Neurobiology of Stress 14 (2021) 100293

Contents lists available at ScienceDirect

" OF STRESS

Neurobiology of Stress

ELSEVIER journal homepage: www.elsevier.com/locate/ynstr

L)

Check for

Selective inhibition of monoacylglycerol lipase is associated with passive &
coping behavior and attenuation of stress-induced dopamine release in the
medial prefrontal cortex

Francisco Javier Pavon ™", Ilham Y. Polis?, David G. Stouffer?, Benjamin F. Cravatt d
Marisa Roberto ?, Rémi Martin-Fardon ?, Fernando Rodriguez de Fonseca™ ",

Loren H. Parsons ™', Antonia Serrano >

@ Department of Neuroscience, The Scripps Research Institute, La Jolla, CA, USA

Y Unidad de Gestién Clinica de Salud Mental, Hospital Regional Universitario de Mdlaga, Instituto de Investigacion Biomédica de Malaga (IBIMA), Malaga, Spain

¢ CIBERCV-Instituto de Salud Carlos III and Unidad de Gestién Clinica del Corazén, Hospital Universitario Virgen de la Victoria, Instituto de Investigacién Biomédica de
Malaga (IBIMA), Malaga, Spain

d Department of Chemistry, The Scripps Research Institute, La Jolla, CA, USA

ARTICLE INFO ABSTRACT

Keywords: The endocannabinoid system is involved in the regulation of the stress response, but the relative contribution of
2-Arachidonoylglycerol N-arachidonoylethanolamine (AEA) and 2-arachidonoylglycerol (2-AG) and their mechanisms have to be
Stress'“_"pi“g behavior elucidated. In this study, we compared the effects of the pharmacological inhibition of the two major
I]\)/[(;iz:lme endocannabinoid-degrading enzymes [fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL)

for AEA and 2-AG, respectively] on stress-coping [forced swim test (FST) and tail suspension test (TST)] and
anxiety-like [elevated-plus maze (EPM) and light-dark test (LDT)] behaviors in wild-type and FAAH knockout
mice. In vivo microdialysis estimated the effects of FAAH and MAGL inhibition on dopamine (DA) and serotonin
(5-HT) levels in the medial prefrontal cortex (mPFC) during an FST. Mice were treated with PF-3845 (FAAH
inhibitor), JZL184 (MAGL inhibitor), JZL195 (dual FAAH/MAGL inhibitor) or vehicle. Our data showed that PF-
3845 increased latency to immobility and decreased total immobility time in FST, but no effects were observed in
TST compared with vehicle-treated wild-type mice. By contrast, JZL184 decreased latency and increased
immobility in TST and FST. JZL195 in wild-type mice and JZL184 in FAAH knockout mice reproduced the same
passive coping behaviors as JZL184 in wild-type mice in TST and FST. In the microdialysis experiment, FST was
associated with increased DA and 5-HT levels in the mPFC. However, JZL184-treated wild-type mice displayed a
significant attenuation of forced swim stress-induced DA release compared with vehicle-treated wild-type mice
and PF-3845-treated wild-type mice. Finally, FAAH and/or MAGL inhibitors induced robust and consistent
anxiolytic-like effects in EPM and LDT. These results suggested differences between FAAH and MAGL inhibition
in stress-coping behaviors. Notably, MAGL inhibition induced a consistent avoidant coping behavior and
attenuated the stress-induced mPFC DA response in FST. However, more investigation is needed to elucidate the
functional association between DA and 2-AG signaling pathways, and the molecular mechanism in the regulation
of passive coping strategies during inescapable stress.

Microdialysis

system that is involved in the regulation of numerous physiological
functions. N-arachidonoylethanolamine (anandamide, AEA) and 2-
arachidonoylglycerol (2-AG) are the best characterized endogenous li-
gands that act on the two major cannabinoid receptors (CB; and CB3)

1. Introduction

The endogenous cannabinoid system is a neuromodulatory lipid
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Abbreviations

AEA N-arachidonoylethanolamine
ANOVA analysis of variance

AUC area under the curve

CB cannabinoid receptor

DA dopamine

EPM elevated-plus maze

FAAH  fatty acid amide hydrolase

FAAH KO FAAH knockout

FST forced swim test

LDT light-dark test

MAGL  monoacylglycerol lipase

mPFC medial prefrontal cortex

NAc nucleus accumbens

OEA N-oleoylethanolamine

OTR open-arm time ratio

PPAR-a Peroxisome proliferator-activated receptor alpha
SEM standard error of the mean

TRPV1 transient receptor potential vanilloid type-1 channel
TST tail suspension test

VTA ventral tegmental area

WT wild-type

2-AG 2-arachidonoylglycerol

5-HT serotonin

(Devane et al., 1992; Sugiura et al., 1995). Unlike classical neuro-
transmitters, the endocannabinoids are primarily synthesized on de-
mand in the postsynaptic neuron and exert their signaling effects via
activation of CB; expressed on presynaptic terminals to suppress neu-
rotransmitters release. Inactivation of endocannabinoid signaling occurs
by enzymatic hydrolysis mediated by multiple enzymes, being the serine
hydrolases fatty acid amide hydrolase (FAAH) and the monoacylglycerol
lipase (MAGL) the major enzymes responsible for the degradation of
AEA and 2-AG, respectively (Blankman and Cravatt, 2013).

A growing body of evidence implicates the endocannabinoid system
as an integral regulator of stress responses (for review see (Morena et al.,
2016)). In fact, CB; receptors and the enzymes contributing to endo-
cannabinoid metabolism are prominently expressed in the meso-
corticolimbic dopamine (DA) system, which regulates emotion, reward
and stress (Covey et al., 2017; Sullivan et al., 2014), involving brain
regions such as the ventral tegmental area (VTA), nucleus accumbens
(NAc), amygdala and prefrontal cortex (PFC). Stress exposure alters
endocannabinoid levels in both human and rodents, although bidirec-
tional effects on brain levels of AEA and 2-AG have been described
(Dlugos et al., 2012; Hill et al., 2009; Patel and Hillard, 2008). Thus,
stress has been reported to induce rapid and transient decrements in
brain AEA levels, and somewhat delayed but more sustained elevations
in brain 2-AG levels (Morena et al., 2016). Moreover, chronic stress is
generally associated with a down-regulation of CB; receptors in most
brain regions except for the PFC (Lee and Hill, 2013; McLaughlin et al.,
2013). In addition, pharmacological or genetic inhibition of the endo-
cannabinoid signaling consistently produces a phenotype similar to
classical stress responses, including increased anxiety-related behaviors
and activation of hypothalamic-pituitary-adrenal axis (Bellocchio et al.,
2013; Haller et al., 2004; Patel et al., 2004).

