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Abstract

The endocannabinoid ligand 2-arachidonoylglycerol (2-AG) is inactivated primarily by
monoacylglycerol lipase (MAGL). We have shown recently that chronic treatments with MAGL
inhibitor JZL184 produce antidepressant- and anxiolytic-like effects in a chronic unpredictable
stress (CUS) model of depression in mice. However, the underlying mechanisms remain poorly
understood. Adult hippocampal neurogenesis has been implicated in animal models of anxiety and
depression and behavioral effects of antidepressants. We tested whether CUS and chronic JZL184
treatments affected adult neurogenesis and synaptic plasticity in the dentate gyrus (DG) of mouse
hippocampus. We report that CUS induced depressive-like behaviors and decreased the number of
bromodeoxyuridine (BrdU)-labeled neural progenitor cells and doublecortin-positive immature
neurons in the DG, while chronic JZL184 treatments prevented these behavioral and cellular
deficits. We also investigated the effects of CUS and chronic JZL184 on a form long-term
potentiation (LTP) in the DG known to be neurogenesis-dependent. CUS impaired LTP induction,
whereas chronic JZL184 treatments restored LTP in CUS-exposed mice. These results suggest that
enhanced adult neurogenesis and long-term synaptic plasticity in the DG of the hippocampus
might contribute to antidepressant- and anxiolytic-like behavioral effects of JZL184.
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Introduction

Natural cannabis improves mood and ameliorates depressive symptoms in humans (Gruber
et al., 1996). Synthetic cannabinoid receptor (CB;) agonists produce anxiolytic- and
antidepressant-like effects in animals (Berrendero and Maldonado, 2002; Jiang et al., 2005;
Patel and Hillard, 2006; Valjent et al., 2002). Clinical and laboratory observations over the
last decade indicate that the endocannabinoid (eCB) system represents a promising target for
pharmacotherapy of depression (Bambico and Gobbi, 2008; Hill et al., 2009; Hillard and
Liu, 2013). The eCB system has at least two endogenous ligands, anandamide (AEA) and 2-
arachidonoylglycerol (2-AG) that activate CB receptor (Di Marzo et al., 1998; Piomelli,
2003). Anandamide is hydrolyzed and inactivated by fatty acid amide hydrolase (FAAH),
while 2-AG is hydrolyzed primarily by monoacylglycerol lipase (MAGL) (Blankman et al.,
2007; Cravatt et al., 1996). FAAH and MAGL inhibitors amplify endogenous eCB activity
with temporal and spatial fidelity and should be superior to direct CB4 agonists as
therapeutic agents. FAAH and AEA transporter inhibitors produce antidepressant- and
anxiolytic-like effects in rodents (Bortolato et al., 2007; Busquets-Garcia et al., 2011; Gobbi
et al., 2005; Patel and Hillard, 2006). More recent studies indicate that MAGL inhibitor
JZ1.184 induces anxiolytic-like effects in marble burying (Kinsey et al., 2011), novelty-
suppressed feeding (Sumislawski et al., 2011) and elevated zero/plus maze assays
(Busquets-Garcia et al., 2011; Sciolino et al., 2011). Using chronic mild unpredictable stress
(CUS) as an animal model for depression (Willner et al., 1987), we have shown recently that
CUS led to impairment of 2-AG-mediated retrograde synaptic depression in the CA1 region
of the hippocampus, while chronic JZL.184 treatments prevented CUS-induced depressive-
like behaviors via activation of CB;-mammalian target of rapamycin (nTOR) signaling
(Zhong et al., 2014). However, the cellular mechanisms that mediate the antidepressant-like
effects of MAGL inhibitor JZL.184 remain poorly understood.

Adult hippocampal neurogenesis has been implicated in animal models of anxiety and
depression and behavioral effects of antidepressants (Hanson et al., 2011; Sahay and Hen,
2007), although this issue remains controversial (Hanson et al., 2011). Adult neurogenesis in
the dentate gyrus (DG) of the hippocampus is required for the antidepressant behavioral
effects of antidepressants imipramine and fluoxetine (Hanson et al., 2011; Malberg et al.,
2000; Sahay and Hen, 2007; Santarelli et al., 2003; Wang et al., 2008). The DG of the
hippocampus expresses one of the highest levels of CB1 receptors in the brain (Katona et al.,
2006; Monory et al., 2006). Adult neurogenesis in the DG of the hippocampus is impaired in
CB; knockout mice (Jin et al., 2004) and diacylglycerol lipase a (DAGLa) knock-out mice
(Gao et al., 2010). DAGL hydrolyses diacylglycerol into 2-AG and is therefore responsible
for 2-AG synthesis (Bisogno et al., 2003). Thus, 2-AG-mediated activation of CB receptors
plays an important role in adult hippocampal neurogenesis. To investigate whether
hippocampal neurogenesis is involved in the antidepressant-like effects of JZL.184, we
examined the effects of CUS and chronic JZL184 treatments on (1) the number of
bromodeoxyuridine (BrdU)-labeled neural progenitor cells and doublecortin-positive
(DCX*) immature neurons in the DG in control and CUS-exposed mice; (2) a form of long-
term potentiation (LTP) in the DG known to be dependent on hippocampal neurogenesis
(Saxe et al., 2006; Snyder et al., 2001; Wang et al., 2000). We report that CUS exposure
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decreased the number of BrdU* and DCX* cells and impairs LTP induction in the DG of the
hippocampus and chronic JZL 184 treatments prevented these deficits. The enhancement of
hippocampal neurogenesis and synaptic plasticity might provide a putative mechanism for
antidepressant-like behavioral effects of JZL.184.

