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Anandamide and 2-arachidonoylglycerol are neuromodulatory lipids interacting with cannabinoid receptors, whose availability
is regulated by the balance between ‘on demand’ generation and enzymatic degradation [by fatty acid amide hydrolase
(FAAH)/monoacylglycerol lipase]. Given the reported effects of anandamide on dopamine transmission, we investigated the
influence of endocannabinoids and URB597, a well-known FAAH inhibitor, on the expression of tyrosine hydroxylase (TH), the

rate-limiting enzyme in dopamine synthesis.

EXPERIMENTAL APPROACH

We investigated TH expression in N1E115 neuroblastoma using a reporter gene assay, as well as mRNA and protein
quantifications. FAAH inhibition was confirmed by measuring radiolabelled substrate hydrolysis and endogenous

endocannabinoids.

KEY RESULTS

Anandamide decreased TH promoter activity in NT1E115 cells through CB; receptor activation. Unexpectedly, URB597 reduced
TH expression (pECso = 8.7 £ 0.2) through FAAH-independent mechanisms. Indeed, four structurally unrelated inhibitors of
FAAH had no influence on TH expression, although all the inhibitors increased endocannabinoid levels. At variance with the
endocannabinoid responses, the use of selective antagonists indicated that the URB597-mediated decrease in TH expression
was not directed by the CB; receptor, but rather by abnormal-cannabidiol-sensitive receptors and PPARs. Further supporting
the physiological relevance of these in vitro data, URB597 administration resulted in reduced TH mRNA levels in mice brain.

CONCLUSIONS

While confirming the implication of endocannabinoids on the modulation of TH, we provide strong evidence for additional
physiologically relevant off-target effects of URB597. In light of the numerous preclinical studies involving URB597, particularly
in anxiety and depression, the existence of non-CB; and non-FAAH mediated influences of URB597 on key enzymes of the
catecholaminergic transmission system should be taken into account when interpreting the data.
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Abbreviations

URB597 modulates TH expression

Abn-CBD, abnormal-cannabidiol; AEA, anandamide; CBD, cannabidiol; FAAH, fatty acid amide hydrolase; MAGL,
monoacylglycerol lipase; MEK, MAP kinase kinase; NAE, N-acylethanolamine; OEA, N-oleoylethanolamine; PEA
N-palmitoylethanolamine; SEA, N-stearoylethanolamine; TGZ, troglitazone; TH, tyrosine hydroxylase; TRPV1,

ligand-gated ion channel vanilloid receptor 1

Introduction

Endocannabinoids are bioactive lipids that are emerging
as important modulators of synaptic transmission. The
modulation of catecholaminergic (both dopaminergic and
noradrenergic) neuron activity by the endocannabinoid
system is thought to be involved in numerous behavioural
functions, including addiction and rewarding processes (Mal-
donado et al.,, 2006), motor and cognitive functions (Hao
et al., 2000; Marinelli et al., 2003), as well as emotional
processing (Gobbi et al., 2005; Rubino et al., 2008) and sleep
pattern (Murillo-Rodriguez et al., 2007). Further supporting
the crosstalk between endocannabinoid and dopamine
systems, anandamide (AEA), the first identified endocannabi-
noid (Devane et al., 1992), was reported to cause a reduction
in dopamine levels and/or release in the nigrostriatal
pathway (Romero et al., 1995b; Cadogan et al., 1997; de Lago
et al., 2004). In contrast, in prefrontal cortex (Romero et al.,
1995a), hypothalamus, hippocampus (Hao etal., 2000)
and nucleus accumbens (Solinas etal., 2006), enhanced
dopamine concentrations have been associated with AEA
administration.

These somehow conflicting in vivo data probably reflect
intricate mechanisms involved in the regulation of dopamin-
ergic neurotransmission. Indeed, it is generally assumed that
the modifications of catecholaminergic neuronal circuits
mediated by CB; cannabinoid receptors involve transient
depression of excitatory or inhibitory synaptic transmission
(Cadogan etal.,, 1997; Gerdeman and Lovinger, 2001;
Huang et al., 2001; Kreitzer and Malenka, 2007). However,
other results indicate that the endocannabinoid-mediated
dopamine release is not elicited by a disinhibitory mechanism
(Cachope etal., 2007). Besides, the cannabinoid receptor
ligand A’-tetrahydrocannabinol was previously reported to
modulate the activity of tyrosine hydroxylase (TH), the main
enzyme involved in catecholamine biosynthesis (Bonnin
et al., 1993; Gonzalez et al., 2005). Similarly, studies have also
found a cannabinoid-mediated regulation of TH gene expres-
sion in a neuroblastoma cell line (Bosier et al., 2007), as well as
in vivo after chronic treatment with the synthetic agonist WIN
55212-2 (Page etal., 2007), suggesting that cannabinoid
receptors and endocannabinoids may also control critical
neuronal functions through a delayed and more persistent
control of catecholamine brain level/transmission.

To strengthen this hypothesis, it would be interesting to
demonstrate a similar regulation of TH expression by the
cannabinoid receptor’s endogenous ligands, that is, the endo-
cannabinoids. Because in biological systems, endocannabi-
noid effects are tightly regulated by their degradation,
predominantly by fatty acid amide hydrolase (FAAH) and
monoacylglycerol lipase (MAGL) (Muccioli, 2010), an alter-
native way to investigate their functions is by inhibiting
these hydrolysing enzymes. Among drugs eliciting such an

inhibition, URB597 is a prime candidate as it elevates AEA
levels in the rat and mouse brain (Kathuria et al., 2003; Tarzia
et al., 2003) and magnifies its action through a selective
blockade of FAAH activity (Fegley et al., 2005).

Given the reported effects of AEA on TH activity (Romero
etal.,, 1995b), we herein investigated the influence of
endocannabinoids and URB597 on TH gene expression.
Corroborating our previous study (Bosier et al., 2007), the
endocannabinoids AEA and 2-arachidonoylglycerol (2-AG)
decreased TH promoter activity through CB; cannabinoid
receptor activation. Unexpectedly, URB597 per se regulated
TH expression through CB;- and FAAH-independent mecha-
nisms. Thus, this study provides evidence for a physiologi-
cally relevant off-target effect of URB597.