Given that the development of emotional disorders is associated with
stress and the endocannabinoid influence in the regulation of stress re-
sponses, it is conceivable that a dysregulation of endocannabinoid
function may contribute to abnormal anxiety- and depression-related
behaviors. In this regard, a substantial preclinical literature indicates
that elevation of interstitial AEA levels through inhibition of FAAH ac-
tivity produces anxiolytic-like effects, mainly under stressful or aversive
conditions (Bedse et al., 2018; Marco et al., 2015; Moreira et al., 2008;
Natividad et al., 2017), and decreases passive coping in classical models
of depression or behavioral despair such as the forced swim test (FST)
and the tail suspension test (TST) (Gobbi et al., 2005; Hill and Gorzalka,
2005; Naidu et al., 2007; Wang and Zhang, 2017). Similar to the results
from pharmacological studies, mice lacking FAAH also display reduced
anxiety-like behavior under anxiogenic testing conditions and reduced
immobility time in both the TST and FST (Bambico et al., 2007, 2010;
Moreira et al., 2008; Naidu et al., 2007). While all these previous studies
in rodents have shown the role that AEA/FAAH system plays on the
regulation of emotional behaviors, the involvement of 2-AG/MAGL
system is only beginning to be elucidated. Similar to FAAH inhibition,

MAGL inhibition has been reported to produce anxiolytic-like effects in
heightened stress conditions (Aliczki et al., 2012, 2013; Bedse et al.,
2018; Busquets-Garcia et al., 2011; Serrano et al., 2018). Regarding
coping behaviors for stress, it has been reported a dose-dependent
biphasic effect of the selective MAGL inhibitor JZL184 (Long et al.,
2009a) on immobility of acutely stressed mice (Wang et al., 2017).
Other studies have shown that repeated treatment with JZL184 de-
creases passive coping behavior in chronically stressed mice (Zhang
et al., 2015; Zhong et al., 2014). In addition to selective inhibitors of
either FAAH or MAGL, dual inhibitors of both
endocannabinoid-degrading enzymes have been also developed (e.g.,
JZL195) (Long et al., 2009c¢). Unlike FAAH or MAGL inhibition, dual
blockade of FAAH and MAGL is not able to prevent stress-induced
anxiety and even has been reported to induce anxiogenic-like effects
(Bedse et al., 2018; Manduca et al., 2015). In contrast to anxiety-like
behaviors, there is little information on stress-induced coping behaviors.

Evidence shows that the DA and serotonin (5-HT) systems play a key
role in the response to stress, and cortical and limbic areas contribute to
appraisal and development of coping strategies (Bai et al., 2017; Bland
et al., 2003). Thus, stress induces an increase in DA release from the VTA
mediated by the amygdala that has been associated with active coping
behaviors. However, DA transmission shows a biphasic response in un-
controlled or inescapable stressful conditions because the initial increase
of DA levels is followed by a DA decrease (Cabib and Puglisi-Allegra,
2012). Interestingly, this inhibition of DA response is mainly mediated
by the medial PFC (mPFC) and supports avoidance coping (Arnsten,
2009; Cabib and Puglisi-Allegra, 2012). In addition to the potential
control of DA in the NAc and its potential role in stress-coping by the
PFC, microdialysis studies have demonstrated increased extracellular
DA levels in the mPFC during exposure to diverse stressors, although
higher DA levels were observed in animals exposed to inescapable stress
(Bland et al., 2003; Chen et al., 2016).

In the present study, we explored the effects of different doses of
selective and dual inhibitors of FAAH and MAGL on anxiety-like and
stress-coping behaviors in mice. Because the mPFC is a key region in the
regulation of stress response and emotion, and the dopaminergic
transmission is modulated by the cannabinoid signaling (Covey et al.,
2017), we examined whether the effects of FAAH and/or MAGL inhi-
bition on coping behaviors were associated with stress-induced changes
in extracellular DA and 5-HT in the mPFC.

2. Material and methods
2.1. Animals

All studies were performed on adult male C57BL/6J (i.e. wild-type,
WT) and null FAAH allele (i.e. FAAH knockout, KO) mice. FAAH KO

mice were created by using homologous recombination as previously
described (Cravatt et al., 2001) and were maintained on the original
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129/SvJ x C57BL/6J genetic background for at least 13 generations. All
mice weighed 20-30g and were group housed (4 mice/cage) in a hu-
midity- and temperature-controlled (22 °C) room on a reverse 12-h/12-h
light/dark cycle (lights off at 09:00AM) with food and water ad libitum.
All procedures were conducted in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals (NIH Publi-
cations No. 8023, revised 1978). All efforts were made to reduce the
number of animals used and to minimize unnecessary pain and/or
distress.

2.2. Drugs

PF-3845 (selective FAAH inhibitor), JZL184 (selective MAGL inhib-
itor) and JZL195 (dual FAAH/MAGL inhibitor) were synthesized and
provided by the Cravatt Laboratory. Each compound was dissolved in a
vehicle of ethanol:emulphor:saline (1:1:18) and injected intraperitone-
ally (i.p.) in a volume of 10 mL/kg body weight. The following doses
were used for behavioral tests (PF-3845: 1, 3 and 10 mg/kg; JZL184: 2,
10 and 40 mg/kg; and JZL195: 3, 8, 20 mg/kg) and in vivo microdialysis
(PF-3845: 3 mg/kg; and JZL184: 10 mg/kg). Pretreatment times were
180min for PF-3845 and JZL195, and 60min for JZL184 based on the
temporal profiles for efficacious enzyme inhibition (Ahn et al., 2009;
Long et al., 2009a, 2009c). The number of animals per group size is
indicated for each experiment in the figure legends.