Materials and Methods

Animals

Male C57BL/6J mice (8-10 weeks of age) were purchased from the Jackson Laboratory.
Animal maintenance and use were in accordance with protocols approved by the
Institutional Animal Care and Use Committee of Medical College of Wisconsin.

CUS paradigm and drug treatment

Behavior

After one week of initial habituation, mice were subjected to CUS for a total of 5 weeks as
we have described (Zhong et al., 2014). The stressors included restraint (1 hour in a soft,
flexible plastic cone, DecapiCone, Braintree Scientific, Inc.), inversion of day/night light
cycle, cold (in a cold room at 4°C for 1 hour), 45° tilted cage (overnight), cage rotation (20
min), rat bedding (odor, 3 hours), wet bedding (250 ml water added into cage, overnight)
and no bedding (overnight), low intensity stroboscopic illumination (10 Hz, overnight), food
and water deprivation (overnight), overcrowding (overnight) (Koo and Duman, 2008; Wang
et al., 2010; Willner et al., 1987) (Table 1). Unstressed controls were handled only for
injections, cage changes and behavioral tests. At the beginning of the third week, CUS-
exposed mice and time-matched control mice were given intraperitoneal (i.p.) injections of
vehicle (18:1:1 saline:emulphor:ethanol) or JZL184 (8 mg/kg) every two days for 3 weeks
before behavior tests. JZL184 was freshly dissolved in saline:emulphor:ethanol vehicle with
vigorous sonication.

Open field test (OPT)—Mice were placed individually in one corner of an open field box
(50 cm length x 45 cm wide x 30 cm deep) and allowed to freely explore the arena during a
15 min test session. Locomotor activities were recorded using an automated video-tracking
system (Mobile Datum, Shanghai, China). Total distance traveled and time spent in the
center of the open field during the first 5 min were analyzed. Time in center was defined as
the amount of time that was spent in the central 25 cm x 22.5 cm area of the open field.

Forced swim test (FST)—Mice were placed individually into glass cylinders (13 cm
diameter, 25 cm tall) filled to a depth of 18 cm with water (25 + 1°C) for 6 minutes. The
time spent immobile during the last 4 min was scored by an observer blind to treatment
conditions. Immobility was defined as the cessation of all movements (e.g., climbing,
swimming) except those necessary for the mouse to keep its head above water (i.e.,
floating).

Novelty-suppressed feeding (NSF)—NSF was carried out similar to a published
protocol (Santarelli et al., 2003). After fasting for 24 hours, mice were placed individually in
one corner of a plastic box (45 cm long x 35 cm wide x 20 cm deep) where five food pellets
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(regular chow) was placed on a piece of white filter paper (11 cm in diameter) in the center
of the box. The latency to feed in the novel environment was measured. Feeding was defined
as biting the food with the use of forepaws, not simply sniffing or touching the food.
Following the test, mice were transferred to the home cage, and the latency to feed in the
home cage was measured.

Immunohistochemistry

Following behavioral tests, mice were administrated with BrdU (4 x 75 mg/kg every 2
hours, Sigma, i.p). Twenty-four hours after BrdU injection, mice were killed and
transcardially perfused with 4% paraformaldehyde in 0.1 M PBS supplemented with 4%
sucrose. The brains were postfixed overnight in 4% paraformaldehyde and stored in 30%
sucrose at 4°C. Serial sections were cut through the entire hippocampus at 40 um thickness
with a cryostat and stored in cryoprotectant solution containing 25% ethylene glycol and
25% glycerol in 0.05 M PBS sodium phosphate buffer (pH 7.4) at 4°C until use.