Methods

Materials

URBS597 (carbamic acid, N-cyclohexyl-, 3’-(aminocarbonyl)
[1,1-biphenyl]-3-yl ester), CAY10402 (1-oxazolo[4,5-b]-
pyridin-2-yl-6-phenyl-1-hexanone), CAY10499  ([4-(5-
methoxy-2-0xo0-1,3,4-oxadiazol-3(2H)-yl)-2-methylphenyl]-
carbamic  acid, phenylmethyl ester), PF750  (N-
phenyl-4-(quinolin-2-ylmethyl)piperidine-1-carboxamide),
cannabidiol (CBD), 0O-1918 (1,3-dimethoxy-5-methyl-2-
[(1R,6R)-3-methyl-6-(1-methylethenyl)-2-cyclohexen-1-yl]-
benzene) and abnormal-cannabidiol (Abn-CBD) were
purchased from Cayman Chemicals (Ann Arbor, MI, USA).
HU 210, troglitazone (TGZ), as well as the PPARy and the
mixed PPARY/PPARa. antagonists T0070907 (2-chloro-5-
nitro-N-4-pyridinyl-benzamide) and GW9662 (2-chloro-5-
nitrobenzanilide) were obtained from Tocris Cookson
(Bristol, UK). The CB; and the CB, cannabinoid receptor
inverse agonists/antagonists SR 141716A and SR 144528 were
generous gifts from Dr Barth and Dr Mossé, respectively,
from Sanofi-Synthélabo Research (Montpellier, France). The
radiolabelled substrates [*H]-2-OG ([*H]-2-oleoylglycerol,
60 Ci-mmol™), [*H]-AEA (60 Ci-mmol™) and [*H]-PEA ([*H]-N-
palmitoylethanolamine, 20 Ci-mmol') were all bought
from the American Radiolabeled Chemicals (St. Louis, MO,
USA). Deuterated and non-deuterated N-acylethanolamines
[AEA, PEA, SEA (N-stearoylethanolamine) and OEA (N-
oleoylethanolamine)] were synthesized in our laboratory
from acyl chlorides and deuterared or non-deuterated eth-
anolamine as described by Walter et al. (2002). 2-AG and
d-2-AG were obtained from Cayman Chemicals. The molecu-
lar target names used herein are in accordance with Alexan-
der et al. (2011).

Cell culture
All cell culture media and supplements were obtained from
Invitrogen (Merelbeke, Belgium). Mouse neuroblastoma
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N1E115 cells were grown in DMEM/NUT mix F-12 medium
supplemented with 10% fetal calf serum, 100 IU-mL™ peni-
cillin, 100 ug-mL™" streptomycin and 2 mM L-glutamine. All
drug treatments were conducted in the same culture medium.
Cells were cultured at 37°C in an atmosphere of humidified
air and 5% CO,.

Gene reporter assay

N1E115 cells were plated at a density of 10° cells per well in
24-well plates and co-transfected with pTH250-Luc and pRL
138 plasmids using the phosphate co-precipitation method as
previously described (Bosier et al., 2007). For drug treatments,
transfected cells were washed with PBS (137 mM NacCl,
2.7 mM KCl, 8.1 mM Na,HPO, and 1.47 mM KH,PO,; pH 7.4)
and incubated with URB597, CAY10402, CAY10499, MAFP,
PF750, AEA, 2-AG or PEA at the indicated concentrations for
5 hin fresh medium. When relevant, SR 141716A, SR 144528,
0-1918 or CBD were added 5 min prior to the agonists. When
testing the influence of PPAR antagonists and MAP kinase
kinase (MEK) inhibitor, these were added 1 h beforehand. At
the end of the 5 h incubation period, cells were lysed by the
addition of 100 L of passive lysis buffer supplied in the Dual
Luciferase Reporter Assay System (Promega, Leiden, the Neth-
erlands). Firefly luciferase reporter activity was normalized for
the Renilla luciferase activity. Respective measurements of
light emissions were determined according to the manufac-
turer’s instructions with a TD20/20 luminometer (Turner
Design, Sunnyvale, CA, USA).

In vivo study

The traditional outbred NMRI (Naval Medical Research Insti-
tute) mice (30 g) were from our in-house facility and housed
in a controlled environment (12-h daylight cycle). Animals
were acclimatized for 1 week with ad libitum access to food
and water before starting the experiment. Furthermore, 24 h
after i.p. administration of URB597 3 mg-kg™' [in 2% ethanol,
2% dimethyl sulfoxide (DMSO), 1% Tween 80 saline solution]
or vehicle alone, the different brain regions were rapidly
dissected and frozen in liquid nitrogen for subsequent TH
mRNA expression analysis. All experiments were approved by
the local ethics committee and housing conditions were as
specified by the Belgian Law of 14 November 1993 on the
protection of laboratory animals (LA 1230314). All studies
involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010).

Reverse transcriptase-PCR (RT-PCR) and
quantitative PCR (qPCR)

Total RNA was isolated using TriPure isolation reagent (Roche
Diagnostics, Mannheim, Germany) according to the manufac-
turer’s instructions. Genomic DNA contaminations were
eliminated using DNase I Amplification Grade (Invitrogen) for
1 h at 37°C and then DNase I was heat-inactivated (15 min,
65°C). For qPCR experiments, RT and PCR were performed in
a single step using the access RT-PCR system (Promega) and the
primers mentioned in the Supporting Information Tables S1
and S2. For quantification of TH expression, qPCR was per-
formed. cDNA was generated using the RT system (Promega).
qPCR amplifications were carried out using the ABI Prism 5700
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Sequence Detection System (Applied Biosystems, Foster City,
CA, USA) in a final volume of 25 pL containing the cDNA
template, 0.3 uM of the primers (forward, 5-AGTTCTC
CCAGGACATTGGACTT-3’; reverse, 5-ACACAGCCCAAACT
CCACAGT-3’) and the MESA qPCR™ mastermix for SYBR assay
(Eurogentec, Liége, Belgium). TH expression was normalized
to the relative amplification of GAPDH. Quantification was
performed using the 2**T method.

