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Diacylglycerol lipase-� (DAGL-�), the principal biosynthetic enzyme of the endogenous cannabinoid 2-arachidonylglycerol (2-AG) on
neurons, plays a key role in CB1 receptor-mediated synaptic plasticity and hippocampal neurogenesis, but its contribution to global
hippocampal-mediated processes remains unknown. Thus, the present study examines the role that DAGL-� plays on LTP in hippocam-
pus, as well as in hippocampal-dependent spatial learning and memory tasks, and on the production of endocannabinoid and related
lipids through the use of complementary pharmacologic and genetic approaches to disrupt this enzyme in male mice. Here we show that
DAGL-� gene deletion or pharmacological inhibition disrupts LTP in CA1 of the hippocampus but elicits varying magnitudes of behav-
ioral learning and memory deficits in mice. In particular, DAGL-��/� mice display profound impairments in the Object Location assay
and Morris Water Maze (MWM) acquisition engaging in nonspatial search strategies. In contrast, WT mice administered the DAGL-�
inhibitor DO34 show delays in MWM acquisition and reversal learning, but no deficits in expression, extinction, forgetting, or persevera-
tion processes in this task, as well as no impairment in Object Location. The deficits in synaptic plasticity and MWM performance occur
in concert with decreased 2-AG and its major lipid metabolite (arachidonic acid), but increases of a 2-AG diacylglycerol precursor in
hippocampus, PFC, striatum, and cerebellum. These novel behavioral and electrophysiological results implicate a direct and perhaps
selective role of DAGL-� in the integration of new spatial information.
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Introduction
A growing body of evidence implicates the importance of
2-arachidonoyl glycerol (2-AG), the most highly expressed en-

dogenous cannabinoid in brain, in regulating learning and mem-
ory. Diacylglycerol lipase (DAGL) forms 2-AG through the
hydrolysis of diacylglycerols (Chau and Tai, 1981; Okazaki et al.,
1981) and exists as two distinct biosynthetic enzymes, DAGL-�
and DAGL-� (Bisogno et al., 2003), which are expressed on dis-
tinct cell types, as well as in brain areas important for learning and
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Significance Statement

Here we show that genetic deletion or pharmacologic inhibition of diacylglycerol lipase-� (DAGL-�) impairs hippocampal CA1
LTP, differentially disrupts spatial learning and memory performance in Morris water maze (MWM) and Object Location tasks,
and alters brain levels of endocannabinoids and related lipids. Whereas DAGL-��/� mice exhibit profound phenotypic spatial
memory deficits, a DAGL inhibitor selectively impairs the integration of new information in MWM acquisition and reversal tasks,
but not memory processes of expression, extinction, forgetting, or perseveration, and does not affect performance in the Objection
Location task. The findings that constitutive or short-term DAGL-� disruption impairs learning and memory at electrophysio-
logical and selective in vivo levels implicate this enzyme as playing a key role in the integration of new spatial information.
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memory (Katona et al., 2006; Lafourcade et al., 2007). Within the
CNS, DAGL-� is highly expressed on microglia, whereas
DAGL-�, expressed on synapse-rich plasma membranes of den-
dritic spines (Yoshida et al., 2006), serves as the principal syn-
thetic enzyme of 2-AG on neurons (Viader et al., 2015).

DAGL-� modulates neurotransmission through distinct pro-
cesses of neurogenesis and endocannabinoid-mediated short-
term synaptic plasticity, implicating it in learning and memory
processes. Adult neurogenesis represents a form of cellular plas-
ticity in the developed brain. Two prominent brain areas showing
adult neurogenesis, the subventricular zone and the hippocam-
pus, which express high levels of DAGL-� (Goncalves et al.,
2008), undergo marked reductions in the proliferation of neuro-
nal progenitor cells in DAGL-��/� mice (Gao et al., 2010).
Similarly, the nonselective DAGL inhibitors RHC80267 and tet-
rahydrolipstatin reduce proliferation of neuronal progenitor cells
in the subventricular zone (Goncalves et al., 2008). DAGL-� also
plays an essential role in endocannabinoid-mediated retrograde
synaptic suppression in which 2-AG synthesized at postsynaptic
terminals acts as a retrograde messenger to activate the presyn-
aptic cannabinoid receptor Type 1 (CB1), which inhibits synaptic
transmission. Tanimura et al. (2010), reported that deletion of
DAGL-�, but not DAGL-�, annihilated two forms of endoca-
nnabinoid-mediated short-term synaptic plasticity, depolarization-
induced suppression of excitation (DSE) and inhibition (DSI) in
hippocampus, striatum, and cerebellum. Similarly, Gao et al.
(2010) replicated these findings in hippocampus, and Yoshino et
al. (2011) reported that DAGL-� plays a necessary role in DSI in
the PFC. Furthermore, the DAGL inhibitor DO34 blocked DSE
in cerebellar slices and DSI in hippocampal slices in a concen-
tration-dependent manner (Ogasawara et al., 2016).

The cell signaling events that occur after learning are
frequently studied in terms of LTP. Carlson et al. (2002) demon-
strated that transient release of endocannabinoids by depolariza-
tion facilitated the induction of LTP when preceded by DSI,
suggesting that endocannabinoids may enhance plasticity at
Schaffer collateral-CA1 synapses through a disinhibitory action.
However, the role that the major 2-AG biosynthetic enzyme
DAGL-� plays in the induction of LTP remains unknown. Here
we hypothesize that this enzyme plays a necessary role in the
induction of LTP. Accordingly, we predict that pharmacological
inhibition or genetic deletion of DAGL-� will disrupt LTP.

The present study also investigated the in vivo role of DAGL-�
in spatial learning and memory tasks. Specifically, we evaluated
whether endocannabinoid-regulated short-term synaptic plas-
ticity disruption by DAGL-� deletion or inhibition translates to
hippocampal-dependent learning and memory task deficits in
the Morris Water Maze (MWM) and Object Location (OL) as-
says. Given the important role of hippocampal neurogenesis in
the processing of spatial memory (Lieberwirth et al., 2016), we
investigated the consequences of DAGL-� disruption on spatial
memory processes of acquisition, expression, extinction, forget-
ting, reversal, and perseveration in the MWM. To circumvent
known pitfalls related to constitutive genetic deletions, such as
the role of DAGL-� in axonal guidance during development
(Williams et al., 2003), we used the DAGL-�/� inhibitor, DO34,
and DAGL-��/� mice. Because DO34 also inhibits other serine
hydrolases (i.e., ABHD2, ABHD6, CES1C, PLA2G7, PAFAH2),
we evaluated DO53, a structural analog of DO34 that cross-reacts
with these off-targets but does not inhibit DAGL (Ogasawara et
al., 2016).

In the present study, we ascertain the consequences of
DAGL-� disruption at three levels of investigation: cellular re-

sponses to LTP, in vivo spatial learning and memory tasks, and
alterations of endocannabinoid lipids, their substrates, and me-
tabolites, in hippocampus, PFC, striatum, and cerebellum (brain
areas important for learning and memory showing high DAGL-�
activity) (Baggelaar et al., 2017).

Materials and Methods
Animals. Subjects consisted of adult male C57BL/6J mice (The Jackson
Laboratory), and DAGL-��/�, DAGL-��/�, and DAGL-��/� mice on a
mixed 99% C57BL/6 (30% J, 70% N) and 1% 129/SvEv background, as
previously described (Hsu et al., 2012). DAGL-��/� mouse breeding
pairs were originally generated in the B.F.C. laboratory and transferred to
Virginia Commonwealth University. All mice (age 8 –10 weeks) were
pair-housed under a 12 h light/12 h dark cycle (0600 to 1800 h), at a
constant temperature (22°C) and humidity (50%– 60%), with food and
water available ad libitum. All experiments were conducted in accor-
dance with the National Institutes of Health Guide for the care and use of
laboratory animals (Publication No. 8023, revised 1978), and were ap-
proved by the Virginia Commonwealth University and Medical College
of Wisconsin Institutional Animal Care and Use Committees.