BrdU staining was based on a published protocol with minor modifications (Wojtowicz and
Kee, 2006). Sections were treated with 1% hydrogen peroxide in PBS for 15 min to remove
the endogenous peroxidase. DNA denaturation was conducted by incubation with 2 M HCI
for 30 minutes at 37 °C. Sections were washed in 0.1 M borate buffer (pH = 8.4) for 5 min
and in 0.1 PBS for 5 min. After blocking with 1% BSA-5% goat serum-0.3% Triton X-100
in 0.1 M PBS, sections were incubated with goat anti-BrdU antibody (1:400, Sigma) for 48
hours and then with secondary antibody (1:100; rabbit anti-goat 1gG-HRP; Chemicon) for 4
hours. For DCX-staining, sections were treated with 1% hydrogen peroxide and 20%
methanol in PBS for 15min. After rinsing in PBS and incubated with blocking solution (3%
donkey serum-0.3% Triton X-100 in PBS) for 30 minutes, sections were incubated with
guinea pig anti-DCX antibody (1:500; Chemicon) for 48 hour at 4 °C, and then with
secondary antibody (1:500; donkey anti-guinea pig IlgG-HRP; Chemicon) for 4 hours. All
sections were washed in PBS and then in 0.1 M ammonium phosphate buffer (APB, pH 7.0),
BrdU- or DCX-immunoreactivity was detected with 0.05% 3,3’-diaminobenzidine
(DAB)-0.004% H»0, in APB.

BrdU- and DCX-positive cells were quantified based on unbiased stereology protocols
(Eisch et al., 2000; Koo and Duman, 2008; Wang et al., 2008). Every sixth section
throughout the hippocampus was examined. Sections were coded to ensure blind analysis.
All BrdU- or DCX-labeled cells in the subgranular zone and the granule cell layer were
counted in each section. The number of BrdU-or DCX-labeled cells per section was counted
and multiplied by 6 to yield the total number of cells per hippocampus.

Slice preparation and electrophysiology

Mice were anaesthetized by isoflurane inhalation and decapitated. Transverse hippocampal
slices (350 um) were prepared based on methods described in our previous study (Pan et al.,
2008). Slices were prepared at 4-6°C in artificial cerebrospinal fluid (ACSF) containing (in
mM): 125 NaCl, 3 KCI, 2.5 CaCl,, 1 MgCl,, 1.25 NaH,PQOy4, 26 NaHCO3, and 10 glucose.
The ACSF was saturated with 95% O, and 5% CO». Slices were recovered for at least 1.5
hour at room temperature before recordings. Field excitatory postsynaptic potentials
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(FEPSPs) were recorded in the medial molecular layer of the DG, and a bipolar tungsten
stimulation electrode (WPI) was placed in the in the middle region of the molecular layer to
stimulate the medial perforant pathway (MPP) every 30 s. The stimulation of the MPP was
confirmed by paired-pulse depression (PPD, interval 50 ms) of fEPSPs (Wang et al., 2008).
The recording pipettes were filled with the 2 M NaCl (1-2 M) and their distance to the
stimulating electrode were kept constant (~300 pm). Input/output (1/O) curves were
generated using incremental stimulus intensities. For LTP experiments, stable baseline
fEPSPs were recorded for 20 min at an intensity that induced ~30% of the maximal evoked
response. LTP was induced by high frequency stimulation consisting of four trains of 100
pulses at 100 Hz with 15 s inter-train intervals. The recordings were made using Multiclamp
700B amplifiers. Data acquisition and analysis were performed using digitizer DigiData
1440A and analysis software pClamp 10 (Molecular Devices). Signals were filtered at 2 kHz
and sampled at 10 kHz. All recordings were performed at 32 + 1°C by using an automatic
temperature controller (Warner Instrument, Hamden, CT).

Data Analysis and Statistics

Results

All results are expressed as mean + SEM. Behavioral test results were analyzed with two-
way ANOVA followed by Tukey’s post hoc analysis. The F values and group and
experimental degrees of freedom are included in the Results. fEPSP slope was normalized to
the baseline. LTP (%) was calculated as follows: 100 x [mean fEPSP slope during the final
10 min of recording/ mean baseline fEPSP slope]. Results were considered to be significant
atp<0.05.

Chronic JZL184 treatments produced antidepressant-like behavioral effects

We examined the effect of chronic JZL184 treatments on depression-related behavior in a
CUS model of depression. Mice were exposed to CUS for a total of 5 weeks. At the
beginning of the third week, CUS-exposed mice and time-matched control mice were given
i.p. injections of vehicle or JZL.184 (8 mg/kg) every two days for a total of 3 weeks (see
Materials and Methods). The dose and treatment time of JZL184 were chosen based on
previous studies showing that JZL184 irreversibly inhibits MAGL and produces at least
two-fold increase in 2-AG levels in the brain at a dose of 8 mg/kg when dissolved in the
vehicle used in this study (Kinsey et al., 2013; Long et al., 2009a; Long et al., 2009b;
Sumislawski et al., 2011). Repeated administration of JZL184 at this low-dose does not
induce apparent CB; receptor desensitization and functional tolerance (Kinsey et al., 2013).
The time course of stress exposure, drug treatment and behavioral tests is shown in Fig. 1A.