2.3. Behavioral procedures

The tail suspension test (TST), forced swim test (FST), elevated-plus
maze (EPM) and light-dark test (LDT) were conducted at room tem-
perature (21-23 °C) between 10:00h and 15:00h during the dark phase
of the diurnal cycle. WT and FAAH KO mice were treated and tested with
at least 7 days separating each test. All tests were conducted in the
presence of 70-dB white noise to minimize auditory distraction and 60-
W white light (illuminance between 100 and 120lx, except for the light
compartment in the LDT). To minimize behavioral disruption animals
were transported to an anteroom beside the testing environment at least
2h prior to testing. Each mouse was placed in the testing apparatus and
behavior was recorded on digital video. Behavioral tests were conducted
by trained observers who were unaware of the experimental conditions.

2.3.1. Tail suspension test

Each mouse was suspended from its tail using adhesive tape on a
metal bar located 30 cm above a flat surface for 6 min. Immobility was
defined as the absence of any limb or body movements, except those
caused by respiration. The apparatus was wiped with a cleaning solution
and dried with paper towels between each test. The following variables
were scored in the TST: the latency to the first episode of immobility
(duration of vigorous movements at the beginning) and the total
immobility time (sec).

2.3.2. Forced swim test

The FST was based on the original version the Porsolt swim test for
mouse with certain procedural recommendations (Can et al., 2012).
Mice were placed in an inescapable 5 L cylindrical tank (40 cm high and
25 cm diameter) that was filled with 3.5 L of water. Water temperature
was set at room temperature. Immobility was determined when the
mouse was only making small movements necessary to balance the body
and keep the head above the water. Mice were placed and recorded in
the tank containing water for 6 min. At the end of testing period, the
animals were dried using paper towels and a heat lamp to prevent hy-
pothermia, and subsequently placed back into their homecages. Water in
the tank was changed between each test. The following variables were
scored in the FST: the latency to the first episode of immobility (duration
of active swimming at the beginning) and the total time of immobility
(sec).
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2.3.3. Elevated-plus maze

The EPM apparatus consisted of a cross-shaped apparatus consisting
of four arms of equal dimension (5 cm width x 35 cm length) with each
arm positioned 90° relative to the adjacent arms. Two arms on opposite
sides were enclosed by 15 cm-high walls made of black plexiglass, and
the remaining two arms were open without walls. The four arms were
connected by a central area (5 cm width x 5 cm length). The entire maze
was on supports that lifted the arm surfaces to 30 cm above the floor. At
the start of the test, each mouse was placed in the center of the maze
facing an open arm, and was allowed to freely explore the maze for 5
min. The EPM was wiped with a cleaning solution and dried with paper
towels between each test. The following variables were scored in the
EPM: the percent time spent in the open arm (time spent on open arms/
time spent in open and closed arms x 100) (OTR) and the total number
closed arm entries.

2.3.4. Light-dark test

The light-dark box consisted of a dark compartment (15 cm width x
30 cm length x 30 cm height) and a light compartment (30 cm width x
30 cm length x 30 cm height) that were connected through an opening
(8 cm width x 8 cm height). Testing was performed in a dark experi-
mental room. A 60-W light bulb was positioned above the light
compartment, such that the illuminance in the middle of the light
compartment was approximately 450 lux. At the start of the test, each
mouse was placed in the dark compartment with its head facing away
from the opening, and was allowed to freely explore the light-dark box
for 5 min. After testing, the box was wiped with a cleaning solution and
dried with paper towels. The following variables were scored in the LDT
for the present study: the time spent in the light compartment and the
number of transitions between compartments.

2.4. In vivo microdialysis procedures

Additional naive WT mice were used to study the effects of PF-3845
(3 mg/kg, i.p.) and JZL184 (10 mg/kg, i.p.) treatments on DA and 5-HT
levels in the mPFC during an FST session. These mice were different
from those used previously in the behavioral assessments.

2.4.1. Surgery and probe implantation

All in vivo microdialysis sessions were performed using probes of
cellulose membrane with 2 mm active membrane length constructed as
previously described (Pavon et al., 2018) and aimed at mPFC. The ste-
reotaxic coordinates relative to Bregma were as follows: +2.0 mm AP,
4+0.5 mm ML and —4.0 mm DV from the skull surface (Paxinos and
Franklin, 2001). During the implantation procedure the probes were
continuously perfused with artificial cerebrospinal fluid [aCSF; 149 mM
NacCl, 2.8 mM KCl, 1.2 mM CaCl,, 1.2 mM MgCl,, 0.25 mM ascorbic acid
and 5.4 mM d-glucose (pH 7.2-7.4)] and secured to the skull as previ-
ously described (Pavon et al., 2018).

2.4.2. Microdialysis and FST

Probes were perfused with aCSF at 0.10 pL/min during a 12h post-
surgical recovery period. Then, the perfusion flow rate was increased to
0.60 pL/min for 1h. Dialysate fractions of aCSF were collected in 2
stages (26 samples): 15-min intervals during 240min [60-min baseline
period (samples 1-4), drug injection and 180-min post-injection period
(samples 5-16)]; and 9-min intervals during 90min [8-min FST and
return to original cages (sample 17) and 81-min post-FST period (sam-
ples 18-26)]. Samples were stored at —80 °C. Prior to monoamine de-
terminations, histological verifications were conducted to include all
cases that the active dialysis membrane was properly located within the
mPFC (n = 22) using a mouse brain atlas (Paxinos and Franklin, 2001)
(Fig. S1).
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2.5. High-performance liquid chromatography coupled with
electrochemical detection

Dialysate samples were analyzed for DA and 5-HT using HPLC-ECD
(model HTEC-500, from EiCOM Co., Kyoto, Japan). Five uL aliquots of
dialysate were injected onto an analytical column (particle size 2 mm,
PP-ODS 4.6 x 30 mm maintained at 25 °C) and eluted using an isocratic
mobile phase consisting of a 100 mM NaH,PO,4 buffer containing 134
pM 2Na-EDTA, 3.27 mM SDS and 0.75% (v/v) methanol (pH 6.0)
delivered at 400 pL/min. Both monoamines were detected electro-
chemically using a graphite working electrode set at +450 mV against
an Ag/AgCl reference electrode. Quantification was performed using
external calibration curves that were constructed daily using freshly
prepared standards. All chemicals for the mobile phase and chromato-
graphic standards were of the highest obtainable grade from Sigma-
Aldrich Co. (St. Louis, MO, USA).
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2.6. Statistical analysis

The behavioral and biochemical data are expressed as mean +
standard error of the mean (SEM). Behavioral variables in the TST, FST,
EPM and LDT were analyzed using one-way analysis of variance
(ANOVA) to explore the dose-response of drugs in mice. Sidak’s test was
used for post hoc multiple comparisons. Between-group differences in
basal dialysate DA and 5-HT levels (nM) were first compared by
repeated-measures ANOVA in the mPFC. For each treatment group, the
mean baseline level was calculated as the average of all dialysate sam-
ples that were collected before the drug administration (4 samples/an-
imal). Subsequent analyses were conducted on dialysate data (baseline
%) using a two-way repeated-measures ANOVA, with treatment as the
between-subjects factor and sampling time as the within-subjects factor
to evaluate the impact of the FST on mPFC dialysate monoamine levels.
Sidak’s test was used for post hoc multiple comparisons (simple effects).