Electrophysiology. For LTP experiments, DAGL-��/�, DAGL-��/�,
DAGL-��/�, and C57BL/6J mice were anesthetized under isoflurane in-
halation and decapitated. Hippocampi were dissected in C57BL/6J mice
2 h after vehicle (VEH), DAGL-� inhibitor DO34 (30 mg/kg, B.F.C.
laboratory), or its control analog and ABHD6 inhibitor DO53 (30 mg/kg
administration) and were embedded in low-melting-point agarose (3%,
Sigma-Aldrich, A0701). Transverse hippocampal slices (400 �m thick)
were prepared using a vibrating slicer (Leica Microsystems, VT1200s)
(Pan et al., 2011; Zhang et al., 2015). Slices were prepared at 4°C-6°C in a
solution containing the following (in mM): 68 sucrose, 2.5 KCl, 1.25
NaH2PO4, 5 MgSO4, 26 NaHCO3, and 25 glucose. The slices were trans-
ferred to and stored in aCSF containing the following (in mM): 119 NaCl,
3 KCl, 2 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 25 NaHCO3, and 10 glucose at
room temperature for at least 1 h before use. All solutions were saturated
with 95% O2 and 5% CO2.

fEPSPs were recorded with patch-clamp amplifiers (Multiclamp
700B) under infrared-differential interference contrast microscopy. The
recordings were made blind to drug treatment and mouse genotype. Data
acquisition and analysis were performed using digitizers (Digidata 1440A
and Digidata 1550B) and the analysis software pClamp 10 (Molecular
Devices). Signals were filtered at 2 kHz and sampled at 10 kHz. Field
recordings were made using glass pipettes filled with 1 M NaCl (1–2 M�)
placed in the stratum radiatum of the CA1 region of the hippocampal
slices, and fEPSPs were evoked by stimulating the Schaffer collateral/
commissural pathway at 0.033 Hz with a bipolar tungsten electrode
(WPI). Stable baseline fEPSPs were recorded for at least 20 min at an
intensity that induced �40% of the maximal evoked response. LTP was
induced by theta burst stimulation (TBS), which consisted of a series of
15 bursts, with 4 pulses per burst at 100 Hz with a 200 ms interburst
interval. TBS is designed to mimic the in vivo firing patterns of hip-
pocampal neurons during exploratory behavior (Larson et al., 1986). All
recordings were performed at 32 � 1°C by using an automatic tempera-
ture controller.

MWM assessments. The MWM consisted of a circular, galvanized steel
tank (1.8 m in diameter, 0.6 m height). The tank was filled with water
(maintained at 20 � 2°C) with a white platform (10 cm diameter) sub-
merged 1 cm below the water’s surface. A sufficient volume of white paint
(Valspar 4000 latex paint) was added to render the water opaque and the
platform invisible. In addition to distal visual cues (shapes) on curtains
surrounding the tank (30 cm from the tank wall), five sheets of laminated
paper with distinct black-and-white geometric designs were attached to
the sides of the tank serving as proximal cues. An automated tracking
system (ANY-maze, San Diego Instruments) analyzed the swim path of
each subject and calculated distance (path length between being placed in
the water and finding the hidden platform), average swim speed, number
of platform crossings, and percentage of time spent in each quadrant.

To assess MWM acquisition, DAGL-��/�, DAGL-��/�, and DAGL-
��/� mice received 10 Fixed Platform training days (i.e., a submerged
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platform remained in the same location across days), and then were
assessed for expression of spatial memory on day 11 in a single MWM
Fixed Platform Probe Trial (i.e., the submerged platform was removed).
C57BL/6J mice received a 2 h pretreatment of the DAGL-� inhibitor
DO34 (0.3, 3, and 30 mg/kg) (Wilkerson et al., 2017), or its inactive
analog and ABHD6 inhibitor DO53 (30 mg/kg), or VEH on each of 10
Fixed Platform training days. A cued task test assessed sensorimotor/
motivational confounds by placing a 10-cm-high black cylinder on the
submerged platform and mice were released from the farthest two release
points. To assess whether DO34 affects the expression of spatial memory,
separate groups of mice were given 10 d of drug-free Fixed Platform
training. On day 11, each subject was administered 30 mg/kg DO34 or
VEH, and 2 h later underwent a single 2 min MWM Fixed Platform Probe
Trial. The extinction of spatial memory was assessed in drug-naive ac-
quisition trained mice, which received injections of 30 mg/kg DO34 or
VEH (2 h pretreatment) at 1, 2, 3, 4, and 6 weeks after acquisition, and
tested in 2 min probe trials. To assess forgetting, a group of drug-naive
acquisition trained mice were administered 30 mg/kg DO34 or VEH on
day 11 and then returned to their home cage, given a second injection of
30 mg/kg DO34 or VEH at 6 weeks after acquisition, and 2 h later under-
went a 2 min probe trial. Reversal learning and perseverative behavior
were assessed in drug-naive acquisition trained mice, which received
injections of 30 mg/kg DO34 or VEH (2 h pretreatment) and trained in
reversal task trials in which the submerged platform was moved to the
opposite side of the tank over 5 d after acquisition, followed by a 2 min
drug-free probe trial on day 6 after acquisition.

OL assessments. The OL task is a hippocampal-dependent adaptation
of the Object Recognition task (Assini et al., 2009). The apparatus con-
sisted of a clear acrylic plastic enclosure (40 � 40 � 40 cm) located inside
a white sound attenuating box (59 � 52 � 72 cm) with black geometric
shapes (stripes vs circles) on two opposing box walls. A red light illumi-
nated each component of this task. For all experiments, mice received 1 h
acclimatization to the testing room, and then were placed in the OL
apparatus, without objects, to explore freely for 10 min across 2 habitu-
ation days (separated by 24 h). An OL trial consisted of two phases
(sample and choice) separated by 3 h (see Fig. 7A). During the sample
phase, mice were placed in the chamber for 10 min, with two identical
objects placed on opposing corners of the same box wall. After the 3 h
retention delay, each subject was returned to the apparatus for a 2 min
choice test, in which one object was moved to the opposite side of the
chamber (left and right objects counterbalanced across trials). During
pharmacological assessment of DAGL-� inhibition, 30 mg/kg DO34 was
administered intraperitoneally 2 h before the sample phase (see Fig. 7E).
An automated tracking system (ANY-maze, San Diego Instruments)
video recorded exploration, and each trial was subsequently scored blind
for sample and choice phase object exploration. Exploration of an object
was defined as directing the nose to the object at a distance of �2 cm
and/or touching it with the nose.