Cell homogenates and Western blotting

At the end of incubation with drugs, cells were pelleted and
re-suspended in lysis buffer [SO mM HEPES, 50 mM KF, 1 mM
Na;PO;, 1 mM EDTA, 1 mM EGTA, 0.5% 2-mercaptoethanol,
5 mM B-glycerolphosphate, 5 mM Na,P,O;, 1 mM phenyl-
methylsulphonyl fluoride, 100 uM Naz;VO,, 1% Triton X-100,
protease inhibitor complete mini EDTA (Roche, Vilvoorde,
Belgium) and phosphatase inhibitor cocktail (Sigma-Aldrich,
Bornem, Belgium)]. In addition, 20 ug of proteins was then
diluted in loading buffer [SO mM Tris-HCI (pH 6.8), 100 mM
DTT, 2% SDS, 10% glycerol, 0.1% bromophenol blue| and
incubated for 5 min at 100°C. Samples were separated on a 10
or 12% (for TH and ERK1/2, respectively) SDS—polyacrylamide
gel (1 h 30 migration at 120 V) and transferred (1 h, 400 mA)
to nitrocellulose membranes for immunodetection. After 1 h
of blocking in 5% non-fat powdered milk in TTBS (20 mM Tris,
150 mM NaCl and 0.05% Tween 20; pH 7.6), blots were
probed at 4°C overnight in a 1:2500 dilution of rabbit anti-TH
(Chemicon, Hampshire, UK) or a 1:1000 dilution of rabbit
anti-phospho-specific ERK1/2 (Cell Signaling Technology,
Bioké, Leiden, the Netherlands), antibodies. Blots were then
washed thoroughly, incubated 1 h with HRP conjugated anti-
rabbit (Chemicon) secondary antibody and revealed with
SuperSignal West Pico Chemiluminescent Substrate System
(Pierce, Erembodegem, Belgium). The consistency of the
loading was validated by stripping and by re-probing the blots
with an anti-actin antiserum (1:5000) (Abcam, Cambridge,
UK) or antibodies that recognize both the phosphorylated and
the non-phosphorylated forms of ERK1/2 (1:1000) (Cell Sign-
aling Technology). Relative amounts of proteins were quanti-
fied by scanning densitometry using the software IMAGEMASTER
(Pharmacia Biotech Benelux, Roosendaal, the Netherlands).

Measurement of [°’HJ-2-OG, [°’H]-AEA and
[’HJ-PEA hydrolysis in homogenates and
intact N1E115 cells
Cells were grown up to 75-80% confluence, recovered by
trypsinization, rinsed with PBS buffer and homogenized in
Tris—HCI buffer prior to total protein quantification. Homoge-
nates (0-100 pg of proteins for the hydrolytic activity and
30 ug of proteins for the ICs, determination, in 165 uL of
Tris—HCI, pH 7.4) were added on ice into glass tubes contain-
ing 10 pL of either drugs or vehicle (DMSO). Hydrolysis was
initiated by adding 25 pL of Tris-HCI (pH 7.4, 0.1% fatty acid
free-BSA) containing [*H]-2-OG (2 nM, 55 000 dpm), [*H]-AEA
(3.5nM, 100 000 dpm) or [*H]-PEA (3.5 nM, 80 000 dpm),
then tubes were incubated in a shaking water bath for 10 min
at 37°C. The reactions were arrested by adding 400 uL of
ice-cold MeOH-CHClI; (1:1), followed by vigorous mixing.
[*H]-AEA hydrolysis in intact cells was measured as
described by Jacobsson and Fowler (2001), with some modi-



fications. Cells were grown for 16 h in 24-well plates. On the
day of the experiment, cells were rinsed with fresh media
prior to drug or vehicle addition (in 150 uL of media). After
15 min of incubation at 37°C, [*H]-AEA (50 uL, 85 000 dpm,
0.2 uM final concentration) was added to the wells. After
10 min of incubation, ice-cold MeOH (400 uL) was added and
the cells were thoroughly scraped. The resulting homogenate
(600 pL) was added to glass tubes containing CHCI; (300 uL)
and vigorously mixed.

After centrifugation (5 min, 1100 g, 4°C), the aqueous
phase was recovered and the radiolabelled product of
hydrolysis quantified by liquid scintillation. In all experi-
ments, tubes containing buffer only, or wells with no cells
(but containing media), were used to determine the chemical
hydrolysis of the radiosubstrates (blank).

HPLC-MS quantification of endocannabinoids
and N-acylethanolamines

Endocannabinoids (AEA and 2-AG) and N-acylethanolamines
(NAEs, i.e. PEA, SEA and OEA) levels were quantified as pre-
viously described with some modifications (Muccioli et al.,
2007; Muccioli and Stella, 2008). Cells (17.5 x 10° per flask)
were incubated for 2 h at 37°C with medium containing drug
(0.1 uM URB597, 10 uM CAY10402, 10 uM CAY10499; 10 uM
MAFP; 10 uM PF750) or vehicle (0.1% DMSO). Cellular lipids
were extracted using CHCl;-MeOH-H,0 (10:5:2.5, v/v/v) in
the presence of 200 pmol of ds-AEA, ds-2-AG, d4-PEA, d4-SEA
and ds;-OEA, and purified by solid-phase extraction using
silica and ethyl acetate-acetone (1:1). The resulting fraction
was analysed by HPLC-MS using a LTQ Orbitrap mass
spectrometer (ThermoFisher Scientific, Erembodegem-Aalst,
Belgium) coupled to an Accela HPLC system (ThermoFisher
Scientific) as previously described (Alhouayek et al., 2011).
Endocannabinoids and NAEs were quantified by isotope dilu-
tion using their respective deuterated standards (showing
identical retention times). The calibration curves were gener-
ated as described (Muccioli and Stella, 2008) and, with the
exception of AEA, the data were normalized to vehicle-treated
cells. Note that for AEA, the data were not normalized to the
vehicle-treated cells since AEA was below our detection limit
in this condition. Thus, AEA data are reported as the ratio
between AEA and d4-AEA signals.

Data analysis

Unless otherwise stated, data presented in the text and figures
were expressed as mean percentages = SEM of the correspond-
ing values obtained with cells treated with vehicle alone
(DMSO diluted in culture medium). GraphPad Prism 5.03
(GraphPad Software Inc., San Diego, CA, USA) was used to
analyse the data, to generate dose-response curves and to
perform statistics. Student’s t-tests were used for the compari-
son between the two groups. When comparing more than two
groups, one-way ANOVA was used. Post-hoc comparisons
relative to control were carried out using Dunnett’s post-hoc
analysis, while the comparisons between all the groups were
performed using Tukey’s post-hoc test. Two-way ANOVA was
used to compare results from experiments with two independ-
ent variables (typically the treatment and the presence of an
antagonist). Except if otherwise stated, post-hoc comparison
was carried out in the case of significant main factor effect and
positive interaction (P < 0.05) by Bonferroni analysis.