A) PF-3845 B) PF-3845 Fig. 1. Effects of selective and. dual inh'ibitf)rs of
TST Latency TST Immobility FAAH and MAGL on stress-coping behavior in the
[J VEHICLE  1gT, Effects of the selective FAAH inhibitor PF-3845
150 300 7 1 mgkg (1, 3 or 10 mg/kg, i.p.) on the latency to the first
1251 o 250 4 0 3 mg/kg episode of immobility (A) and the total immobility
> 100 5 2001 Bl 10 mygkg time (B) in WT mice (n = 9-10 mice per group). Ef-
2 2 b 2 g fects of the selective MAGL inhibitor JZ1.184 (2, 10 or
g P[°¢ :E: 1501 oo % 40 mg/kg, i.p.) on the latency to the first episode of
B 504 & 100 Oog S immobility (C) and the total immobility time (D) in
25 504 © WT mice (n = 9-11 per group). Effects of the dual
N R FAAH/MAGL inhibitor JZL195 (3, 8 or 20 mg/kg, i.
v v p.) on the latency to the first episode of immobility
(E) and the total immobility time (F) in WT mice (n =
0) JZ1.184 D) JZ1.184 9-10 per group). Effects of the selective MAGL in-
TST Latency TST Immobility o hibitor JZL184 on the latency to the first episode of
ANOVA ANGVA ) VEHICLE immobility (G) and the total immobility time (H) in
1507 ,<0.001 3007 ,<0.001 aaa e D 2mglke FAAH KO mice (n = 11 per group). Bars are mean =+
1251 250 Hokok " I 10mgkg SEM. Symbols in the bars denote significant differ-
= 1004 222 > 200 5 09?9 o 000 mE 40mgkg ences in the post hoc test after one-way ANOVA: (**)p
3 Fokok aaa & % 090 < 0.01 and (***)p < 0.001 denote significant differ-
g 2 OOCSO ° Hkk g 1501 og0 = ences vs. the vehicle group; (**)p < 0.01 and (***)p <
B 501 o © oo, & 10 oggo 0.001 denote significant differences vs. the low-dose
251 rgn-l ﬁ 50 group; (P)p < 0.05, (™®)p < 0.01 and (***)p < 0.001
o Q000 0 denote significant differences vs. the intermediate-
dose group.
E) JZ1.195 F) JZ1.195
TST Latency TST Immobility bb
1501 ANOVA 3004 AS)OO:)/? ;:l:* [] VEHICLE
p<0.001 P2 ok 3 3 mglkg
1251 250 . o B 8 mg/ke
g 100 00_890 ’g 200 > Il 20 mg/kg
g 751 [ o g 1501 9%o o
g s0q| © Z 1004|980
251 50
0 v
G) JZ1.184 in FAAH KO H) JZ1.184 in FAAH KO
TST Latency TST Immobility bbb
aaa [] VEHICLE
1507 ANOVA 007 pantor ok on [ 2mgke
125 250 & [ 10 mg/kg
2 1001 o0 g 201 o ooooo B 40 mgkg
S ] 0T o 2 gs0] LB =
g 0, S aaa g o
g2 51| o o etk = 1001
J o |
25 Ooooo & 5?

0
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Area under the curve (AUC) calculations were used for comparison of
overall FST-induced alterations in drug-treated mice. The AUC was
calculated for each animal by subtracting the basal average (100) from
the percent value for each data point following the FST, and subse-
quently summing all these data points. AUC values were analyzed by
one-way ANOVA. Test statistic values and degrees of freedom are indi-
cated in the results where appropriate. Differences were considered
statistically significant at p-value of 0.05. All the statistical analyses
were performed using GraphPad Prism (GraphPad Software, La Jolla,

CA, USA).
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3. Results
3.1. Effects of FAAH and MAGL inhibition on stress-coping behavior

3.1.1. Tail suspension test

3.1.1.1. Selective FAAH inhibition. Treatment with PF-3845 failed to
elicit significant effects on the latency to the first episode of immobility
(Fig. 1A) and the total immobility time (Fig. 1B) in the TST.

3.1.1.2. Selective MAGL inhibition. There were significant differences in
the latency and the total immobility time among different doses of
JZ1184 with respect to the vehicle group in the TST. The analysis
revealed a significant main effect of treatment (F(339) = 27.22;p <
0.001) on the latency, and the post hoc test indicated that 10 and 40 mg/
kg of JZL184 significantly decreased the latency compared with the

