventral
tegmental area, CPu-A Caudate-putamen (anterior pole), Lat Str stripe lateral striatal stripe.

mice with reduced FAAH function. We found that individuals with
the A-variant (AC 4+ AA), which we have previously shown to have
lower brain binding of the FAAH PET probe [C-11]CURB (see
Boileau et al. [9]), have significantly higher PET [C-11]-(+)-PHNO
binding specifically in D3-rich brain regions, including the LST, GP,
and VP in human; with no differences in SN and D2-specific striatal
regions. Despite some [C-11]-(+)-PHNO D2 receptor binding in GP,
VP, and LST, our finding in human, which was robustly replicated
using [H-3]-(+)-PHNO binding and D3 receptor mRNA in FAAH
C385A knock-in mice, may reflect selective D3 but not D2 receptor
upregulation. This is in-line with a previous report of no
differences in D2 receptor levels between the two FAAH
genotypes as measured by the non-specific dopamine D2
receptor probe [C-11]-raclopride [30].

The D3 receptor differs from the D2 (and D1) in terms of
transduction system, pharmacology, and importantly brain
localization selective to the ventral striatum, Islands of Calleja,
septum, and nucleus basalis [47]. The D3 dopamine receptor
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became a main focus of research in the addiction field because of
this selective anatomical distribution in brain, which overlaps with
key neurocircuits that underlie processes believed to be aberrant
in addiction (e.g., motivation, inhibitory control, emotion, and
learning) [47]. Interestingly preclinical and neuroimaging studies
in humans have also suggested that, unlike the D2 receptor, which
is downregulated in addiction, the D3 receptor is paradoxically
upregulated in addiction to stimulants (Boileau et al. [44] and
Payer et al. [48]) and is related to addiction behavioral
phenotypes.

The exact mechanisms potentially leading to a selective D3
upregulation in humans and mice with the FAAH C385A variant
are currently unknown. Upregulation of the D3 receptor in the
striatum has been shown to be dependent on dopamine
stimulation of the D1/5 receptor and release of the brain derived
neurotrophic factor (BDNF) from corticostriatal neurons [49]. One
possibility is that having inherently lower FAAH results in higher
levels of brain anandamide and/or other FAAH substrates (i.e.,
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oleylethanolamide (OEA), palmitylethanolamide (PEA)), which may
elevate mesolimbic dopamine (through CB1 and / or transient
receptor potential vanilloid receptor 1 (TRPV1) or peroxisome-
proliferator activated receptor (PPAR)-a routes), leading to greater
activation of D1/5 receptors (and greater BDNF release). There are
currently no studies to support this as basic investigations of
dopamine system status in FAAH knockout mice at baseline have
not been conducted.

Acute exogenous administration of intravenous anandamide or
methanandamide [28, 50], OEA, and PEA [51], as well as
administration of a FAAH inhibitor (URB597), which elevate
anandamide (as well as OEA and PEA), increases dopamine
dialysates [51, 52], and nicotine-induced dopamine release in
some [53] though not all studies [54]. Evidence for increased
dopamine cell firing and extracellular dopamine levels also comes
from studies of CB1 stimulation by exogenous cannabinoids such
as THC and its analogs (e.g., WIN55212-2) [29]. Indeed, autoradio-
graphic studies with [H-3]-(+)-PHNO in rodents, undergoing
chronic THC exposure have shown an upregulation of D3
receptors in nucleus accumbens and ventral pallidum [55, 56].

Finally, given that BDNF is required to increase expression of D3
receptors, one could speculate that deficiencies in FAAH (or
increases in FAAH substrates) may be associated with increases in
BDNF. Indeed, some studies have also shown that stimulation of
the CB1 receptor (for example by THC) and inhibition of FAAH
induced the release of neurotrophins such as BDNF [57-60].
Furthermore, PPAR-a agonists (PEA, Gemfibrozil, WY-14643, and
Fenofibrate) have been shown to restore BDNF signaling in animal
models of chronic unpredictable mild stress and autism spectrum
disorders [61-64]. Studies of D3 receptor expression and BDNF
should be carried out in knock-in mice with the FAAH C385A
variant similar to the human genetic variant.

We did not find a significant difference in [C-11]-(+)-PHNO
binding between the two groups in SN, the brain region that
reflects exclusive [C-11]-(+)-PHNO to D3 binding in the human.
This could be explained, in part, by the fact that more than half of
our PET scans (45 out of 79 scans) were done on PET/CT camera
system, which generates a lower resolution signal and “noisier”
measurements compared to HRRT scans. Nonetheless statistical
analyses of the HRRT subgroup, which may be underpowered, did
not yield any significant differences in SN. Another possibility is
that D3 upregulation may not occur in dopamine cell body of
healthy controls with the FAAH C385A variant. Although our PET
studies in methamphetamine and cocaine users have shown
increased [C-11]-(+)-PHNO binding in SN (and to a lesser extend in
VP and GP) [44, 48]; upregulation of D3 binding in animals
exposed to dopamine elevating drugs has not in fact been
reported in SN [31], raising the possibility that increases in [C-11]-
(+)-PHNO binding in SN of stimulant users may be driven by low
levels of DA [31]. The regional D3 “upregulation” in the current
study also differs from the pattern observed in stimulant
addiction, in that an elevation in [C-11]-(+)-PHNO binding in LST
is observed in the current study. Failure to find an elevation in [C-
11]-(+)-PHNO binding in LST in stimulant users may be due to
competing decreases in D2 receptor levels [31].

This study is not without limitations. For one we did not obtain
MRNA levels for the D2 receptor for comparison and therefore
cannot entirely rule out the possibility that an elevation in D2
receptor in mixed D2/3 regions (e.g., LST) could contribute to the
findings. It is however unlikely that the elevation in (+)-PHNO
binding in both mouse and human results from increased D2
receptors based on the regional pattern of the effect, in which no
differences in D2 selective regions were found. In this regard both
[C-11]-(+)-PHNO occupancy study as well as knockout studies in
animal have shown that the regions in which (+)-PHNO is
elevated in the mouse study, are selective for D3. Secondly,
despite the fact that the study was conducted in a large sample of
well-characterized healthy controls, the sample is still considered
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small for a genetic polymorphism investigation and the differ-
ences in [C-11]-(+)-PHNO binding observed were relatively small
given the high test-retest variability in these regions (~ 20%) [65].
Furthermore, this study was a retrospective study conducted on
two scanners over a long period of time (2005-2017). We were not
able to amass behavioral information of traits relevant to
addiction. Future studies will have to investigate whether low-
FAAH and high-D3 dopamine may be related to behavioral
constructs such as cognitive and motor impulsivity and reward
sensitivity, which have been linked to dopamine and FAAH
independently.

Previous studies found age-dependent adaptive changes in
endocannabinoid metabolism in mice and rats [66, 67]. Although
not significant, the AC + AA human group was on average older
than CC FAAH genotype group. However, the inclusion of age as a
covariate in the analysis did not change the presented outcome.
Even though, we did not find an effect of gender between the
genotype groups, previous studies have shown sex-linked
endocannabinoid system differences in rodents [68, 69]. This
could be related to the limited power in our samples, although in
our own studies with PET radioligand [C-11]CURB, we did not find
any significant sex-linked differences (unpublished data).

In conclusion, we report that a common FAAH genetic
polymorphism selectively affects dopamine D3 receptor levels.
These results may implicate a dopaminergic (upregulated D3)
mechanism in elevated risk for addiction and obesity in individuals
with the FAAH C385A variant.
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