URB597 modulates TH expression

Results

URB597 regulates TH expression in vitro
and in vivo

To test the effect of endogenous cannabinoids on TH
transcription, N1E115 cells were transfected with a TH
promoter-controlled firefly luciferase reporter gene construct
(pTH250-Luc) (Bosier et al., 2007; 2009). When assayed alone,
neither endocannabinoids (AEA and 2-AG, 1 uM) nor PEA
(1 uM) had an effect on TH promoter-controlled luciferase
activity (Figure 1A). However, in the presence of the FAAH
inhibitor URB597 (0.1 uM), AEA markedly reduced TH
promoter activity, suggesting significant endocannabinoid
degradation in N1E115 cells (AEA + URBS597 vs. AEA).
Furthermore, URB597 per se produced a significant reduction
of TH promoter-directed luciferase activity (21.3 = 2.5%
decrease at 0.1 uM). The effect of URB597 was concentration-
dependent, with a pECs, value of 8.7 = 0.2 (Figure 1B).

To validate the results obtained with the reporter gene
assay used here, we measured TH mRNA and protein contents
consecutively to URB597 exposure. As shown in Figure 2A,B,
TH mRNA and protein levels were reduced after 24 h of incu-
bation with URB597. Because URB597 is also widely used in
vivo as FAAH inhibitor, and to further strengthen the physi-
ological relevance of our findings, we went on to determine
whether URB597 was able to modify TH expression in vivo.
We therefore measured brain TH mRNA level 24 h after
URB597 (3 mg-kg™, i.p.) administration to mice. Consistent
with what we observed in vitro, mice exhibited a significant
decrease of TH mRNA levels in the hippocampus and stria-
tum after a single injection of URB597 (Figure 2C). In addi-
tion, although it failed to reach statistical significance,
URBS597 decreased TH mRNA expression in the cerebellum
(P < 0.07 relative to controls respectively).

URBS597-mediated regulation of TH
expression does not require CB; cannabinoid
receptor activation nor FAAH inhibition
We found that N1E115 cells express the mRNA of all the
endocannabinoid-hydrolysing enzymes reported so far (Sup-
porting Information Fig. S1). Using radiolabelled substrates,
we detected the hydrolysing activities corresponding to these
enzymes. Indeed, [*H]-AEA and [*H]-PEA were hydrolysed by
cell homogenates (pH 7.4) in time- and protein-dependent
manner, revealing specific activities of 0.061 * 0.003 and
0.037 =+ 0.003 pmol-ug™-min™ respectively. Similarly, the
monoglyceride 2-OG, a substrate of MAGL, was hydrolysed
by the same cell preparation with a specific activity of 0.81 =
0.12 pmol-ug'-min. In accordance with its described potent
FAAH inhibition (Kathuria et al., 2003; Lichtman et al., 2004),
we found that URB597 dose-dependently inhibited [*H]-AEA
and [*H]-PEA hydrolysis by N1E115 cell homogenate (ICs,
values of 31 = 3.5 and 600 = 101 nM, respectively), suggest-
ing that this FAAH inhibitor increases endocannabinoid
levels in these cells. Therefore, we investigated whether the
herein reported effects of URB597 were related to enhanced
endocannabinoid levels.

First, we exogenously increased AEA levels up to 10 uM
and found a significant reduction in luciferase activity
(Figure 3A). Consistent with our previous reports on
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Endocannabinoids and URB597-mediated regulation of TH promoter activity. Luciferase activity was measured in N1E115 cells transiently
transfected with pTH250-Luc and treated for 5 h with AEA, 2-AG, PEA or vehicle, each at T uM (A). The responses to these endocannabinoids were
also measured in cells concomitantly treated with URB597 (0.1 uM). (B) Concentration-response modulation of luciferase activity with URB597;
pECso value derived from non-linear analysis of concentration-response curves is indicated in the text. Results are given as the percentages of
relative luciferase activity (firefly luciferase relative to Renilla luciferase) relative to control values. Data shown are means with SEM values of three
to six experiments performed in triplicate. Two-way ANOVA indicates a general effect of URB597 (***P = 0.0002, f = 20.60, residual d.f. = 22).
#P < 0.05 using one-way ANOVA performed inside the URB597-treated group, relative to control cells treated with URB597 alone.

cannabinoid-mediated control of TH promoter activity
(Bosier etal., 2007), the CB,; selective inverse agonist SR
141716A completely reversed the AEA-mediated effect.
However, in the presence of URB597, SR 141716A only par-
tially reversed the effect mediated by AEA (Figure 3A). Indeed,
in the presence of SR 141716A, luciferase activity is still
reduced by 20%, which corresponds to the magnitude of
URBS597 effect (Figure 3A, dashed line). This suggests that
URBS597-induced reduction of TH transcription is not medi-
ated by the CB,; cannabinoid receptor, whereas the effect of
AEA alone is CB;-dependent. As an additional control, we
incubated the cells in the presence of URBS97 alone and with
SR 141716A (Figure 3B). In these conditions, SR 141716A
failed to antagonize URB597-directed regulation of TH pro-
moter activity, although it completely reversed HU 210-
mediated effects, as previously reported (Bosier et al., 2007).