A) PF-3845 B) PF-3845 Fig. 2. Effects of selective and dual inhibitors of
FST Latency FST Immobility ] VEHICLE FAAH and MAGL on stress-coping behavior in the
a FST. Effects of the selective FAAH inhibitor PF-3845
300 :i\(l)(;\S/A o * 3004 ANOVA LgAE on the latency to the first episode of immobility (A)
250 o©° a5 p=0.001 3 3 mghke and the total immobility time (B) in WT mice (n = 10
B 10mgkg  per group). Effects of the selective MAGL inhibitor
g 2007 o g 2001 o JZ1.184 on the latency to the first episode of immo-
2 150 f:’ 1504 o & bility (C) and the total immobility time (D) in WT
E 100 E 200 i o mice (n = 10-11 per group). Effects of the dual
o 2 %0 FAAH/MAGL inhibitor JZL195 on the latency to the
0] ﬁ 880 509 [ "o first episode of immobility (E) and the total immo-
0- 0 bility time (F) in WT mice (n = 10 per group). Effects
of the selective MAGL inhibitor JZL184 on the latency
0 JZ1.184 D) J7Z1.184 to the first episode of immobility (G) and the total
FST Latency FST Immobility ] VEHICLE immobility time (H) in FAAH KO mice (n = 10-12 per
ANOVA _ ANOVA £ 2 mgke group). Bar's'are m?an + SEM. Symbols in the bars
3007 1, <0.001 3007 ,<0.001 denote significant differences in the post hoc test after
250 ] 250 - B9 10mgks  he way ANOVA: (*)p < 0.05, (**)p < 0.01 and (***)
p— =200 ] MW 4Omgke < 0001 denote significant differences vs. the
§ § vehicle group; (*)p < 0.05, (**)p < 0.01 and (***)p <
2 150 1 2 150 1 oooo 0.001 denote significant differences vs. the low-dose
E100q o sk gk * £ 100 2 group; (®)p < 0.01 and (*®)p < 0.001 denote sig-
o 90 b ° nificant differences vs. the intermediate-dose group.
50 I—%ﬂﬂq K o0 o s04 | ©0
S0t e o X .
E) JZ1.195 F) JZ1.195
FST Latency FST Immobility
[] VEHICLE
_ ANOVA _ ANOVA 3 mg/kg
A0 p=0.001 o p<0.001 ket Rk e
250 250 Hkk B 8 mg/kg
Oo o0 Bl 20 mg/kg
Q200 1 Q200
X g oo
150
£ £
a Z 100
50
0
G) JZ1.184 in FAAH KO H) JZ1.184 in FAAH KO
FST Latency FST Immobility bb
aaa [] VEHICLE
_ ANOVA _ ANOVA Hokok o B
3007 h<o.01 3007 p<o.001 ek 50 B Sl
250 250 1 o o  EE 10mefke
40 mg/k
3200 2 200 20, N e
2
é’lso- :E:ISO- o 20
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vehicle group (p < 0.001) (Fig. 1C). Accordingly, there was a significant
main effect of treatment on the total immobility time (F(3 39) = 15.60;p
< 0.001), and mice treated with 10 and 40 mg/kg of JZL184 showed
higher immobility than the vehicle group (p < 0.001) (Fig. 1D).

3.1.1.3. Dual FAAH/MAGL inhibition. One-way ANOVA of the latency
revealed a significant main effect of JZL195 treatment (F(3 35) = 21.35;p
< 0.001), and the post hoc comparisons indicated a dose-dependent
decrease in the latency of JZL195 relative to the vehicle group (3 mg/
kg, p < 0.01; 8 mg/kg, p < 0.001; and 20 mg/kg, p < 0.001) (Fig. 1E). In
agreement to the latency, there was a significant main effect of treat-
ment on the total immobility time (F(3 35 = 48.96;p < 0.001) and
JZL195 was associated with a dose-dependent increase in the total
immobility relative to the vehicle group (p < 0.001) (Fig. 1F).

3.1.1.4. Selective MAGL inhibition in FAAH KO mice. There was a sig-
nificant main effect of JZL184 treatment on the latency to immobility
(F3,41) = 11.96;p < 0.001) in FAAH KO mice, and a dose-dependent
effect of JZL184 was observed with a significant decrease in the la-
tency at 10 and 40 mg/kg compared with the vehicle group (p < 0.01
and p < 0.001, respectively) (Fig. 1G). Regarding the total immobility
time, there was a significant main effect of treatment (F(3 41) = 37.78;p
< 0.001), and higher doses of JZL184 (10 and 40 mg/kg) produced a
significant increase in the immobility relative to the vehicle group (p <
0.001) (Fig. 1H).

3.1.2. Forced swim test

3.1.2.1. Selective FAAH inhibition. There was a significant main effect of
PF-3845 treatment on the latency (F(3 36) = 3.600;p = 0.023) in the FST,
and the post hoc comparison showed that 10 mg/kg of PF-3845 signifi-
cantly increased the latency to the first immobility compared with the
vehicle group (p < 0.05) (Fig. 2A). Moreover, there was a significant
main effect of treatment on the total immobility time (F(3 36) = 7.493;p
= 0.001), and mice treated with 3 mg/kg of PF-3845 showed signifi-
cantly lower immobility than the vehicle group (p < 0.01) (Fig. 2B).

3.1.2.2. Selective MAGL inhibition. There was a main effect of JZL184
treatment on the latency to the first immobility (F339) = 8.235;p <
0.001), and the post hoc test indicated that all doses of JZL184 signifi-
cantly decreased the latency relative to the vehicle group (2 mg/kg, p <
0.01; 10 mg/kg, p < 0.01; and 40 mg/kg, p < 0.05) (Fig. 2C). Accord-
ingly, there was a significant main effect of treatment (F(3 39) = 47.59, p
< 0.001) on the total immobility time, and mice treated with 10 and 40
mg/kg of JZL184 showed significantly higher immobility than the
vehicle group (p < 0.01) (Fig. 2D).

3.1.2.3. Dual FAAH/MAGL inhibition. The effects of JZL195 on the la-
tency and the total immobility time were found to be similar to the ef-
fects of JZL184 in the FST. One-way ANOVA revealed a significant main
effect of treatment on the latency (F(3 36) = 36.622;p = 0.001), and mice
treated with JZL195 showed significantly lower latency than the vehicle
group (p < 0.01) (Fig. 2E). In addition, there was a significant main
effect of treatment on the total immobility time (F336) = 21.32;p <
0.001), and the post hoc test revealed significant increases in the
immobility time of mice treated with JZL195 as compared with the
vehicle group (p < 0.001) (Fig. 2F).

3.1.2.4. Selective MAGL inhibition in FAAH KO mice. There was a main
effect of JZL184 treatment on the latency to the first immobility (F(3 42)
= 4.531;p = 0.008) in FAAH KO mice, and a significant decrease was
found for all doses of JZL184 compared with the vehicle group (2 mg/
kg, p < 0.05; 10 mg/kg, p < 0.01; and 40 mg/kg, p < 0.01) (Fig. 2G).
Additionally, there was a main effect of treatment on the total immo-
bility time (F(342) = 46.98;p < 0.001). Thus, post hoc comparisons
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revealed a dose-dependent effect of JZL184, and significant increases in
the total immobility time were observed in mice treated with 10 and 40
mg/kg compared with the vehicle group (p < 0.001) (Fig. 2H).