Lipid extraction and mass spectrometry. DAGL-��/�, DAGL-��/�,
DAGL-��/� mice, and C57BL/6J mice receiving a 2 or 24 h pretreatment
of DO34 (30 mg/kg) or VEH, were anesthetized under isoflurane inha-
lation and decapitated. Hippocampi, PFC, striatum, and cerebellum
were dissected out from brain, flash frozen in liquid nitrogen, and stored
at �80°C until assay. On the day of lipid extraction, as previously de-
scribed (Kwilasz et al., 2014), the preweighed mouse brains were homog-
enized with 1.4 ml chloroform:methanol (containing 0.0348 g PMSF/
ml). Six-point calibration curves ranged from 0.078 to 10 pmol for
anandamide (AEA), 0.125–16 nmol for 2-AG, arachidonic acid (AA),
and 1-stearoyl-2-arachidonoyl-sn-glycerol, a negative control and blank
control were also prepared. Internal standards (Cayman Chemicals)
(50 �l of each of 8 nmol SAG-d8, 1 pmol AEA-d8, 1 nmol 2-AG-d8, 1
nmol AA-d8) were added to each calibrator, control, and sample, except
the blank control. Each calibrator, control, and sample was then mixed
with 0.3 ml of 0.73% w/v NaCl, vortexed, and centrifuged (10 min at
4000 � g and 4°C). The aqueous phase plus debris were collected and
extracted again twice with 0.8 ml chloroform, the organic phases were
pooled, and organic solvents were evaporated under nitrogen gas. Dried
samples were reconstituted with 0.1 ml chloroform, mixed with 1 ml cold
acetone, and centrifuged (10 min at 4000 � g and 4°C) to precipitate

proteins. The upper layer of each sample was collected and evaporated to
dryness and reconstituted with 0.1 ml methanol and placed in auto-
sample vials for analysis.

An ultra performance liquid chromatography-tandem mass spec-
trometer was used to identify and quantify the DAGL-� substrate SAG, a
nuclear diacyglycerol (Deacon et al., 2002), preferentially used by DAGLs
(Balsinde et al., 1991; Allen et al., 1992), the DAGL-� metabolites 2-AG
and AA, and AEA, a biosynthetically distinct endogenous cannabinoid
ligand, in brain. Sciex 6500 QTRAP system with an IonDrive Turbo V
source for TurbolonSpray attached to a Shimadzu ultra performance
liquid chromatography system controlled by Analyst Software. Chro-
matographic separation was performed on a Discovery HS C18 Column
15 cm � 2.1 mm, 3 �m (Supelco), kept at 25°C with an injection volume
of 10 �l. The mobile phase consisted of A: acetonitrile and B: water with
1 g/L ammonium acetate and 0.1% formic acid. The following gradient
was used: 0.0 –2.4 min at 40% A, 2.5– 6.0 min at 40% A, hold for 2.1 min
at 40% A, then 8.1–9 min 100% A, hold at 100% A for 3.1 min, and return
to 40% A at 12.1 min with a flow rate of 1.0 ml/min. The source temper-
ature was set at 600°C and had a curtain gas at a flow rate of 30 ml/min.
The ion-spray voltage was 5000 V with ion source gases 1 and 2 flow rates
of 60 and 50 ml/min, respectively. The mass spectrometer was run in
positive ionization mode for AEA and 2-AG and in negative ionization
mode for AA, and the acquisition mode used was multiple reaction mon-
itoring. The following transition ions (m/z) were monitored with their
corresponding collection energies (eV) in parentheses: AEA: 348 	 62
(13) and 348 	 91 (60); AEA-d8: 356 	 63 (13); 2-AG: 379 	 287 (26)
and 379 	 296 (28); 2-AG-d8: 384 	 287 (26); AA: 303 	 259 (�25) and
303 	 59 (�60); AA-d8: 311 	 267 (�25). The total run time for the
analytical method was 14 min. Chromatographic analysis of SAG was
performed on a Hypersil Gold 3 � 50 mm, 5 � column (Thermo Fisher
Scientific), kept at 25°C with an injection volume of 2 �l. The mobile
phase consisted 10:90 mM ammonium formate:methanol mobile with a
flow rate of 0.5 ml/min. The source temperature, curtain gas at a flow
rate, ion-spray voltage, and source gas flow rates were the same as indi-
cated above. The mass spectrometer was run in positive ionization mode.
The following transition ions (m/z) were monitored with their corre-
sponding collection energies (eV) in parentheses: SAG: 646 	 341 (34)
and 646 	 287 (38); SAG-d8: 654 	 341 (34). The total run time for the
analytical method was 5 min. Calibration curves were analyzed with each
analytical batch for each analyte. A linear regression ratio of the peak area
analyte counts with the corresponding deuterated internal standard ver-
sus concentration was used to construct the calibration curves.

Experimental design and statistical analysis. Electrophysiological data
are presented as mean � SEM. The magnitude of LTP (%) was calculated
as follows: 100 � [mean fEPSP slope during the final 10 min of record-
ing/mean baseline fEPSP slope]. Post-tetanic potentiation (PTP) was
calculated as the magnitude of the fEPSP slope relative to baseline for the
first 5 min after TBS. Results were analyzed with one-way ANOVA fol-
lowed by Tukey’s post hoc analysis.

Behavioral data are presented as mean � SEM. All MWM acquisition,
extinction, forgetting, reversal, perseveration and swim speed data, and
OL sample phase percentage exploration were analyzed using a mixed-
factor ANOVA (distance, percentage time in outer ring, and centimeter/
second measures). All probe trial analyses focused on the first minute of
exploration, with all gene deletion measures analyzed by one-way
ANOVA and Sidak post hoc test, and DO34 measures analyzed by
independent-groups t test. All MWM cued task data were analyzed by
one-way ANOVA. MWM swim path selection metrics were assigned per
Wagner et al. (2013) into three categories; spatial (direct, indirect, and
self-orienting), nonspatial (scanning, circling, and random), and thig-
motaxic, and were analyzed for gene deletion using a � 2 analysis with
pairwise comparisons and Bonferroni corrections (MacDonald and
Gardner, 2000), and for drug treatments using a Kruskal–Wallis analysis.
All OL sample phase total exploration and choice phase measures were
analyzed for gene deletion using a one-way ANOVA, and drug studies
using independent-groups t tests. The discrimination ratio was calcu-
lated by dividing the difference in time spent exploring the novel location
object and familiar location object by the total object exploration during
the 2 min choice phase. From the sample sizes, power was calculated
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using G*power 3 (Faul et al., 2007) and was found, with � at 0.05, to
range from 0.67 to 0.84 for mixed-factor ANOVAs, from 0.45 to 0.99 for
one-way ANOVAs, and from 0.34 to 0.51 for independent-group t tests.

Before data analysis, brain-level data were transformed to picomoles/
gram of brain tissue for AEA, and nanomoles/gram of brain tissue for
SAG, 2-AG and AA, and AEA. Drug and gene manipulations on brain
endocannabinoids were evaluated by one-way ANOVA, for each lipid in
each brain area, followed by a Sidak post hoc test. The criterion for signif-
icance in all experiments was set at p � 0.05, and all analyses were con-
ducted using SPSS Statistics 22 for Windows (IBM).

Results
Experiment 1: genetic deletion or pharmacological blockade
of DAGL-� attenuates LTP in CA1 region of the hippocampus
In hippocampal slices prepared from DAGL-��/� and DAGL-
��/� mice (n 
 9 –11), TBS induced robust LTP that remained
stable during the 60 min recording period (Fig. 1A). The fEPSP
slope in hippocampal slices from DAGL-��/� mice (n 
 8) sub-
jected to the same TBS stimulation slowly decayed toward base-
line. The magnitude of LTP as measured between 50 and 60 min
after TBS stimulation significantly differed among the three
groups (F(2,27) 
 5.37, p 
 0.011, ANOVA). Post hoc analyses
indicated that TBS-induced LTP was significantly greater in
DAGL-��/� and DAGL-��/� mice than in DAGL-��/� mice
(DAGL-��/� vs DAGL-��/�, p 
 0.039; DAGL-��/� vs DAGL-
��/�, p 
 0.013). However, the magnitude of LTP did not differ
between DAGL-��/� mice and DAGL-��/� mice (p 
 0.926).