Second, we tested a battery of other potent FAAH inhibi-
tors, that is, MAFP, CAY10499, CAY10402 and PF750, which
are structurally unrelated to URB597 (Leung et al., 2003; Ahn
etal., 2007; Muccioli et al., 2008). Unexpectedly, none of
these inhibitors mimicked the URB597-mediated modulation
of TH promoter activity (Figure 3C). Of note, PF750, a highly
selective FAAH inhibitor, completely prevented [*H]-AEA
hydrolysis in intact cells (Supporting Information Fig. S2),
indicating that this inhibitor properly reached its target. Fur-
thermore, when measuring endocannabinoid levels in the
presence of these inhibitors, we found that all of them,
although to various extent, were able to increase AEA, 2-AG,
PEA, OEA and SEA amounts in intact N1E115 cells (Figure 4).
Together, these results indicate that URBS97 regulates TH
transcription by a mechanism independent of FAAH inhibi-
tion and CB; cannabinoid receptor activation.
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Additional cannabinoid targets are involved
in URBS97-mediated regulation of TH
promoter activity

Next, we sought to further characterize the putative targets
expressed by N1E115 cells that could mediate URB597 effects
on TH promoter activity. As expected (Bosier et al., 2007), a
positive amplification for CB; cannabinoid receptor was
obtained using the appropriate primers and N1E115 cDNA
samples, while no specific PCR signal was detected for the CB,
cannabinoid receptor. Besides, the PCR study (Figure 5A)
revealed the genetic expression of GPR55 and GPR119 recep-
tors as well as the nuclear PPARs PPARo and PPARy. Contrast-
ing with this, the expected amplification product for the
ligand-gated ion channel vanilloid receptor (TRPV1) was
absent, whereas a positive amplification was achieved using a
cDNA sample from the mouse brain as positive control
(Figure 5A).

Based on the earlier discussion, the involvement of non-
CB,/non-CB, cannabinoid receptors in the control of TH gene
expression elicited by URB597 was further investigated. Even
though the CB, cannabinoid receptor is not expressed, SR
144528 was tested as an antagonist of the SR 144528-sensitive
non-CB,/non-CB, receptor (Calignano et al., 2001). Exclud-
ing the involvement of the SR 144528-sensitive non-CB,/
non-CB, binding site, this antagonist failed to reverse the
effect induced by URB597 (Figure 5B). However, O-1918 and
CBD, which have been described as antagonists of both the
non-CB,; endothelial cannabinoid receptor (Jarai et al., 1999;
Offertaler etal., 2003) and the GPRSS receptor (Ryberg
etal., 2007), abrogated URBS597-induced reduction in TH
expression.
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In vitro and in vivo URB597-mediated modification of TH expression. Quantifications of TH mRNA (A) and protein (B) expression were performed
on neuroblastoma exposed for 5 or 24 h to 1 uM URB597. Quantitative PCR of TH mRNA was performed on total RNA extracts. The expression
of TH mRNA (A) was normalized against GAPDH expression and results are given as the relative expression of treated versus control cells/animals.
The densitometric analysis of the TH protein signals (60 kDa) shown in (B) was normalized against the measured signals corresponding to actin
(42 kDa). A typical immunoblot is shown at the bottom right corner. Results are given as the percentages of expression relative to control cells.
Data shown are means with SEM values of three experiments performed in triplicate. Two-tailed paired Student’s t-test, *P < 0.05, **P < 0.01,
relative to control at corresponding time (P=0.0314, t=5.507, residual d.f. = 2) and (P=0.0087, t=10.64, residual d.f. = 2) for mRNA and protein
dosages respectively. In mice, TH mRNA contents were evaluated in hippocampus, striatum, cerebellum, cortex and hypothalamus tissues (C) 24 h
after a single injection of URB597 (3 mg-kg™, i.p.). Results are given as the percentages relative to control animals injected with vehicle only. Values
are means with SEM of seven animals in each group. Two-tailed unpaired Student’s t-test, *P < 0.05, relative to control (P = 0.0305, t = 2.452,
residual d.f. =12) (P=0.0153, t = 2.824, residual d.f. = 12) (P =0.0705, t = 1.985, residual d.f. = 2) in the hippocampus, the striatum and the
cerebellum respectively.

Moreover, the role of PPAR activation in the URB597- Abn-CBD decreased TH promoter activity through a CBD-
induced modulations of TH expression was examined using dependent mechanism (Figure 6A). In addition, further sug-
PPARy (T 0070907) (Lee et al., 2002) and PPARy/PPARo. (GW gesting the involvement of common signalling pathways, the
9662) (Seimandi et al., 2005) antagonists. While basal luci- Abn-CBD-mediated reduction in luciferase activity was
ferase activity was not influenced by T 0070907 (10 uM) and blocked by PPAR antagonists as well (Figure 6B). Finally,
GW 9662 (20 uM), our results indicated that they both pre- undeniably confirming the involvement of PPARs in the regu-
vented the regulation of TH promoter activity by URBS97 lation of TH expression, a reduction of TH-controlled luci-
(Figure 5C). This result suggests that PPAR activation is, in ferase activity was observed after treatment with TGZ
part, responsible for the action of URB597 on TH expression. (20 uM), a PPARY/PPARa agonist, which was completely pre-
However, note that while significant in all other experiments, vented either by T 0070907 or GW 9662 (Figure 6C).
in this last one, the effect of URB597 failed to reach signifi-
cance. This is probably due to the difference in the variance Role Of MAPK in URB597’s eﬁ%cts
observed in the presence of the PPAR inhibitors. It is well known that MAPK activation can regulate PPAR

The effects of O-1918 and CBD suggest the implication of activity (Gelman et al., 2005). Therefore, we investigated their
additional receptors (the non-CB; endothelial cannabinoid role in URB597-mediated effects. Here, we show that decreas-
receptor or the GPRSS receptor) having in common their ing p44/42 MAPK (also known as ERK1/2) activation, using
activation by Abn-CBD. We tested this hypothesis by directly the MAPK/ERK kinase 1 and 2 (MEK1/2) inhibitor U0126,
incubating N1E115 cells with Abn-CBD. Similar to URB597, results in lower TH promoter activity (Figure 7A). In addition,
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URBS597 failed to induce a further decrease when
co-incubated with U0126, suggesting that common pathways
are involved. Indeed, distinct pathways would result in addi-
tive effects between U0126 and URB597. In agreement with a
single pathway, URB597 controls ERK1/2 phosphorylation
(Figure 7B). As for TH promoter activity (Figure 3B), SR
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Figure 3

URB597-mediated regulation of TH promoter activity is CB; cannabi-
noid receptor- and FAAH-independent. (A) Luciferase activity deter-
mined on cells transfected with pTH250-Luc and treated with AEA at
10 uM in the presence or the absence of SR 141716A (1 uM) and/or
URB597 (0.1 uM). One-way ANOVA followed by Tukey’s post-test,
***p < 0.001, **P<0.01, *P < 0.05, relative to control; and #*P < 0.01,
#P < 0.05, as indicated between treated cells. (B) illustrates the
influence of SR 141716A (1 uM) on the regulation of TH promoter
activity mediated by URB597 or HU 210 (both at 0.1 uM). Two-way
ANOVA indicates a general effect of SR 141716A (**P = 0.024,
f = 10.26, residual d.f. = 48) with a positive interaction on the
treatment (P = 0.0001, f=11.16). ##P < 0.001 as indicated between
treated cells, determined with Bonferroni post-test. The responses
induced by URB597 (0.1 uM) and other FAAH inhibitors (all at
10 uM) were compared to investigate the involvement of FAAH (C).
One-way ANOVA indicated a global treatment effect (P = 0.0246,
f=3.396, residual d.f. = 18) with **P < 0.01 relative to control, given
by Dunnett’s post-test. All the results are given as the percentages of
relative luciferase activity (firefly luciferase relative to Renilla liciferase)
relative to control values. Data shown are means with SEM values of
three to six experiments performed in triplicate.
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141716A failed to prevent URBS97-mediated ERK1/2
activation.