3.2. Effects of FAAH and MAGL inhibition on stress-induced DA and 5-
HT levels in the mPFC

3.2.1. Extracellular DA levels

The analysis of baseline DA levels revealed no differences among
groups of mice in the first 4 samples [vehicle: 0.255 + 0.012 nM; PF-
3845 (3 mg/kg): 0.273 + 0.012 nM; and JZL184 (10 mg/kg): 0.280
+ 0.012 nM]. Overall, a two-way repeated-measures ANOVA during the
microdialysis experiment revealed main effects of treatment (F(2,19) =
4.173;p = 0.031) and sampling time (F(25 475) = 43.32;p < 0.001) on
relative DA levels, but also a significant interaction between the two
factors (F(s0,475) = 1.845;p < 0.001) (Fig. 3A). Post hoc comparisons for
simple effects were performed to explore the interaction among treat-
ment and sampling time. A slight increase in extracellular DA levels was
observed immediately after drug injection in all treatment groups but
there were no differences relative to their basal levels. In contrast, the
FST session induced a rapid and robust increase in DA levels (vehicle:
samples 17-23, PF-3845: samples 17-26; and JZL184: samples 17-19)
relative to their basal levels and significant differences among the
treatment groups. Specifically, mice treated with JZL184 showed lower
DA levels than the vehicle group at samples 17-21 (p < 0.05). The FST-
induced increases in DA levels and differences among treatments were
confirmed in the AUC analysis using a one-way ANOVA (F(2,19) = 5.538;
p = 0.013) (Fig. 3B). Thus, mice treated with JZL184 showed signifi-
cantly lower post-FST AUC values than the vehicle group (p < 0.05).
However, no differences were observed between mice treated with PF-
3845 and the vehicle group.

3.2.2. Extracellular 5-HT levels

There were no significant differences among groups of mice in
baseline 5-HT levels (vehicle: 0.377 4+ 0.010 nM; PF-3845: 0.370 +
0.010 nM; and JZL184: 0.347 + 0.020 nM). The analysis of 5-HT levels
during the microdialysis experiment revealed only a main effect of
sampling time (Fo5475) = 18.29;p < 0.001) (Fig. 3C). Post hoc com-
parisons showed a significant increase in 5-HT levels immediately after
drug injections [sample 5 (p < 0.001)] and the FST session [samples
17-26 (p < 0.05)] relative to their baselines. The AUC analysis for
dialysate 5-HT using one-way ANOVA revealed no differences among
treatments (Fig. 3D).

3.3. Effects of FAAH and MAGL inhibition on anxiety-like behavior and
locomotor activity

We examined anxiety-like behavior and locomotor activity in mice
treated with FAAH and/or MAGL inhibitors in the EPM and LDT.

3.3.1. Elevated plus maze

3.3.1.1. Selective FAAH inhibition. In the EPM, one-way ANOVA of the
OTR revealed a significant main effect of PF-3845 treatment (F(3 3s5) =
4.678;p = 0.008), and the post hoc test indicated that only 1 mg/kg of PF-
3845 significantly increased the OTR compared with the vehicle group
(p < 0.01) (Fig. 4A). In addition to the OTR, there was a significant main
effect of treatment (F(335) = 3.697;p = 0.021) on the closed arm entries
but the post hoc test found no significant differences when mice treated
with PF-3845 were compared with the vehicle group (Fig. 4B).

3.3.1.2. Selective MAGL inhibition. There was a significant main effect
of JZL184 treatment on the OTR (F(3 3g) = 13.19;p < 0.001). The post hoc
test showed that 2 and 10 mg/kg of JZL184 significantly increased the
OTR compared with the vehicle group (p < 0.001 and p < 0.05,
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respectively), and a dose-dependent effect of JZL184 was observed
(Fig. 4C). Regarding the closed arm entries, the analysis indicated a
significant main effect of treatment (F(3 3g) = 5.110;p = 0.005), but we
observed no significant differences when mice treated with JZL184 were
compared with the vehicle group (Fig. 4D). Unlike WT mice, JZL184
treatment in FAAH KO mice showed no significant effects on the OTR or
the closed arm entries in the EPM (Fig. S2A and S2B).

3.3.2. Light-dark test

3.3.2.1. Selective FAAH inhibition. Similarly to the results in the EPM,
the statistical analysis of the time spent in the light compartment of the
light-dark box revealed a significant main effect of PF-3845 treatment
(F@3,36) = 3.202;p = 0.035), and 1 mg/kg of this FAAH inhibitor signif-
icantly increased the time in the light compartment relative to the
vehicle group (p < 0.05) (Fig. 4E). In contrast, there was no significant
effects of treatment on the light-dark transitions in the LDT (Fig. 4F).

3.3.2.2. Selective MAGL inhibition. There was a significant main effect
of JZL184treatment on the time spent in the light compartment of the
LDT (F(3,33) = 3.005;p = 0.044), and the post hoc test showed a signifi-
cant increase with 2 mg/kg of JZL184 compared with the vehicle group
(p < 0.05) (Fig. 4G). Regarding the locomotor activity, we found no
statistical differences among doses of treatment in the light-dark tran-
sitions (Fig. 4H). In FAAH KO mice, there was a significant increase in
the time spent in the light compartment of the light-dark box compared
with the vehicle group (Fig. S2C and S2D) with the highest dose of
JZL184 (40 mg/kg).

In addition to the selective inhibition of FAAH (PF-3845) and MAGL
(JZL184), the dual inhibition with JZL195 was also examined in both
the EPM and LDT. Thus, while we observed a significant increase in the
OTR at higher doses (8 and 20 mg/kg) in the EPM (Fig. S3A and S3B),
this anxiolytic-like effect was not statistically significant in the LDT
(Fig. S3C and S3D).

4. Discussion
In the last decade, the development of new FAAH and/or MAGL

inhibitors has allowed the characterization of the physiological impli-
cations of FAAH-AEA and MAGL-2-AG pathways in specific behavioral

B)
Post-FST DA
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Fig. 3. Effects of the FST on mPFC dialysate
DA and 5-HT levels in WT mice treated with

selective inhibitors of FAAH and MAGL.
1000 Microdialysis experiment expressing DA levels as
- the percentage change from baseline levels
a (mean 4 SEM) (A). The AUC for DA summarizes
% the effect of the FST on dialysate DA (mean +
400 SEM) (B). Microdialysis experiment expressing 5-
il HT levels as the percentage change from baseline
levels (mean + SEM) (C). The AUC for 5-HT
summarizes the effect of the FST on dialysate
DA (mean + SEM) (D). The drug injection is
indicated by the arrow. FAAH inhibitor [PF-
D) 3845, 3 mg/kg (i.p.)], MAGL inhibitor
Post-FST 5-HT [(JZL184, 10 mg/kg (i.p.)] or vehicle were
administered in groups of 7-8 mice. (*)p < 0.05
denotes significant differences vs. the vehicle
group. (a)p < 0.05 denotes significant differences
vs. the PF-3845 group. (Mp < 0.05 denotes sig-
nificant differences vs. baseline levels (100%).