Hippocampal slices from C57BL/6J mice treated with VEH,
DO34 (30 mg/kg), or DO53 (30 mg/kg) showed significant dif-
ferences in the magnitude of LTP (F(2,23) 
 7.90, p 
 0.003,
ANOVA; Fig. 1B). Post hoc tests indicated that TBS induced sim-
ilar LTP in hippocampal slices prepared from VEH-treated (n 

9) and DO53-treated mice (n 
 8; p 
 0.514 vs VEH), but slices
prepared from DO34-treated mice displayed a significantly de-
creased magnitude of LTP (n 
 7; p 
 0.002 vs VEH; p 
 0.031 vs
DO53). Moreover, the magnitude of PTP during the first 5 min of
LTP induction significantly differed among the three treatment
groups (F(2,23) 
 7.17, p 
 0.004, ANOVA), in which DO34

administration produced a significant decrease in the PTP com-
pared with VEH (p 
 0.007) and DO53 (p 
 0.011).

Experiment 2.1: DAGL-��/� mice display profound
phenotypic MWM spatial memory deficits and altered MWM
search strategies
Per the experimental timeline (Fig. 2A), the first acquisition day
of Fixed Platform training (data not shown) yielded no signifi-
cant differences among groups and across trials (F(6,114) 
 1.67,
p 
 0.135, ANOVA). However, across the 10 days of MWM Fixed
Platform acquisition training (Fig. 2B), a significant interaction
(F(18,342) 
 2.48, p 
 0.001, ANOVA) revealed that DAGL-��/�

mice (n 
 13) had longer distances to the platform than DAGL-
��/� (n 
 15) or DAGL-��/� mice (n 
 15) on acquisition days
2 (p 
 0.001, p 
 0.005), 3 (p 
 0.000, p 
 0.000), 4 (p 
 0.000,
p 
 0.000), 5 (p 
 0.000, p 
 0.000), 6 (p 
 0.000, p 
 0.000), 7
(p 
 0.000, p 
 0.001), 8 (p 
 0.001), 9 (p 
 0.000, p 
 0.001),
and 10 (p 
 0.000, p 
 0.000), respectively. Also, DAGL-��/�

mice and DAGL-��/� mice, showed respective significant reduc-
tions in distances to the platform on days 4 (p 
 0.005, p 

0.014), 5 (p 
 0.000, p 
 0.025), 6 (p 
 0.001, p 
 0.004), 7 (p 

0.000, p 
 0.000), 8 (��/�; p 
 0.000), 9 (p 
 0.000, p 
 0.007),
and 10 (p 
 0.000, p 
 0.001) compared with day 1. In contrast,
DAGL-��/� mice showed no significant difference in distance
compared with day 1 across subsequent Fixed Platform acquisi-
tion days (2; p 
 1.000, 3; p 
 1.000, 4; p 
 1.000, 5; p 
 1.000, 6;
p 
 1.000, 7; p 
 0.625, 8; p 
 0.399, 9; p 
 0.373, and 10; p 

0.0670). Furthermore, during the Fixed Platform probe trial (Fig.
2C–E), DAGL-��/� mice demonstrated significantly longer dis-
tances to the platform location (F(2,38) 
 5.81, p 
 0.006,
ANOVA) than DAGL-��/� mice (p 
 0.022) and DAGL-��/�

mice (p 
 0.011), significantly fewer platform entries (F(2,38) 

7.40, p 
 0.002, ANOVA) than DAGL-��/� mice (p 
 0.001),
and a lower spatial preference for the target quadrant (F(2,38) 

7.73, p 
 0.002, ANOVA) than DAGL-��/� mice (p 
 0.002)
and DAGL-��/� mice (p 
 0.016). The absence of phenotypic
deficits in cued task performance (Fig. 2F; F(2,38) 
 0.926, p 


Figure 1. DAGL-��/� mice and C57BL/6 mice treated with the DAGL inhibitor DO34 show disrupted TBS-induced LTP in CA1 of the hippocampus. The magnitude of LTP was significantly
decreased in both (A) DAGL-��/� mice (n 
 8) compared with DAGL-��/� (n 
 9) and DAGL-��/� mice (n 
 11), as well as in slices from (B) DO34-treated C57BL/6J mice (n 
 7) compared
with VEH-treated (n 
 9) or DO53-treated mice (n 
 8). The magnitude of PTP during the initial induction phase was also significantly decreased in the DO34 group compared with VEH or DO53.
Data are mean � SEM.
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Figure 2. DAGL-��/� mice are profoundly impaired in MWM Fixed Platform task performance. A, Fixed Platform task experimental timeline (days). B, During MWM Fixed Platform acquisition,
DAGL-� �/� mice (n 
 13) exhibited longer distances to the platform than both DAGL-��/� mice (n 
 15) and DAGL-��/� mice (n 
 13), as well as showed probe trial performance deficits
of (C) longer distances to the prior platform position, (D) fewer platform entries, and (E) a lower spatial preference for the target quadrant. No significant difference in (F ) cued task performance or
(G) swim speed suggests that the DAGL-��/� mice performance deficits were unaffected by sensorimotor or motivational impairments. No significant differences were evident in body weight at
either (H ) baseline or (I ) during Fixed Platform acquisition. Data are mean � SEM. **p � 0.01 versus DAGL-� �/� mice. ***p � 0.001 versus DAGL-��/� mice. $p � 0.05 versus DAGL-��/�

mice. $$p � 0.01 versus DAGL-��/� mice. $$$p � 0.001 versus DAGL-��/� mice.
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0.405, ANOVA) and no alterations in swim speed (Fig. 2G;
F(18,342) 
 0.648, p 
 0.860, ANOVA) suggest that neither senso-
rimotor nor motivational impairments contribute to the im-
paired Fixed Platform acquisition of DAGL-��/� mice. Also, no
significant differences in body weight at baseline (F(2,38) 
 3.08,
p 
 0.057, ANOVA; Fig. 2H) or during Fixed Platform acquisi-
tion (F(2,38) 
 2.84, p 
 0.071, ANOVA; Fig. 2I) were evident
among the genotypes.

On Fixed Platform day 10 (Fig. 3A), DAGL-��/� mice used
significantly more nonspatial and thigmotaxic swimming strate-
gies than DAGL-��/� or DAGL-��/� mice (��4, N 
 41�

2 
 21.9,
p 
 0.000, � 2). The change in DAGL-��/� mice strategy propor-
tion was indicated by pairwise comparisons (p 
 0.001). Further-
more, during Fixed Platform acquisition (Fig. 3B), a significant
main effect of genotype (F(2,38) 
 7.29, p 
 0.002, ANOVA)
indicated that DAGL-��/� mice spent more time in the MWM
outer ring than DAGL-��/� mice (p 
 0.002) and DAGL-��/�

mice (p 
 0.028). A significant main effect of day (F(9,342) 
 13.9,
p 
 0.000, ANOVA) also showed that collectively DAGL-��/�,
DAGL-��/�, and DAGL-��/� mice spent a decreased propor-
tion of their time in the outer ring on days 4 (p 
 0.015), 5 (p 

0.034), 6 (p 
 0.001), and 7–10 (p 
 0.000) compared with day 1.