Discussion

Modulation of TH activity and expression is one way by
which noradrenergic and dopaminergic signalling can be
regulated. Given the variety of neurological processes or dis-
orders related to the dopamine and/or norepinephrine trans-
mission systems, understanding the mechanisms controlling
TH gene expression is of high physiopathological relevance.
The present study provides evidence for the control of TH
gene expression by the FAAH inhibitor URB597 via mecha-
nisms that are independent of FAAH and of the CB; cannabi-
noid receptor. We also suggest that URB597 possibly acts
through Abn-CBD-sensitive receptors and PPARs (Figure 8).
We previously reported that synthetic cannabinoid ago-
nists regulate TH mRNA expression (Bosier et al., 2007). Here,
we show that TH gene expression is also controlled — through
activation of the CB; cannabinoid receptor — by exogenously
added AEA. However, with the exception of URBS597, the
different FAAH inhibitors tested here failed to induce a
similar effect, while increasing endocannabinoid levels, sug-
gesting that the endogenous concentration of AEA is not
sufficient to control TH transcription. This is in agreement
with the high concentrations of exogenously added AEA
(10 uM) required to control TH promoter activity. In addi-
tion, probably due to its rapid degradation, when used at a
moderate concentration (1 uM), exogenous AEA required a
protection from FAAH hydrolytic activity to induce its effect
on TH regulation. Probably reflecting the lack of URB597-
mediated protection against MAGL activity (Kathuria et al.,
2003), no effects were observed with 2-AG in similar condi-
tions. However, when used at 10 uM, this endogenous
agonist also triggered a reduction of TH transcription, which
was abrogated by SR141716A (data not shown). Possibly
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Increase in endocannabinoid and N-acylethanolamine contents in N1E115 cells induced by different FAAH inhibitors. NTE115 cell contents in AEA
(A), 2-AG (B), PEA (C), OEA (D) and SEA (E) were measured by HPLC-MS using an isotope dilution method after exposure to URB597 (0.1 uM),
MAFP (10 uM), CAY10499 (10 uM), CAY10402 (10 uM), PF750 (10 uM) or vehicle alone. Results are expressed as the percentages of endocan-
nabinoid or N-acylethanolamine contents relative to control except for (A), for which the basal level of AEA was below the detection limit (N.D.).
For this panel only, results ere expressed as the ratio between AEA and its internal standard d4-AEA. Data are means with SEM values of three
experiments performed in triplicate. One-way ANOVA followed by Dunnett’s post-test ***P < 0.001, **P < 0.01, relative to control.

having pathophysiological consequences, these results
suggest that, as long as sufficient concentration is reached,
the endocannabinoid system may directly interfere with the
main limiting enzyme involved in dopamine synthesis.

On the other hand, we also found here that URBS97 per se
has pronounced effects on TH gene expression. As shown by
using SR 141716A, this was not a CB;-mediated mechanism.
Because URB597 was developed as a FAAH inhibitor that
increases endocannabinoid levels, one would expect activa-
tion of CB, cannabinoid receptors in neuronal cell lines to be

responsible for the URB597-direct effect. However, our data
are in line with recent papers that reported CB;-independent
URBS597-induced effects. Thus, for instance, TRPV1 (Maione
et al., 2006) and PPARs (Jhaveri et al., 2008; Melis et al., 2008;
Sagar etal., 2008; Mazzola et al., 2009) were described as
potential targets of the FAAH-controlled mediators.
Excluding the involvement of TRPV1 as potential target
in the herein reported effects, N1E115 neuroblastoma cells do
not express this channel receptor (Figure 5A). However, even
though PEA which is also recognized as a PPAR agonist (Lo
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Verme etal., 2005) failed to modulate TH expression
(Figure 1), we found that preventing PPAR signalling resulted
in the loss of URB597-induced modulation of TH transcrip-
tion. Moreover, confirming the involvement of these nuclear
receptors in the control of TH promoter activity, direct acti-
vation of PPARs with TGZ significantly regulated TH expres-
sion. While this could appear conflicting, one should note
that in this assay, PEA was used at 1 uM, whereas the reported
PECso of PEA for PPARa activation is 3 uM (Lo Verme et al.,
2005). Besides, further reconciling our results with the
involvement of PPARs, when tested at 10 uM PEA elicited a
reduction of TH promoter activity of about 25% (data not
shown). Together, this is in line with previous reports dem-
onstrating the involvement of PPARs in URB597-mediated
control of dopaminergic functions (Melis etal., 2008;
Scherma et al., 2008; Luchicchi et al., 2010).