We used an open field test (OPT) to determine whether CUS-exposed mice exhibited
abnormalities in general locomotor activity and anxiety-related behavior. Reduced activity
in the center of an open field reflects anxiety and depression level in rodents (El Yacoubi et
al., 2003). However, neither CUS nor chronic JZL184 administration had any significant
effect on the total distance travelled (CUS: Fq 44 = 0.38, p < 0.05; JZL184 treatment: Fq 44 =
0.23, p > 0.05; CUS x JZ1 184 treatment: F1 44 = 0.14, p > 0.05) and on center time (CUS:
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F1,44=0.22, p>0.05; JZL184 treatment: F1 44 = 0.19, p > 0.05; CUS x JZL 184 treatment:
F1.44=0.13, p>0.05; Fig. 1B).

Forced swim test (FST) is a common behavioral test for detecting depression-like behaviors
and screening antidepressants (Porsolt et al., 1977). We examined the effect of chronic
JZ1.184 treatments on the immobility time in the FST in control and CUS-exposed mice.
CUS and JZL 184 treatment significantly changed the immobility time in the FST (CUS:
F1,44 =10.00, p <0.01; JZL184 treatment: Fq 44 = 9.15, p < 0.01; CUS x JZL 184 treatment:
F144 =10.40, p < 0.01; Fig. 1C). Post-hoc analysis of these data indicate that JZL 184
significantly decreased the immobility time in CUS-exposed mice (p < 0.001), but not in
control mice (p > 0.05).

The novelty-suppressed feeding (NSF) test is another behavior paradigm that measures
depression and anxiety. In NSF test, a fasting mouse faces the choice between eating food
pellets and avoiding the novel environment in an open field. An increase in the latency to
feed in the novel environment indicates increased anxiety levels (Santarelli et al., 2003).
CUS and JZL 184 treatments significantly changed the latency to feed in the novel
environment in the NSF test (CUS: F1 44 = 8.29, p < 0.01; JZL 184 treatment: F1 44 = 5.60, p
< 0.05; CUS x JZL 184 treatment: Fq 44 = 6.63, p < 0.05; Fig. 1D). Post-hoc analysis
indicates that JZL 184 significantly decreased the latency to feed in CUS-exposed mice (p <
0.01), but not in control mice (p > 0.05). In contrast, neither CUS nor JZL 184 treatments
affected the latency to feed in the home cage (CUS: Fq 44 = 1.46, p > 0.05; JZL 184
treatment: Fq 44 = 0.40, p > 0.05; CUS x JZL184 treatment: F1 44 = 0.20, p > 0.05; Fig. 1D).
These results indicate that chronic JZL184 treatments prevented CUS-induced depressive-
like behaviors.

Chronic JZL184 treatments prevented CUS-induced decrease in the number of BrdU* and
DCX* cells in the DG

To investigate whether hippocampal neurogenesis is involved in antidepressant-like
behavioral effects of JZL184, we examined the effects of chronic JZL184 on the number of
cells labeled with BrdU, a marker for neural progenitor cells (Malberg et al., 2000;
Takahashi et al., 1992), and cells labeled with DCX, a marker for immature neurons (Brown
et al., 2003; Kempermann et al., 2003). A modified stereology protocol was used to count
the number of BrdU* and DCX™ cells throughout the subgranular zone and hilus of the DG
(Malberg et al., 2000; Wang et al., 2008; Wojtowicz and Kee, 2006). CUS significantly
decreased the number of BrdU* cells in the DG, while chronic JZL 184 increased the number
of BrdU™ cells in CUS group, but not in control group (CUS: Fy 1g = 6.167, p <0.05;
JZL184: Fq 18 = 5.361, p < 0.05; CUS x JZL184: F1 15 = 4.877, p < 0.05; control-vehicle vs.
CUS-vehicle, p < 0.01; CUS-vehicle vs. CUS-JZL 184, p < 0.01; post hoc analysis; Fig.
2A,B). Similarly, CUS decreased the number of DCX* cells in the DG, while chronic
JZL.184 increased the number of DCX™* cells in CUS group, but not in control group (CUS:
F118=9.425,p<0.01;JZL184: F 15 = 4.529, p < 0.05; CUS x JZL184: F 15 =4.494,p <
0.05; control-vehicle vs. CUS-vehicle, p < 0.01; CUS-vehicle vs. CUS-JZL184, p < 0.01;
post hoc analysis; Fig. 2C,D). Together, these results indicate that chronic JZL184
treatments prevented CUS-induced impairment of hippocampal neurogenesis.
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Although the number of BrdU* cells in the DG was reduced in CB4 knockout mice, CB4
antagonists rimonabant and AM 251 paradoxically increased the number of BrdU™ cells in
these knockout mice, and these effects were mediated by the vanilloid receptor (Jin et al.,
2004). These findings preclude the examination of whether the effects of chronic JZL184 on
hippocampal neurogenesis were blocked by the CB receptor antagonists.