Experiment 2.2: pharmacological inhibition of DAGL-�
delays MWM spatial acquisition
Per the experimental timeline (Fig. 4A), Fixed Platform day 1
(data not shown) yielded no significant differences among
groups and across trials (F(12,171) 
 1.65, p 
 0.082, ANOVA).
During MWM Fixed Platform acquisition (Fig. 4B), a significant
main effect of drug (F(4,57) 
 8.77, p 
 0.000) revealed that 30

mg/kg DO34-treated mice (n 
 12) required longer swim path
distances to the platform than mice in the VEH (n 
 15, p 

0.000), 0.3 mg/kg DO34 (n 
 12, p 
 0.002), and 30 mg/kg DO53
(n 
 12, p 
 0.000) conditions. However, these mice did not
statistically differ from mice receiving 3 mg/kg DO34 (n 
 11,
p 
 0.103). Also, mice treated with VEH (F(9,126) 
 12.7, p �
0.001, repeated-measures ANOVA), 30 mg/kg DO34 (F(9,99) 

12.3, p 
 0.000, repeated-measures ANOVA), 3 mg/kg DO34
(F(9,90) 
 8.01, p 
 0.000, repeated-measures ANOVA), 0.3
mg/kg DO34 (F(9,99) 
 8.48, p 
 0.000, repeated-measures
ANOVA), and 30 mg/kg DO53 (F(9,99) 
 15.8, p 
 0.000,
repeated-measures ANOVA) showed significantly reduced dis-
tances to the platform days 3 (VEH p 
 0.022), 4 (VEH p 

0.000), 5 (VEH p 
 0.005; 30 mg/kg DO34 p 
 0.021; 3 mg/kg
DO34 p 
 0.019; 30 mg/kg DO53 p 
 0.005), 6 (VEH p 
 0.001;
30 mg/kg DO34 p 
 0.004; DO53 p 
 0.003), 7 (VEH p � 0.001;
30 mg/kg DO34 p 
 0.003; 3 mg/kg DO34 p 
 0.008; DO53 p 

0.002), 8 (VEH p 
 0.003; 30 mg/kg DO34 p 
 0.034; 3 mg/kg
DO34 p 
 0.038; DO53 p 
 0.001), 9 (VEH p 
 0.001; 30 mg/kg
DO34 p 
 0.000; 3 mg/kg DO34 p 
 0.002; DO53 p 
 0.000), and
10 (VEH p 
 0.000; 30 mg/kg DO34 p 
 0.000; 3 mg/kg DO34
p 
 0.024; 0.3 mg/kg DO34 p 
 0.011; DO53 p 
 0.000) com-
pared with day 1.

To test whether DO34 affects memory of the platform loca-
tion (Fig. 4C), a probe trial revealed similar distances to the plat-
form location (t(15) 
 0.0880, p 
 0.931, independent t test; Fig.
4D) in DO34-treated and VEH-treated mice, similar number of
platform entries (t(15) 
 1.17, p 
 0.260, independent t test; Fig.
4E), and similar percentages of time spent in the target quadrant
(t(15) 
 1.28, p 
 0.220, independent t test; Fig. 4F). The absence

Figure 3. DAGL-��/� mice exhibit altered MWM search strategy. DAGL-��/� mice (n 
 13) (A) used more nonspatial and thigmotaxic swim paths than DAGL-��/� mice (n 
 15) on Fixed
Platform day 10 and (B) spent more time in the MWM outer ring than both DAGL-��/� and DAGL-��/� mice (n 
 13) during Fixed Platform acquisition. C, Fixed Platform day 10 representative
swim traces show spatial (direct and self-orienting) swim paths in DAGL-��/� mice, spatial (direct) and nonspatial (circling) swim paths in DAGL-��/� mice, and nonspatial (circling and
thigmotaxic) swim paths in DAGL-��/� mice. Data are mean � SEM. **p � 0.01 versus DAGL-��/� mice. ***p � 0.001 versus DAGL-��/� mice. $p � 0.05 versus DAGL-��/� mice.
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Figure 4. DO34 delays MWM Fixed Platform acquisition but does not affect probe trial performance. A, Fixed Platform task acquisition experimental timeline (days). B, During MWM Fixed
Platform acquisition, mice treated with 30 mg/kg DO34 (n 
 12) exhibited longer distances to the platform than VEH (n 
 15), 0.3 mg/kg DO34 (n 
 12), and 30 mg/kg DO53 (n 
 12). C, Fixed
Platform task probe trial (expression) experimental timeline (days). Following drug-free MWM Fixed Platform acquisition training, no change in performance was seen at probe trial between drug
treatments (VEH n 
 9; or 30 mg/kg DO34 n 
 8) for any measure, (D) distances to the prior platform position, (E) platform entries, or (F ) spatial preference for the target quadrant. No difference
in (G) cued task performance suggests that the high-dose DO34 did not affect sensorimotor or motivational components of MWM performance. H, Mice administered 30 mg/kg DO34 showed
increased swim speeds during Fixed Platform acquisition compared with VEH-treated mice on days 1, 2, 4, 5, and 8, but 0.3 mg/kg DO34 reduced swim speeds on days 7, 9, and 10. No significant
differences were evident between groups on Fixed Platform training day 1 across trials (data not shown), or in body weight at (I ) baseline, yet a significant interaction between drug and day on body
weight throughout (J ) acquisition training showed reductions compared with VEH at 30 mg/kg DO34 (days 2–15), 3 mg/kg DO34 (days 4, 8, 13), 0.3 mg/kg DO34 (day 4), and 30 mg/kg DO53 (days
2, 3, 4, 5, 7, 13). Data are mean � SEM. *p � 0.05 versus VEH. **p � 0.01 versus VEH. ***p � 0.001 versus VEH. $$p � 0.01 versus 0.3 mg/kg DO34. ###p � 0.01 versus 30 mg/kg DO53.
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of drug-induced deficits in cued task performance (F(4,57) 
 1.09,
p 
 0.368, ANOVA; Fig. 4G) suggests that DO34 does not elicit
sensorimotor or motivational impairments.

During Fixed Platform acquisition, a significant swim speed
interaction (F(36,513) 
 1.60, p 
 0.016, ANOVA; Fig. 4H), re-
vealed that mice administered 30 mg/kg DO34 swam faster than
VEH-treated mice on days 1 (p 
 0.019), 2 (p 
 0.010), 4 (p 

0.042), 5 (p 
 0.009), and 8 (p 
 0.003), but 0.3 mg/kg DO34-
treated mice swam slower than VEH-treated mice on days 7 (p 

0.026), 9 (p 
 0.044), and 10 (p 
 0.022). Also, while no signif-
icant difference in body weight was evident at baseline (F(4,57) 

2.03, p 
 0.103, ANOVA; Fig. 4I), a significant interaction be-
tween drug and day for this measure occurred throughout acqui-
sition training (F(56,798) 
 7.06, p 
 0.000, ANOVA; Fig. 4J).
DO34 elicited body weight reductions compared with VEH at 30
mg/kg DO34 (days 2–15, p 
 0.000), 3 mg/kg DO34 (days 4, p 

0.006; 8, p 
 0.032; and 13, p 
 0.015), 0.3 mg/kg DO34 (day 4,
p 
 0.001), and 30 mg/kg DO53 (days 2, p 
 0.000; 3, p 
 0.000;
days 4, p 
 0.041; 5, p 
 0.003; 7, p 
 0.008; and 13, p 
 0.000).

On Fixed Platform day 10, DO34-treated mice showed no
significant alterations in swim path strategy (��3, N 
 49�

2 
 7.0;97,
p 
 0.069, � 2; Fig. 5A). However, a significant main effect of drug
was found for time spent in the outer ring of the MWM through-
out the 10 acquisition sessions (F(4,57) 
 2.96, p 
 0.027,
ANOVA; Fig. 5B). DO34 (30 mg/kg) produced a modest increase
in the time spent in the MWM outer ring compared with VEH-
treated mice (p 
 0.035). A significant main effect of day (F(9,513) 

59.4, p 
 0.000, ANOVA) also showed that mice spent a smaller

proportion of their time in the outer ring on all subsequent days,
2, 3, 4, 5, 6, 7, 8, 9, and 10 (p � 0.001) than on day 1.