VEHICLE PF-3845 JZL184

VEHICLE PF-3845 JZL184

processes. Because substantial evidence indicates a main role of the
endocannabinoid system in the modulation of emotional behaviors, the
present study was mainly designed to provide a better understanding of
the specific involvement of these two main endocannabinoid pathways
in the modulation of stress-coping behaviors.

4.1. Stress-coping behavior and endocannabinoid signaling pathways

Numerous studies have reported the ability of CB; receptor agonists
to increase proactive stress coping strategies (Bambico et al., 2007,
2012; El-Alfy et al., 2010). Accordingly, it has been described that the
enhancement of AEA signaling through the pharmacological or genetic
inhibition of FAAH produces a significant decrease in immobility in the
TST and FST, which is appraised as avoidance coping (Bambico et al.,
2010; Gobbi et al., 2005). In line with these studies, swim stress has been
reported to produce a significant decrease in AEA content in the mPFC,
and local administration of a FAAH inhibitor into this brain region de-
creases passive coping behaviors that are interpreted as
antidepressant-like effects (McLaughlin et al., 2012). In agreement, we
also observed a significant increase in the latency to immobility and a
decrease in the total immobility time in mice treated with PF-3845 in the
FST, but no effects in the TST. The inconsistency between both para-
digms may be related to the differential sensitivity of each test to detect
the influence of AEA in passive coping behaviors, but also to the testing
conditions. In this regard, previous studies have reported that the effects
on emotional behaviors using FAAH inhibitors (URB597) or FAAH KO
mice are detected in the TST only altering the ambient lighting condi-
tions and increasing sample sizes (Naidu et al., 2007). In addition to
increased AEA levels, FAAH inhibition increases other N-acylethanol-
amines [e.g., N-palmitoylethanolamine (PEA) and N-oleoylethanol-
amine (OEA)] that could contribute to stress-coping behaviors through
other targets (non-CB;/non-CB; receptors) such as peroxisome
proliferator-activated receptors (PPAR-a) (Fu et al., 2003), whose acti-
vation has been shown as a natural response to stress (Hillard, 2018).

In contrast to FAAH, the relative influence of MAGL inhibition on
stress-coping responses has not been deeply explored and apparently
contradictory findings have been reported. Despite one study described
an increase in the immobility time in the FST after chronic treatment
with JZL184 (Lomazzo et al., 2015), other studies in mice found no ef-
fects after acute treatment or even a decrease of passive stress-coping
behavior after chronic treatment with JZL184 in stressed mice, but
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not in control mice (Aliczki et al., 2013; Zhang et al., 2015; Zhong et al.,
2014). Recently, it has been reported a dose-dependent biphasic effect of
the selective MAGL inhibitor JZL184 on immobility in acutely stressed
mice (Wang et al., 2017). Furthermore, Wang and colleagues demon-
strate that these effects of JZL184 in the FST depending on the duration
of stress exposure; whereas 20 mg/kg increases immobility in acutely
stressed mice, immobility is decreased in chronic corticosterone-treated
mice. In the present study, mice acutely treated with JZL184 displayed a
significant decrease in the latency to the first immobility and a signifi-
cant increase in the total immobility time in both the TST and FST at
doses of 10 and 40 mg/kg. The reasons for the discrepancy between
studies are not clear, but differences in variables related to the phar-
macological and environmental conditions or the use of different mouse
strains among others may explain this disparity of effects (Table S1).
Because the selective inhibition of FAAH or MAGL was associated

with opposite effects on immobility, we examined whether there was an
interactive or antagonistic effect of AEA and 2-AG signaling in the
regulation of stress-coping behaviors. Overall, the combined FAAH/
MAGL inhibition in WT mice and the MAGL inhibition in FAAH KO mice
produced a dose-dependent increase in the total immobility time in both
the TST and FST, which suggests that the 2-AG signaling prevails over
the AEA signaling on regulating coping behavior. This discrepancy in
coping behavior is not unprecedented and multiple studies have found
opposite effects of FAAH and MAGL inhibition on many emotional be-
haviors linked to stress such as fear expression (Llorente-Berzal et al.,
2015), fear extinction (Gunduz-Cinar et al., 2013; Hartley et al., 2016)
and predator-induced flight behavior (Heinz et al., 2017).

Immobility expressed by rodents in the FST and TST has been clas-
sically used as measure of depression-like behavior, and we could
differentiate the antidepressant-like effects of PF-3845 from the pro-



F.J. Pavon et al.

depressant-like (or depressive-like) effects of JZL184. However, we
appraise this behavioral response as an adaptive strategy to cope with a
stressful situation that cannot be escaped (i.e., strategy for survival and
energy conservation) (Campus et al., 2015; Commons et al., 2017;
Molendijk and de Kloet, 2019). Therefore, both FAAH and MAGL in-
hibitors in mice show different adaptative strategies to inescapable
stress (swim stress in the FST) and more investigation is needed to
determine their pharmacological characteristics as drugs for depression
or related conditions characterized by altered stress response such as
autism spectrum disorders (Commons et al., 2017).