The effects of CUS and chronic JZL184 treatments on basal synaptic properties and LTP in

the DG

Newborn neurons are functionally integrated into the local neuronal network and participate
in synaptic transmission and plasticity (Ming and Song, 2005; van Praag et al., 2002).
Having shown that CUS and chronic JZL 184 altered the number of newborn neurons, we
next examined the impact of these alterations on basic synaptic properties and long-term
synaptic plasticity (LTP) in the medial perforant path (MPP) of the DG. Hippocampal slices
were prepared from vehicle- or JZL184-treated control and CUS-exposed mice. Field
excitatory postsynaptic potentials (FEPSPs) were recorded in the medial molecular layer of
the DG, while the MPP was stimulated at 0.033 Hz (Fig. 3A). The stimulation of the MPP
was confirmed by paired-pulse depression (PPD) of fEPSPs at 50 ms inter-pulse intervals
(Fig. 3B), while stimulation of the LPP showed paired-pulse facilitation of fEPSPs (not
shown) (McNaughton, 1980). We first compared the paired-pulse ratio (PPR), which
provides a measure of the probability of transmitter release. Synapses with high probability
of transmitter release often display low PPR, whereas synapses with low probability of
transmitter release display high PPR (Zucker and Regehr, 2002). Neither CUS nor chronic
JZ1.184 treatments had significant effects on the PPR (CUS: Fy 25 = 0.228, p > 0.05;
JZL184: Fq 25 = 0.439, p > 0.05; CUS x JZL184: F1 55 = 0.148, p > 0.05; Fig. 3C). Thus,
CUS and chronic JZL184 do not significantly alter the probability of transmitter release of
the MPP-granule cell synapses.

We next examined the input—output (1/O) relationships for fEPSPs by stimulating the MPP
with incremental intensities. CUS and chronic JZL184 treatments significantly altered the
slope of 1/0 curves (CUS: Fy o9 = 32.894, p < 0.001; JZL184: Fq 59 = 7.527, p = 0.01; CUS
x JZL.184: Fq p9 = 7.417, p < 0.05; Fig. 3D,E). Post-hoc analysis indicates that CUS
significantly decreased the slope of 1/O curves (p < 0.05); JZL184 increased the slope of I/O
curves in CUS-exposed mice (p < 0.05), but not in control mice (p > 0.05). These results
indicate that CUS decreased basal synaptic strength in the DG, which was partially
prevented by chronic JZL184 treatments.

A modest LTP can be induced in the MPP-granule cell synapses in the absence of GABAA
receptor antagonists, and this form of LTP is dependent on hippocampal neurogenesis since
such LTP was blocked following X-irradiation of the hippocampus (Saxe et al., 2006;
Snyder et al., 2001; Wang et al., 2008). We examined whether CUS- and chronic JZL184-
induced alterations of hippocampal neurogenesis affected LTP induction. Tetanic
stimulation of the MPP was applied to induce LTP and GABAA receptor blocker picrotoxin
was omitted from the ACSF. CUS and chronic JZL 184 treatments had significant effects on
LTP induction (CUS: Fq 29 = 32.894, p < 0.001; JZL184: F1 59 = 7.527, p = 0.01; CUS x
JZL184: Fq 99 = 7.417, p < 0.05; Fig. 4A,B,C). Post-hoc analysis indicates that LTP was

Hippocampus. Author manuscript; available in PMC 2015 July 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 8

impaired in slices prepared from CUS-exposed mice (p < 0.01), chronic JZL184 did not
affect LTP in control mice (p > 0.05), but prevented CUS-induced impairment of LTP
induction (p < 0.01).

In the presence of picrotoxin that blocked GABA receptors, stimulation of MPP induces
robust LTP that is independent of hippocampal neurogenesis (Saxe et al., 2006; Snyder et
al., 2001; Wang et al., 2008). In the continuous presence of picrotoxin (50 uM) in the ACSF,
robust LTP was induced in slices from vehicle and JZL184-treated control and CUS mice
(Fig. 4D,E). Neither CUS nor chronic JZL184 significantly altered the magnitude of LTP
(CUS: Fp 25 = 0.599, p >0.05; JZL184: F 25 = 0.014, p >0.05; CUS x JZL184: Fy o5 =
0.081, p > 0.05; Fig. 4F).

Discussion

In this study, we showed that CUS impaired hippocampal neurogenesis and LTP in the DG
and induced depressive-like behaviors, while chronic in vivo administration of MAGL
inhibitor JZL.184 prevented CUS-induced cellular and behavioral deficits. Enhancement of
hippocampal neurogenesis and synaptic plasticity might contribute to antidepressant-like
behavioral effects of JZL184.