In addition, we also found that by interfering with the
signalling of the Abn-CBD-sensitive receptors [i.e. GPRSS
and/or the non-CB, endothelial cannabinoid receptor (Jarai
et al., 1999; Ryberg et al., 2007)], CBD and O-1918 prevented
URBS597-mediated effects on TH promoter activity. Further
corroborating this assumption, Abn-CBD per se was able to
decrease TH transcription, whereas CBD prevented this effect.
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Figure 5

Involvement of non-CB;/non-CB, cannabinoid receptors and PPARs
in the URB597-mediated regulation of TH promoter activity.
(A) RT-PCR was performed on NTE115 cell mRNA extracts with
specific primers targeting the different endocannabinoid molecular
targets. RT-PCR yielded the predicted amplification products for CB;,
GPR55 and GPR119 receptors as well as for PPARa. and PPARy. No
bands were detected for CB, cannabinoid receptor and TRPV1
despite a correct amplification in spleen and brain tissues respec-
tively. Negative controls were performed without any DNA template
(not shown). The influence of SR 144528 at 1 uM (B), O-1918 at
30 uM (B), CBD at 10 uM (B) or PPAR antagonists (C) on luciferase
activity was examined using transfected N1E115 cells carrying
pTH250-Luc. Cells were concomitantly treated with the indicated
antagonists and 0.1 uM URB597. The tested PPAR antagonists were
T 0070907 (PPARy antagonist, 10 uM) or GW 9662 (PPARy/PPARo
antagonist, 20 pM). Results are given as the percentages of relative
luciferase activity (firefly luciferase relative to Renilla luciferase) rela-
tive to control values. Data are means with SEM values of at least
three experiments performed in triplicate. Two-way ANOVA indi-
cated a general effect of some of the antagonists (***P < 0.0001, f =
18.76, residual d.f. = 18) with a positive interaction (***P < 0.0001,
f = 12.13) for (B). *#P < 0.01, as indicated for treated cells and
determined by Bonferroni post-test. In (C), Bartlett’s statistic revealed
that variances significantly differ between these groups. Despite a
strong trend (P = 0.062 for a general effect of URB597 in two-way
ANOVA), statistical significance was not reached using the non-
parametric Kruskal-Wallis test effect.
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Of note, the later results could explain the reported increase
in dopamine levels after CBD administration to rats (Murillo-
Rodriguez et al., 2006). Moreover, supporting the existence of
crosstalk between the Abn-CBD receptors and PPARs, the
Abn-CBD-mediated reduction of TH transcription was totally
prevented using PPAR antagonists. These results are consist-
ent with the notion that besides increasing AFA levels, FAAH
inhibition regulates other bioactive lipid levels such as NAEs
(e.g. PEA and OEA), N-acyltaurines and N-acyldopamines,
which, in turn, could activate TRPV1 or PPAR (Long et al.,
2011). For instance, NAEs were reported to participate in
some of the URB597 effects, either through PPARo. (Jhaveri
et al., 2008; Melis et al., 2008) or TRPV1 (Maione et al., 2006)
activation.

However, quite more unexpectedly, we found that the
effect of URB597 on TH expression does not involve FAAH
inhibition. Indeed, a battery of other tested FAAH inhibitors
did not regulate TH gene expression, even though all the
inhibitors enhance endocannabinoid and NAE levels in
N1E115 cells. The following elements rule out FAAH as the
molecular target mediating the herein reported effect of
URBS597. (i) In addition to URB597, we used four potent FAAH
inhibitors, MAFP, CAY10402 CAY10499 and PF750, which are
structurally unrelated and differ by their mechanism of FAAH
inhibition and their selectivity towards NAE degradation
enzymes. (ii) We confirmed in our neuroblastoma model that
PF750 (a highly selective FAAH inhibitor), MAFP (non-
selective irreversible inhibitor that also binds cannabinoid
receptors) and CAY10499 (potent FAAH and MAGL inhibitor)
increase endocannabinoid and NAE levels to the same extent
than URBS597. Note that CAY10402 only moderately
increased OEA and SEA levels. PF750, which increases NAE
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levels to a similar extent than URB597, completely prevented
[*H]-AEA hydrolysis in intact N1E115 cells (Supporting Infor-
mation Fig. S2). This suggests that the NAE increase is a
consequence of FAAH inhibition. (iii) MAFP, CAY10499,
CAY10402, as well as PF750, used at up to 100-fold times of
URBS597 concentration, failed to regulate TH promoter activ-
ity despite the inhibition of FAAH activity and the subse-
quent NAE increase. Together, this represents compelling
evidence for a FAAH-independent action of URB597.

URB597 modulates TH expression
Figure 6

Regulation of TH promoter activity by direct activation of the non-
CB4/non-CB, cannabinoid receptors and PPARs. To confirm the
involvement of the non-CB;/non-CB, cannabinoid receptors in the
URB597-mediated effect, the influence of Abn-CBD (10 uM, 5 h) was
investigated on NTE115 cells transfected with pTH250-Luc. The
involved signalling cascades were examined by concomitantly treat-
ing the cells either with non-CB;/non-CB; cannabinoid receptors
antagonists (CBD, 10 uM) (A) or PPAR antagonists (T 0070907 at
10 uM or GW 9662 at 20 uM) (B). (A) Two-way ANOVA indicated a
general effect of CBD as antagonist (***P < 0.0001, f=52.37, residual
d.f. = 10) with a positive interaction (***P < 0.0001, f = 65.28).
#P < 0.05 and **P < 0.001, as indicated for treated cells and deter-
mined by Bonferroni post-test. (B) Two-way ANOVA indicated a
general effect of PPAR antagonists (***P < 0.0001, f = 19.49, residual
d.f. = 18) with a positive interaction (*P = 0.0193, f = 5.026).
#P < 0.05 as indicated for treated cells and determined by Bonferroni
post-test. (C) The involvement of PPARs in the regulation of TH
expression was confirmed by examining the influence of troglitazone
(TGZ, 20 uM, 5 h) alone and in the presence of the PPAR antagonists
(T 0070907 at 10 uM or GW 9662 at 20 uM). One-way ANOVA
indicated a global treatment effect (P = 0.0128, f = 6.949, residual
d.f. = 8) with *P < 0.05 relative to control, given by Dunnett’s
post-test. All the results are given as the percentages of relative
luciferase activity (firefly luciferase relative to Renilla luciferase) rela-
tive to control values. Data shown are means with SEM values of at
least three experiments performed in triplicate.
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This constitutes a provocative result because the potential
therapeutic effects of URB597 on depression, anxiety and
pain have been attributed to the accumulation of AEA and
consecutive CB; cannabinoid receptor (Kathuria et al., 2003;
Gobbi et al., 2005; Piomelli et al., 2006) or CB, cannabinoid
receptor (Jayamanne et al., 2006) activation. The cannabi-
noid receptor-independent effect reported in this study could
be related to pharmacological responses as well. Indeed, we
found that URB597 administration to mice resulted in a
reduction of TH gene expression in several, but not all, brain
areas. Considering that TH is the rate-limiting enzyme in the
synthesis of dopamine, one could speculate that some of
the URBS597-reported effects result from modification of the
dopaminergic or noradrenergic basal tone. Indeed, previous
studies showed that URBS597 increases waking (Murillo-
Rodriguez et al., 2007) and counteracts the addictive proper-
ties of nicotine (Melis et al., 2008; Scherma et al., 2008)
through either modulation of dopamine content or
dopamine neuron activity in different brain regions.