4.2. FAAH and MAGL inhibition and monoamines in the mouse mPFC

For a better understanding of the neurochemical substrate underly-
ing the behavioral effects observed herein, we evaluated the effects of
swim stress on extracellular DA and 5-HT levels in the mouse mPFC after
blocking FAAH or MAGL. Growing evidence indicates that exposure to
an acute stress activates dopaminergic neurons, increasing DA levels in
the mesocorticolimbic pathway (Butts and Phillips, 2013). Namely,
microdialysis studies have reported increased DA levels in the mPFC
during exposure to diverse stressors and this dopaminergic response is
enhanced in animals exposed to inescapable stress (Bland et al., 2003;
Chen et al., 2016). Accordingly, our experiment revealed rapid and
significant elevations of extracellular DA levels (over a 300% of basal DA
levels in the vehicle group) in the mPFC during the swim stress that were
gradually decreasing. Previous studies have showed a biphasic response
of DA transmission in uncontrolled or inescapable stressful conditions
because the initial increase of DA levels is followed by a DA decrease
from the VTA(Cabib and Puglisi-Allegra, 2012). However, there were
differences among treatments and JZL184-treated mice displayed a
significant attenuation of the DA increase and a faster return to baseline
compared with mice treated with PF-3845 or vehicle. MAGL inhibition
produces a significant elevation in brain 2-AG levels (Long et al., 2009b)
that could reduce synaptic transmission at both excitatory glutamatergic
and inhibitory GABAergic synapses onto DA neurons via CB; activation,
as observed in mouse mPFC(Domoto et al., 2018). Therefore, the
enhanced 2-AG tone induced by the acute administration of JZL184
could be associated with the attenuation of the swim stress-induced DA
release in the mPFC.

The doses of JZL184 (10 mg/kg) and PF-3845 (3 mg/kg) for the
microdialysis experiment induced significant effects on the total
immobility time in the FST. Previous studies have suggested that stress-
coping behaviors associated with alterations in the endocannabinoid
signaling may be mediated through modulating monoaminergic
neurotransmission (Gobbi et al., 2005; Haring et al., 2013; McLaughlin
et al,, 2012). Furthermore, a recent study in rats reported that a
reduction in the PFC dopaminergic inputs from the VTA is associated
with an increase in passive coping responses in the FST (Bai et al., 2017).
However, while increased immobility was paralleled to changes in the
DA response to stress with a selective MAGL inhibitor, decreased
immobility was uncorrelated with changes in the DA response with a
selective FAAH inhibitor.

4.3. FAAH and MAGL inhibition and anxiety-like behavior

Because the mesocortical dopaminergic system is also involved in the
modulation of the anxiety-like behavior, and anxiety is considered an
adaptive component of the acute stress response (Zarrindast and Khak-
pai, 2015), we examined the effects of FAAH and MAGL inhibition on
anxiety. Overall, we found a robust anxiolytic-like effect of all FAAH
and/or MAGL inhibitors in the EPM and LDT.

In agreement with previous reports, we observed that the indirect
stimulation of AEA signaling influences anxiety (for review see (Gaetani
et al., 2009)) and PF-3845 induced a significant anxiolytic-like effect at
1 mg/kg. However, the effects of PF-3845 on anxiety-like behavior de-
pends on the in vivo efficacy of AEA levels and the influence of other
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molecules and targets that are affected by the FAAH inhibition. Thus, it
has been reported that mice treated with 10 mg/kg of PF-3845 show a
dramatic increase (>10-fold) in AEA levels and in other
non-cannabinoid congeners (i.e., N-acylethanolamines), such as OEA
that acts as agonist for PPAR-a, but also for the transient receptor po-
tential vanilloid type-1 (TRPV1) channel (Ahn et al., 2009). Interest-
ingly, CB; and TRPV1 receptors are co-expressed in several brain regions
and exert opposite roles on different brain functions, including the
control of affective and anxiety-like behaviors (Cristino et al., 2006;
Micale et al., 2009).

Similar to FAAH inhibition, we also observed that mice treated with
the MAGL inhibitor displayed a significant anxiolytic-like response,
although PF-3845 and JZL184 show different molecular mechanisms of
action. In this regard, previous studies have reported that while the
anxiolytic-like effects produced by the FAAH inhibitor URB597 are
primarily CB;-dependent (Moreira et al., 2008), the anxiolytic-like ef-
fects of JZL184 are mediated through a CBj-dependent mechanism
(Busquets-Garcia et al., 2011). However, other studies have found that
the anxiolytic effects of MAGL inhibition are also mediated by CB; re-
ceptors (Bedse et al., 2017; Morena et al., 2016).

In addition to the selective FAAH and MAGL inhibition, we found
that the dual increase of AEA and 2-AG signaling pathways using JZL195
produced anxiolytic-like responses in the EPM. However, these findings
appear to stand in contrast to previous studies that show that dual
FAAH/MAGL inhibition has no effect or induces an increased anxiety-
like behavior (Bedse et al., 2018; Manduca et al., 2015). Because it
has been reported that the effects of JZL195 are dependent on the
experimental context (Bedse et al., 2018), this discrepancy may be
related to experimental conditions.

4.4. Summary and conclusions

Our results demonstrated that FAAH and MAGL inhibition induced
different effects on stress coping behavior. The FAAH inhibitor PF-3845
increased latency (10 mg/kg) to immobility and decreased total
immobility time (3 mg/kg) in the FST, whereas the MAGL inhibitor
JZ1.184 significantly decreased latency and increased immobility in both
the TST and FST at 10 and 40 mg/kg. The strong and consistent effects of
JZL184 on latency and immobility across tests were also observed in
FAAH KO mice, and the dual FAAH/MAGL inhibitor JZL195 decreased
latency and increased immobility in both TST and FST at 3, 8 and 20 mg/
kg in a way similar to JZL184. Therefore, passive stress-coping behavior
was primarily associated with MAGL inhibition. The in vivo micro-
dialysis experiment revealed that the forced swim induced a rapid and
significant increase in extracellular DA and 5-HT levels in the mPFC.
While 5-HT levels were not affected by treatments, mice treated with the
MAGL inhibitor JZ1.184 (10 mg/kg) showed a significant attenuation of
stress-induced DA release relative to mice treated with vehicle. By
contrast, PF-3845 (3 mg/kg) treatment produced no effects on increased
DA levels during the FST. Finally, despite these differences between
FAAH and MAGL inhibition on coping behaviors and stress-induced DA
response in the mPFC, the FAAH and/or MAGL inhibitors showed robust
and consistent anxiolytic-like effects under our experimental conditions.

In conclusion, we show a different profile for FAAH and MAGL in-
hibitors in the effects on stress coping behavior, although their associ-
ation with depression-like effects need more investigation. Collectively,
our data suggest an association between the 2-AG and DA signaling
pathways in the mPFC during an acute inescapable or uncontrolled
stress. However, we are aware that additional experiments are needed to
elucidate the mechanism of this functional association between both
pathways regarding avoidance coping strategies, and whether alternate
mechanisms are involved in the regulation of these behavioral and
biochemical responses related to stress.
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