CUS exhibits high predictive, face and construct validity as an animal model of depression
(Willner, 2005). Consistent with previous studies (Zhong et al., 2014), we have shown that
chronic JZL184 treatments prevented the CUS-induced increase in the immobility time in
the FST and the latency to feed in the novel environment in the NSF test but had no
significant effects on these parameters in control mice. These results suggest that blocking
2-AG hydrolysis with MAGL inhibitor JZL184 prevented CUS-induced depressive-like
behaviors. The present study investigated cellular mechanisms for antidepressant-like
behavioral effects of chronic JZL184 treatments. Both pharmacological and non-
pharmacological antidepressant treatments (e.g. electroconvulsive shock) increased adult
hippocampal neurogenesis (David et al., 2009; Malberg et al., 2000; Santarelli et al., 2003).
However, there are also studies showing that antidepressants at behaviorally active or
clinically relevant doses did not affect hippocampal neurogenesis (Hanson et al., 2011) and
X-ray irradiation that killed new born neurons did not block behavioral effects of
antidepressants (David et al., 2009; Holick et al., 2008). Thus, antidepressant behavioral
effects can be either dependent or independent of hippocampal neurogenesis. We showed
that CUS decreased the number of BrdU* and DCX* cells in the DG, and these effects were
prevented by chronic JZL184 treatments. Due to technical constraints, we did not test
whether X-ray irradiation of hippocampus blocked antidepressant-like behavioral effects of
chronic JZL184 treatments. Accumulating evidence indicates that CB1 receptors play an
important role in adult hippocampal neurogenesis. First, the DG of the hippocampus
expresses one of the highest levels of CB receptors in the brain (Katona et al., 2006;
Monory et al., 2006). Second, hippocampal neurogenesis is impaired in CB4 knockout mice
(Jin et al., 2004). Third, chronic administration of direct-acting CB1 agonist HU210
increased the number of BrdU™ cells in the DG in rats and produced antidepressant-like
behavioral effects (Jiang et al., 2005). Fourth, cannabidiol, a non-psychotomimetic
component of Cannabis sativa, increases hippocampal neurogenesis via CB; receptors
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(Campos et al., 2013; Wolf et al., 2010). CB; receptors mediate not only baseline
hippocampal neurogenesis, but also activity- and enriched environment-induced increase in
hippocampal neurogenesis (Hill et al., 2010; Wolf et al., 2010). Finally, kainate
excitotoxicity induced hippocampal neurogenesis via the CB; receptor (Aguado et al.,
2007). It is thus likely that enhancement of hippocampal neurogenesis might contribute to
antidepressant-like behavioral effects of chronic JZL 184 treatments. Nevertheless, our data
do not exclude the possibility that other mechanisms may contribute to behavioral effects of
JZL184.

We have shown that CUS decreased 2-AG levels in the hippocampus (Zhong et al., 2014).
Chronic JZL184 treatments prevented CUS-induced decrease in the number of BrdU* and
DCX™ cells in the DG of the hippocampus but did not significantly alter the number of
BrdU* and DCX™* cells in control mice. The reason for this differential modulation is not yet
clear. We speculate that endogenous 2-AG levels are sufficient to support adult hippocampal
neurogenesis in control mice, while CUS-induced decrease in 2-AG levels in the
hippocampus (Zhong et al., 2014) would allow JZL 184 to exert more significant effect on
hippocampal neurogenesis.

We have shown that CB receptor-mediated activation of mMTOR singling is important for
the antidepressant-like behavioral effects of JZL184 (Zhong et al., 2014). mTOR is a serine/
threonine protein kinase that regulates cell metabolism, growth, survival, protein synthesis-
dependent synaptic plasticity (Jaworski and Sheng, 2006). mTOR-dependent protein
synthesis and synaptogenesis might mediate the rapid antidepressant-like behavioral effects
of NMDA receptor antagonists including ketamine (Li et al., 2010). The mTOR signaling
pathway has been implicated in adult hippocampal neurogenesis (Corsini et al., 2009; Kim
etal., 2009; Zhou et al., 2013). Future research is needed to address whether JZL184-
induced activation of mTOR signaling pathway is responsible for the enhancement of
hippocampal neurogenesis by JZL.184.