Although generally regarded as a selective FAAH inhibitor,
proteome-wide studies identified off-target enzymes for
URBS97 (Lichtman et al., 2004). Among those are several
carboxypeptidase isoforms (Zhang et al., 2007) and possibly
ABHD6 and/or ABHD12, two enzymes responsible for 2-AG
metabolism (Blankman et al., 2007). Noteworthy, the 20-fold
difference in URBS97 potency for the inhibition of AEA and
PEA hydrolysis could be due to inhibition of an alternative
enzyme. However, URB597 does not inhibit NAAA, ruling out
this N-acylethanolamine degradation enzyme (Sun efal.,
2005; Tsuboi et al., 2007). Because we found a similar increase
in NAE levels with URB597, MAFP, CAY10499 and PF750,
these bioactive lipids are not responsible for URB597-
mediated reduction in TH gene expression. These data raise
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the question of an original (non-FAAH/non-CB,/non-CB,)
target controlled by URB597 and involved in the regulation
of TH gene expression. For instance, the existence of off-
target enzymes suggests that URB597 could inhibit the deg-
radation of some endogenous compounds, differing from
FAAH substrates, which increased levels, in turn, may control
TH gene expression through PPAR and/or Abn-CBD receptors.
Alternatively, URB597 could directly bind to a receptor, thus
controlling TH promoter activity. Supporting this hypothesis,
Niforatos et al. showed that URB597 binds and activates some
members of the TRP ion channel superfamily (Niforatos et al.,
2007). While this remains an open question, we have iden-
tified here a potential pathway linking URB597 to TH gene
expression (see Figure 8).

Indeed, our results strongly suggest the involvement of
Abn-CBD receptors. These include both GPRSS and the non-
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Figure 7

Role of MAPK in URB597 control of TH promoter activity. The influ-
ence of MAPK signalling was investigated in N1E115 cells transfected
with pTH250-Luc. To examine the role of this signalling cascade, cells
were treated for 1 h with MEK1/2 inhibitor U0126 (5 uM) before
adding URB597 (0.1 uM) for an additional 5 h (A). Results are given
as the percentages of relative luciferase activity (firefly luciferase
relative to Renilla luciferase) relative to control values. Data shown are
means with SEM values of three experiments performed in triplicate.
One-way ANOVA indicated a general effect of the MEK1/2 inhibitor
(***P=0.0003, f =36.33, residual d.f. = 8) with a positive interaction
(*P=0.0139, f=9.831). P < 0.01 as indicated for treated cells and
determined by Bonferroni post-test. (B) ERK1/2 activation was deter-
mined using immunoblot detection of phosphorylated ERK1/2
(P-ERK1/2 — 42 and 44 kDA). Cells were treated with URB597 (1 uM,
15 min) in the presence or the absence of SR 141716A (1 uM).
Phosphorylated ERK1/2 values were normalized to total ERK1/2 (Tot
ERK1/2). Results are expressed as percentages of relative density. A
representative immunoblot is shown in (C). Data shown are means
with SEM values of three experiments. One-way ANOVA indicated a
general effect of URB597 (**P < 0.0016, f = 21.80, residual d.f. = 8).
Neither significant effect for SR 141716A nor an interaction were
observed, indicating the absence of antagonism by SR 141716A.
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CB, endothelial cannabinoid receptor. Both are GPCRs (Ofter-
taler etal., 2003; Ryberg etal., 2007) known to activate
different MAPK family members (Offertédler et al., 2003; Oka
et al., 2007). On the other hand, MAPK including ERK1/2
have been shown to both activate and inhibit PPARs (Gelman
etal., 2005). In accordance with this, our results (Figure 7)
suggest that ERK1/2 could represent the molecular link
between Abn-CBD-sensitive receptors and PPARs. We there-
fore propose the following mechanism explaining the con-
comitant involvement of Abn-CBD receptors and PPARs in
the control of TH transcription by URB597: either directly or
indirectly, URB597 regulates Abn-CBD receptors, which, in
turn, control ERK1/2 phosphorylation, leading to PPAR regu-
lation and modulation of TH gene transcription.

In conclusion, we report a URBS97-mediated alteration of
TH gene expression in N1E115 cells. Contrasting with its
largely reported effects, URB597 acts through non-CB;- and
non-FAAH-dependent pathways. Although the precise
mechanism of action remains to be elucidated, we identified
PPARs and Abn-CBD receptors as putative targets mediating
URBS97 effects, independent of FAAH inhibition. Therefore,
this study provides the first pharmacologically relevant off-
target for URB597. In light of the numerous preclinical
studies involving URB597, particularly in anxiety and depres-
sion, the effects on the catecholaminergic transmission
system suggested in the present study should be taken into
account when interpreting the data.
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Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1 Expression of endocannabinoid-hydrolysing
enzyme mRNAs in NIE11S5 cells.

RT-PCR was performed on N1E115 cell mRNA extracts with
specific primers targeting the different endocannabinoid-
hydrolysing enzymes. RT-PCR yielded the predicted amplifi-
cation product for FAAH, NAAA, MAGL, ABHD6 and
ABHD12. Negative controls were performed without any
DNA template (not shown).

Figure $2 Inhibition of AEA hydrolysis by URB597 and
PF750 in N1E11S5 cells.

Measurements of [*H]-AEA hydrolysis by N1E115 intact cells
incubated with URB597, PF750 (10 and 0.1 uM) or vehicle
alone, during 25 min. Results are expressed as the percentages
of substrate hydrolysis relative to control values. Data are
means with SEM values of 3 experiments performed in
triplicate. One-way ANOVA followed by Dunnett’s post-test
***P < (0.001, relative to control.

Table S1 Nucleotide sequences for the primers used for the
PCR amplifications of cannabinoid targets, the corresponding
amplicons and the annealing temperatures.

Table $2 Nucleotide sequences for the primers used for
the PCR amplifications of endocannabinoid-degrading
enzymes, the corresponding amplicons and the annealing
temperatures.
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