Experiment 2.3: pharmacological inhibition of DAGL-�
impairs MWM reversal, but not extinction
The next experiments examined the effects of DO34 (30 mg/kg;
n 
 8) versus VEH (n 
 9) on extinction (Fig. 6A), forgetting
(Fig. 6B), reversal learning, and perseveration (Fig. 7A; 30 mg/kg;
n 
 15, VEH; n 
 15). As shown in Figure 6C, repeated exposures
to the MWM with removal of the hidden platform following
Fixed Platform acquisition day 10 led to increased swim paths
regardless of drug treatment (F(5,75) 
 3.08, p 
 0.014, ANOVA).
Subjects had significantly longer distances to the previous plat-
form location on extinction weeks 4 (p 
 0.047) and 6 (p 

0.027) compared with probe trial. The lack of a statistical inter-
action between drug and day (F(5,75) 
 0.292, p 
 0.916,
ANOVA) and lack of significant main effect of drug (F(1,15) 

1.98, p 
 0.180, ANOVA) indicate that DO34 did not affect ex-
tinction. In the probe trial assessment of forgetting (Fig. 6C), the
lack of a statistically significant interaction between drug and day
(F(1,10) 
 0.638, p 
 0.443, ANOVA) or a main effect of drug
(F(1,10) 
 2.50, p 
 0.145, ANOVA) indicates that DO34 did not
impact forgetting performance.

In the evaluation of reversal learning (Fig. 7B), a statistically
significant interaction between drug and day (F(5,140) 
 4.43, p 

0.001, ANOVA) indicates that DO34 delayed reversal acquisi-
tion. Specifically, DO34 increased swim distances compared with
VEH on days 1 (p 
 0.007), 2 (p 
 0.007), and 5 (p 
 0.016). Yet,

Figure 5. DO34 produces modest and selective changes to MWM search strategy. DO34-treated mice (0.3 mg/kg, n 
 12; 3 mg/kg, n 
 11; 30 mg/kg, n 
 12) (A) showed no significant change
in swim path strategy than VEH-treated mice (n 
15) on Fixed Platform day 10, but (B) mice administered 30 mg/kg DO34 showed a modest increase in the time spent in the MWM outer ring during
Fixed Platform acquisition than VEH-treated mice. C, Fixed Platform day 10 representative swim traces show spatial (self-orienting and direct) and nonspatial (circling and scanning) swim paths in
VEH, and DO34-treated (0.3, 3, 30 mg/kg) mice. Data are mean � SEM. p � 0.05 DO34 (30 mg/kg) versus VEH-treated mice.
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all subjects displayed evidence of reversal learning after exposure
to five reversal sessions (and probe trial) via a main effect of day in
VEH (F(5,70) 
 6.05, p 
 0.000, repeated-measures ANOVA) and
DO34 (F(5,70) 
 13, p 
 0.000, repeated-measures ANOVA)
mice. VEH-treated subjects had significantly reduced distances to
the new platform location on reversal days 2 (p 
 0.011), 3 (p 

0.0005), and 5 (p 
 0.000) compared with day 1. Similarly,
DO34-treated subjects showed reduced swim distances to the
platform location on days 2 (p 
 0.033), 3 (p 
 0.000), 4 (p 

0.008), and 5 (p 
 0.010) as well as during the probe trial (p 

0.001) compared with day 1. Figure 7C depicts the percentage of
time spent in the quadrant containing the prior platform loca-
tion. There was no statistical interaction between drug and day
(F(4,112) 
 0.498, p 
 0.737, ANOVA), but significant main ef-
fects of drug (F(1,28) 
 10.29, p 
 0.003, ANOVA) and day
(F(4,112) 
 34.63, p 
 0.000, ANOVA) were found. Further anal-
ysis showed that DO34-treated mice (F(4,56) 
 15.72, p 
 0.000)
spent decreased proportions of time in the quadrant containing
the prior platform location on days 2, 3, 4, and 5 (day 2; p � 0.020,
day 3; p � 0.009, day 4; p � 0.000, day 5; p � 0.006) compared
with day 1. These results demonstrate that, although DO34 in-
creased the percentage of time mice spent in the quadrant con-
taining the prior platform location compared with VEH
throughout reversal training, mice showed a decrease in the per-
centage of time in the quadrant containing the prior platform
location on days, 2, 3, 4, and 5 (p � 0.000) compared with day 1
regardless of drug treatment. Figure 7D depicts the percentage of

time spent in the quadrant containing the new platform location.
Similar to the data in Figure 7C, there was no statistical interac-
tion between drug and day (F(4,112) 
 1.34, p 
 0.260, ANOVA),
but significant main effects of drug (F(1,28) 
 7.37, p 
 0.011,
ANOVA) and day (F(4,112) 
 28.37, p 
 0.000, ANOVA) were
found. Although DO34 delayed the magnitude of spatial prefer-
ence for the quadrant containing the new platform location com-
pared with VEH, it did not affect their spending an increased
proportion of their time in the quadrant containing the new plat-
form location on days 2, 3, 4, and 5 (day 2; p � 0.004, days 3 to 5;
p � 0.000) compared with day 1.

Experiment 2.4: the OL task reveals a dissociation of spatial
memory deficits between pharmacological inhibition and
genetic deletion of DAGL-�
During the sample phase, DAGL-��/� (n 
 13), DAGL-��/�

(n 
 15), and DAGL-��/� (n 
 7) mice showed similar total
exploration times (F(2,32) 
 2.59, p 
 0.091, ANOVA; Fig. 8B).
None of the genotypes showed a preference for either object (pre-
assigned stationary or moved) (F(2,32) 
 1.61, p 
 0.22, ANOVA;
Fig. 8C). During the choice phase, a significant effect in the dis-
crimination ratio was detected (F(2,32) 
 4.58, p 
 0.018,
ANOVA; Fig. 8D) in which DAGL-��/� (p 
 0.049) and DAGL-
��/� (p 
 0.042) mice showed significant spatial memory defi-
cits compared with DAGL-��/� mice.

In the evaluation of DO34 on OL spatial memory, sample
phase DO34 treatment (n 
 15) lowered the total exploration

Figure 6. DO34 does not affect extinction or forgetting tasks. A, Experimental timeline for the extinction (days/weeks) of mice trained drug-free in Fixed Platform task (same cohort as per probe
trial [expression]; Fig. 4). B, Experimental timeline for additional mice trained drug-free in Fixed Platform task before a forgetting task (days/weeks). C, No change in either the extinction of the Fixed
Platform task, or forgetting performance, was seen between VEH (n 
9 and n 
6, respectively) and 30 mg/kg DO34-treated mice (n 
8 and n 
6, respectively) (MWM Fixed Platform acquisition
day 1 and 10 of VEH and 30 mg/kg DO34 for both extinction and forgetting tasks included for comparison). Data are mean � SEM.
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time compared with VEH (n 
 14) (t(27) 
 2.69, p 
 0.012, t test;
Fig. 8F). However, neither DO34 nor VEH administration pro-
duced a preference for either object (preassigned stationary or
moved) (F(1,27) 
 2.97, p 
 0.096, ANOVA; Fig. 8G). During the
choice phase, DO34-treated mice and VEH-treated mice demon-
strated evidence of spatial memory, with similar discrimination
ratios (t(27) 
 0.62, p 
 0.54, t test; Fig. 8H).