Newborn neurons make synaptic connections with neighboring neurons and are functionally
integrated into preexisting neuronal networks (Ming and Song, 2005; van Praag et al., 2002).
Given that CUS and chronic JZL184 altered the number of DCX* immature neurons, they
may affect basic synaptic properties and LTP in the DG. In the DG, the medial and lateral
perforant paths (MPP and LPP) form synapses on granule cell (GC) dendrites in the middle
and outer one-thirds of the molecular layer, respectively (Burwell and Amaral, 1998). We
chose to study basic synaptic properties and LTP in the MPP (Fig. 3A) for the following
reasons. First, LTP of the MPP is neurogenesis-dependent as it was blocked by X-irradiation
of the hippocampus (Saxe et al., 2006; Wang et al., 2008). Second, newborn GCs migrate
from inner molecular layer to outer molecular layer of the DG as they gradually mature
(Vivar and van Praag, 2013; Wang et al., 2000). Third, CB4 receptors are highly expressed
in the inner molecular layer of the DG but are expressed at much lower levels in the outer
molecular layer of the DG (Katona et al., 2006; Monory et al., 2006). We found that neither
CUS nor chronic JZL184 had significant effect on the paired-pulse ratio, suggesting that the
probability of presynaptic transmitter release was not altered by either treatment. On the
other hand, CUS decreased 1/O functions and impaired a form of LTP induced in the
absence of GABA, receptor antagonists, both deficiencies were prevented by chronic
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JZL184 treatments. In many excitatory synapses, LTP is tightly controlled by GABAergic
inhibition such that LTP cannot be induced unless GABA receptor antagonists are present
(Huang et al., 1999; Liu et al., 2005). However, a modest LTP can be induced in the DG
induced in the absence of GABA receptor antagonists, and this form of LTP is dependent
on neurogenesis since it was blocked by X-irradiation (Saxe et al., 2006; Snyder et al., 2001;
Wang et al., 2000). Immature neurons exhibit several unique properties that make them
susceptible to LTP induction. First, GABAergic inputs to immature neurons in the DG are
excitatory (Ge et al., 2006). Second, immature neurons express predominantly the NR2B
subtype of NMDA receptor, which facilitates LTP induction (Ge et al., 2007). Third,
immature neurons express T-type CaZ* channels, which facilitate LTP by inducing Ca2*
spikes and enhancing fast Na* action potentials (Schmidt-Hieber et al., 2004). The enhanced
LTP occurs in a critical period between 1 and 1.5 months after cell birth (Ge et al., 2007), a
stage at which the newborn neurons have ceased to express DCX (Brown et al., 2003;
Kempermann et al., 2003). Thus, CUS- and JZL184-induced changes in the number of
immature neurons may underlie the observed effects on 1/O functions and LTP induction.

Both immature and mature neurons are recruited for LTP induction in the DG in the
presence of GABAA, receptor antagonist picrotoxin, and this form of LTP is not dependent
on neurogenesis (Saxe et al., 2006; Snyder et al., 2001; Wang et al., 2000). We found that
neither CUS nor chronic JZL184 had significant effects on LTP in picrotoxin. Although
CUS and JZL184 change the number of DCX* immature neurons, these neurons represent
only a small percentage of the total granule cell population, which may explain why CUS
and JZL184 did not affect LTP induced in the presence of picrotoxin. It is worth noting that
FAAH inhibitor URB597 (Basavarajappa et al., 2014) and THC impair LTP in the CA1l
region of the hippocampus (Fan et al., 2010; Hoffman et al., 2007), although this LTP is
enhanced in MAGL knockout mice (Pan et al., 2011).

MAGL inhibition not only increases 2-AG levels but also reduces the metabolites of 2-AG,
including arachidonic acid and prostaglandins (Nomura et al., 2011). Chronic JZL.184
treatments produce CB1-independent neuroprotective effects through reduction of
prostaglandin-induced neuroinflammation (Chen et al., 2012; Nomura et al., 2011; Piro et
al., 2012). We have shown that the antidepressant-like behavioral effects of chronic JZL184
treatments were blocked by the CB; receptor antagonist rimonabant (Zhong et al., 2014).
However, it remained unknown whether the effects of chronic JZL 184 treatments on
hippocampal neurogenesis and LTP in the DG are mediated by 2-AG-induced activation of
CB; receptors or by the reduction of 2-AG metabolites. CB; antagonists rimonabant and
AM251 produced CB1-independent, unspecific effects on hippocampal neurogenesis (Jin et
al., 2004), which would confound data interpretation. Nevertheless, future studies will be
carried out in CB1 knockout mice to address whether the effects of JZL184 on hippocampal
neurogenesis and LTP are mediated by CB1 receptors.

In summary, our studies indicate that MAGL inhibitor JZL 184 produces antidepressant-like
effects in a CUS model of depression and these effects are likely mediated through the
enhancement of hippocampal neurogenesis. Chronic JZL184 treatments also produce
neuroprotective effects against Alzheimer’s disease and Parkinson’s disease (Chen et al.,
2012; Nomura et al., 2011; Piro et al., 2012) and reverse deficits in learning, memory and
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long-term synaptic plasticity in a mouse model of Alzheimer’s disease (Chen et al., 2012).
Thus, MAGL inhibition may represent a useful strategy for pharmacotherapy of a variety of
disease conditions including depression.
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Chronic JZL184 treatments produced antidepressant-like effects in mice in a CUS model of
depression. (A) Time course of the CUS exposure, JZL184 treatment and behavioral tests.
(B) Neither CUS nor chronic JZL 184 treatments affected the total distance travelled (p >
0.05) and on center time (p > 0.05) in the OPT. (C) CUS significantly increased the
immobility time in the FST (***p < 0.001); JZL184 treatment increased the immobility time
in CUS-exposed mice (***p < 0.001), but not in control mice. (D) CUS induced a
significant increase in the latency to feed in the novel environment in the NSF test (***p <
0.001), while JZL184 treatment decreased the latency to feed in the NSF (**p < 0.01).
Neither CUS nor JZL 184 treatments affected the latency to feed in the home cage in the

NSF test. N = 12 mice/group.
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Figure 2.
Chronic JZL184 treatments prevented CUS-induced decreases in BrdU* and DCX™ cells in

the DG of the hippocampus. (A,C) Representative micrographs of BrdU* cells (A) and
DCX™ cells (C) in the subgranular zone and the granule cell layer of the DG in vehicle or
JZL184-treated control and CUS mice (N = 5-6 mice/group). Scale bar, 100 um. (B,D)
Summary data show that CUS significantly decreased the number of BrdU* cells (B) and
DCX* cells (D) in the DG, which was prevented by chronic JZL184 treatments (**p < 0.01;
N = 5-6 mice/group).
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Effects of CUS and chronic JZL184 treatments on basal synaptic properties in the DG of the
hippocampus. (A) Scheme of the arrangement of electrodes for stimulating (Stim) and
recording (Rec). MPP, the medial perforant path; LPP, the lateral perforant path. (B) Sample
recordings of fEPSPs evoked by stimulation of the MPP exhibited paired-pulse depression
(B). (C) Summarized results showed that neither CUS nor chronic JZL184 treatments altered
paired-pulse ratio (PPR) of fEPSPs (n = 7-9 slices/N = 3-4 mice; p > 0.05). (D)
Representative fEPSPs evoked with increasing stimulus intensities were shown for vehicle-
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and JZL184-treated control and CUS-exposed mice. (E) CUS significantly decreased the
slope of input-output (1/0) curves (n = 9-10 slices/N = 4-5 mice; *p < 0.05) and chronic
JZL.184 treatments partially recovered the effect of CUS on the 1/O curves (n = 6-8 slices/N
= 3-4 mice; *p < 0.05).
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Figure4.

Effects of CUS and chronic JZL184 treatments on LTP in the DG. (A) In hippocampal slices
from control mice, chronic JZL184 treatments did not significantly alter LTP compared with
vehicle treatment (n = 7-8 slices/N = 4-5 mice). Sample fEPSPs are shown on the top. (B) In
slices from CUS-exposed mice, chronic JZL184 treatments prevented CUS-induced
impairment of LTP (n = 8-8 slices/N = 5-6 mice). (C) ANOVA performed on the last 10 min
of LTP recording showed that CUS impaired LTP induction, and this effect was prevented
by chronic JZL 184 treatments (n = 7-8 slices/N = 4-5 mice; **p < 0.01). (D,E) In the
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presence of picrotoxin (50 uM), robust LTP was induced in slices from vehicle and JZL184-
treated control (D) and CUS mice (E). (F) Summarized results showed that neither CUS nor
JZ1.184 had significant effect on LTP induction (n = 7-8 slices/N = 4-5 mice; p > 0.05).
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Table 1

Experimental schedule for the chronic unpredictable stress (CUS) procedure in mice

Week M onday

1 Cold
Wet bedding
5 Cold
Cage tilt
3 Rat bedding
Strobe
4 Cold
No bedding
Cold
5 Food & water
deprivation

Tuesday

Restraint
No bedding

Cage rotation
Food & water
deprivation

Restraint
Light
inversion

Restraint
Food & water
deprivation

Cage rotation
Strobe

Wednesday

Light
inversion
Cage tilt

Restraint
Wet bedding

Cage rotation
No bedding

Cage rotation
Strobe

Light
inversion
Wet bedding

Thursday

Cage rotation
Strobe

Rat bedding
Strobe

Light
inversion
Food & water
deprivation

Rat bedding
Light
inversion

Cold
Cage tilt

Friday

Cold
Food & water
deprivation

Light
inversion
No bedding

Cold
Wet bedding

Cold
Cage tilt

Cage rotation
No bedding

Saturday

Restraint
Overcrowding

Cage rotation
Food & water
deprivation

Cage tilt
Strobe

Restraint
Wet bedding

Light
inversion
Overcrowding

Sunday

Light
inversion
Wet bedding

Cold
Wet bedding

Light
inversion
Overcrowding

Cage rotation
No bedding

Restraint
Cage tilt
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