Experiment 3.1: DAGL-��/� mice show profound alterations
in brain endocannabinoids and related lipids
DAGL-��/� mice (n 
 8) possessed elevated levels of the
DAGL-� substrate, SAG, across all four brain regions, hippocam-
pus (F(2,21) 
 174, p 
 0.000, ANOVA; Fig. 9A), PFC (F(2,21) 

753, p 
 0.000, ANOVA; Fig. 9B), striatum (F(2,21) 
 52, p 

0.000, ANOVA; Fig. 9C), and cerebellum (F(2,21) 
 32, p 
 0.000,

ANOVA; Fig. 9D), compared with both DAGL-��/� (n 
 8, p 

0.000) and DAGL-��/� mice (n 
 8, p 
 0.000). DAGL-��/�

mice also showed profound reductions of 2-AG and its metabo-
lite AA, respectively, across each brain region: hippocampus
(F(2,21) 
 246, p 
 0.000, ANOVA; Fig. 9E; F(2,21) 
 156, p 

0.000, ANOVA; Figure 9M), PFC (F(2,21) 
 29, p 
 0.000,
ANOVA; Fig. 9F; F(2,21) 
 207, p 
 0.000, ANOVA; Figure 9N),
striatum (F(2,21) 
 48, p 
 0.000, ANOVA; Fig. 9G; F(2,21) 
 126,
p 
 0.000, ANOVA; Figure 9O), and cerebellum (F(2,21) 
 70, p 

0.000, ANOVA; Fig. 9H; F(2,21) 
 155, p 
 0.000, ANOVA; Figure
9P), compared with both DAGL-��/� (p 
 0.000) and DAGL-
��/� mice (p 
 0.000). DAGL-��/� mice showed small but
significant reductions of 2-AG compared with DAGL-��/� mice
in striatum (p 
 0.04), hippocampus (p 
 0.002), and cerebel-
lum (p � 0.002). Also, region-selective reductions of AEA were

Figure 7. DO34 delays MWM reversal learning but does not produce perseverative behavior. A, Experimental timeline for mice trained in a reversal task (days) following drug-free Fixed Platform
training. B, During MWM reversal, mice treated with 30 mg/kg DO34 (n 
 15) exhibited longer distances to the platform than VEH (n 
 15) on reversal days 1, 2, and 5 (MWM Fixed Platform
acquisition day 1 and 10 of VEH and 30 mg/kg DO34 included for comparison). C, During the same MWM reversal trials, mice treated with 30 mg/kg DO34 also exhibited a delayed inhibition of spatial
preference for the quadrant containing the previous platform location compared with VEH. D, During the same MWM reversal trials, mice treated with 30 mg/kg DO34 also exhibited a delayed
acquisition of spatial preference for the quadrant containing the new platform location compared with VEH. Data are mean � SEM. *p � 0.05, **p � 0.01.
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Figure 8. DAGL-��/� mice, but not DO34 treated mice, show OL spatial memory deficits. A, Experimental protocol for OL testing of DAGL-��/�, DAGL-��/�, and DAGL-��/� mice. During
sample phase, no difference in (B) total exploration time (C) and no preference for either object (preassigned stationary or moved) were seen between DAGL-��/� (n 
 13), DAGL-��/� (n 

15), and DAGL-��/� (n 
 7) mice. During choice phase (D), a significant decrease in discrimination ratio was evident in DAGL-��/� and DAGL-��/� mice compared with DAGL-��/� mice. E,
In the evaluation of DO34 on OL spatial memory, during sample phase (F ), DO34 treatment (n 
 15) lowered the total exploration time compared with VEH (n 
 14), yet (G) no preference for either
object (preassigned stationary or moved) was seen between DO34 and VEH-treated mice. During choice phase (H ), DO34 produced no significant change in discrimination ratio compared with
VEH-treated mice. Data are mean � SEM. *p � 0.05 versus either DAGL-��/� or VEH-treated control mice.
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Figure 9. DAGL-��/� mice show profound alterations in brain endocannabinoids. A–D, The DAGL-� substrate SAG was elevated in all four brain regions in DAGL-��/� mice (n 
 8) compared
with both DAGL-��/� (n 
 8) and DAGL-��/� mice (n 
 8). DAGL-��/� mice possessed decreased levels of 2-AG and AA, respectively, in (E,M ) hippocampus, (F,N ) PFC, (G,O) striatum, and
(H,P) cerebellum. DAGL-��/� mice showed modest 2-AG reductions in striatum, hippocampus, and cerebellum compared with DAGL-��/� mice. AEA levels of DAGL-��/� mice were
significantly reduced in (I ) hippocampus and (L) cerebellum, but not in (J ) PFC or (K ) striatum. Data are mean � SEM. *p � 0.05 versus DAGL-��/� mice. **p � 0.01 versus DAGL-��/� mice.
***p � 0.001 versus DAGL-��/� mice. $$p � 0.01 versus DAGL-��/� mice. $$$p � 0.001 versus DAGL-��/� mice.
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found in DAGL-��/� mouse hippocampus (F(2,21) 
 51, p 

0.000, ANOVA; Fig. 9I) and cerebellum (F(2,21) 
 10.2, p 

0.001, ANOVA; Fig. 9L), but not in PFC (Fig. 9J) or striatum (Fig.
9K) compared with both DAGL-��/� and DAGL-��/� mice.

Experiment 3.2: DAGL inhibition produces brain region-
selective alterations in endocannabinoids and related lipids
DO34-treated mice possessed elevated levels of SAG at 2 h after
injection (n 
 5) across all four brain regions, hippocampus
(F(2,15) 
 7.48, p 
 0.006, ANOVA; Fig. 10A), PFC (F(2,15) 
 30,
p 
 0.000, ANOVA; Fig. 10B), striatum (F(2,15) 
 5.46, p 
 0.017,
ANOVA; Fig. 10C), and cerebellum (F(2,15) 
 6.83, p 
 0.008,
ANOVA; Fig. 10D), compared with VEH (n 
 5, p 
 0.005, p 

0.000, p 
 0.038, and p 
 0.006, respectively). However, at 24 h
after injection, SAG levels did not differ between DO34- and
VEH-treated mice in each respective brain region (p 
 0.232, p 

0.992, p 
 0.999, p 
 0.145). DO34-treated mice also showed
consistent reductions of 2-AG in hippocampus (F(2,15) 
 37, p 

0.000, ANOVA; Fig. 10E), PFC (F(2,15) 
 11.6, p 
 0.001,
ANOVA; Fig. 10F), striatum (F(2,15) 
 4.82, p 
 0.024, ANOVA;
Fig. 10G), and cerebellum (F(2,15) 
 94, p 
 0.000, ANOVA; Fig.
10H) at 2 h (p 
 0.000, p 
 0.001, p 
 0.036, and p 
 0.000,
respectively). At 24 h, DO34 continued to decrease 2-AG levels
compared with VEH in hippocampus (p 
 0.000) and cerebel-
lum (p 
 0.000), but not in PFC or striatum. However, DO34 did
not affect AEA levels in hippocampus (F(2,15) 
 0.92, p 
 0.421,
ANOVA; Fig. 10I), PFC (F(2,15) 
 3.04, p 
 0.078, ANOVA; Fig.
10J), striatum (F(2,15) 
 2.70, p 
 0.099, ANOVA; Fig. 10K), or
cerebellum (F(2,15) 
 2.44, p 
 0.121, ANOVA; Fig. 10L). Finally,
DO34 reduced AA levels in all brain regions: hippocampus
(F(2,15) 
 13.8, p 
 0.000, ANOVA; Fig. 10M) at 2 h (p 
 0.005)
and 24 h (p 
 0.000), PFC (F(2,15) 
 65, p 
 0.000, ANOVA; Fig.
9N) at 2 h (p 
 0.000) and 24 h (p 
 0.000), striatum (F(2,15) 

145, p 
 0.000, ANOVA; Fig. 9O) at 2 h (p 
 0.000) and 24 h
(p 
 0.000), and cerebellum (F(2,15) 
 59, p 
 0.000, ANOVA;
Fig. 9P) at 2 h (p 
 0.000) and 24 h (p 
 0.000). AA levels of
DO34-treated mice remained significantly reduced in each brain
region at 24 h but were significantly elevated at 24 h compared
with 2 h in PFC (p 
 0.000) and striatum (p 
 0.000).

Discussion
The present study makes the novel observations that genetic de-
letion or inhibition of DAGL-� profoundly disrupts hippocam-
pal LTP accompanied with varying magnitudes of spatial learning
deficits. Specifically, DAGL-��/� mice display impaired OL and
MWM Fixed Platform acquisition accompanied by nonspatial
search strategies. Whereas DO34-treated mice show significantly
delayed MWM acquisition and reversal learning, performance is
spared in probe trial memory, extinction, and forgetting tasks,
and in the OL assay. Additionally, these alterations in LTP and in
vivo learning and memory paradigms occur in concert with dis-
tinct altered patterns of endocannabinoids and related lipids,
across brain areas integral to learning and memory.

In addition to corroborating a study showing that nonselec-
tive DAGL inhibitors block CA1 pairing-induced potentiation in
rats (Xu et al., 2012), the present study found significant reduc-
tions in hippocampal 2-AG. This pattern of findings in combina-
tion with other work showing that inhibitors of 2-AG hydrolysis
facilitate CA1 LTP (Silva-Cruz et al., 2017) implicates 2-AG as a
possible LTP facilitator. The finding that endogenously produced
endocannabinoids facilitate LTP at CA1 hippocampal synapses
through stimulation of astrocyte-neuron signaling (Gómez-
Gonzalo et al., 2015), or when preceded by DSI (Carlson et al.,

2002), suggests that endocannabinoids enhance plasticity by dis-
inhibition. 2-AG acts as a retrograde modulator of short-term
CB1 receptor-mediated synaptic plasticity (i.e., DSE/DSI) (Tan-
imura et al., 2010; Yoshino et al., 2011). Furthermore, CB1 recep-
tor activation correlates with enhanced CA1 LTP (Chevaleyre
and Castillo, 2004). Thus, reducing 2-AG production may dis-
rupt LTP because of decreased CB1 receptor signaling. However,
the consequences of directly disrupting CB1 receptor signaling on
behavioral performance in hippocampal-dependent learning as-
says differ from those resulting from DAGL-� disruption. Spe-
cifically, WT mice administered a CB1 receptor antagonist or
CB1

�/� mice displayed similar MWM Fixed Platform acquisition
as control mice but showed impaired MWM extinction (Varvel
and Lichtman, 2002; Varvel et al., 2005). The close spatial local-
ization of DAGL-� to excitatory CB1 receptor synapses (also ad-
jacent to Group I metabotropic glutamate receptors) and
distance from inhibitory synapses (Katona et al., 2006; Yoshida et
al., 2006) may account for the resilience of DAGL-� compro-
mised mice in the MWM extinction task.

Contrary to the present work, Sugaya et al. (2013) reported
that DAGL-��/� mice show no change in CA1 LTP. As they
measured LTP through indwelling electrodes, it is plausible that
the altered lipid profile disruption may have interacted with on-
going milieu changes in an awake brain. Thus, procedural differ-
ences may account for the different LTP outcomes following
DAGL-� deletion. DO34-induced impairment of PTP within
minutes of TBS suggests reduced Ca 2� buildup in presynaptic
axon terminals (Zucker and Regehr, 2002). It is unlikely that
DO34 off-targets (e.g., ABDH6) affected the measures, given that
DO53 did not affect SC-CA1 LTP. Similarly, DO53 did not alter
hippocampal DSI (Ogasawara et al., 2016). As DO34 also inhibits
DAGL-�, this 2-AG biosynthetic enzyme cannot be excluded.
Yet, its low neuronal expression and high expression on microglia
(Hsu et al., 2012) argue against its involvement in the present
results.

The phenotypic MWM deficits displayed by DAGL-��/�

mice and impaired acquisition and reversal learning performance
in DO34-treated mice represent the first evidence supporting a
role of DAGL-� in rodent spatial learning and memory models.
Specifically, these novel findings indicate that DAGL-� is re-
quired for the integration of new spatial information, but not for
memory retrieval, extinction, forgetting, or the promotion of
perseverative behavior. The findings that DAGL-� deletion pro-
foundly disrupts MWM Fixed Platform learning are compatible
with the body of evidence highlighting the necessity of hip-
pocampal neurogenesis for spatial memory processing (Snyder et
al., 2005; Sahay et al., 2011), which this enzyme significantly con-
tributes (Goncalves et al., 2008; Gao et al., 2010). DO34-impaired
reversal learning is also consistent with chronic stress-induced
impairments in MWM reversal learning, which occur concomi-
tantly with lowered hippocampal 2-AG (Hill et al., 2005). Con-
trary to stress-induced perseveration (Hill et al., 2005), DAGL-�
inhibition did not elicit perseverative behavior. Accordingly,
this enzyme may be required specifically for integrating new
spatial information. The altered search strategy may reflect a
stress-induced shift from using hippocampal-cognitive to
striatal-habit learning (Wirz et al., 2017). The anxiety-like
phenotype of DAGL-��/� mice (Shonesy et al., 2014; Jen-
niches et al., 2016) as well as the stress-inducing component of
the MWM may drive reliance on nonspatial circular search
strategies after DAGL-� disruption. Furthermore, elevations
in stress hormones (e.g., corticosterone) influence hippo-
campal-dependent task performance (Kim et al., 2015), al-
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Figure 10. DO34-treated mice show brain region-selective alterations in endocannabinoids and related lipids. A–D, The DAGL-� substrate SAG was elevated in all four brain regions at 2 h after
DO34 injection (n 
 5) compared with VEH (n 
 5), and compared with 24 h (n 
 8) in PFC and striatum. At 2 h after DO34 injection, 2-AG and AA were reduced, respectively, in (E,M ) hippocampus,
(F,N ) PFC, (G,O) striatum, and (H,P) cerebellum. At 24 h after DO34 injection, 2-AG was reduced only in (E) hippocampus and (H ) cerebellum, whereas AA showed reductions across (M–P) all four
brain areas. No changes in (I,J,K,L) AEA were evident compared with VEH. Data are mean � SEM. *p � 0.05 versus VEH. **p � 0.01 versus VEH. ***p � 0.001 versus VEH. #p � 0.05 versus 24 h.
##p � 0.01 versus 24h. ###p � 0.001 versus 24h.
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though additional studies are needed to ascertain whether
stress hormones contribute to DAGL-��/� phenotypic defi-
cits in hippocampal-dependent task performance. Contrary to
the present findings, extinction, but not acquisition deficits,
occur in DO34-treated mice (Cavener et al., 2018) or DAGL-
��/� mice (Jenniches et al., 2016; Cavener et al., 2018) in
conditioned fear tasks. While DAGL-� is expressed in regions
mediating fear conditioning, such as the BLA (Yoshida et al.,
2011), stress reduces amygdala-hippocampal connectivity
(Wirz et al., 2017). Accordingly, DAGL-� may differentially
modulate memory processes based on brain circuitry, region,
or neuronal type.

The differential impact between genetic deletion and pharma-
cological inhibition of DAGL-� on performance in spatial learn-
ing tasks may partly be a consequence of 2-AG lipid profile
differences. However, developmental alterations in the brains of
the DAGL-��/� mice across ontogeny may also be a contributing
factor. In the developing brain, DAGL-� is expressed on presyn-
aptic terminals (Bisogno et al., 2003), participating in the control
of axonal growth and guidance (Williams et al., 1994; Brittis et al.,
1996) but is expressed on postsynaptic neurons in the adult brain.
Accordingly, across ontogeny, DAGL-� switches roles from
growth and guidance to a modulator of synaptic signaling. The
finding that DAGL-��/� mice, but not DO34-treated mice, pos-
sessed significantly reduced AEA levels in hippocampus and cer-
ebellum raises the possibility that diminished AEA levels may
contribute to the DAGL-��/� phenotypic learning and memory
deficits and altered search strategy.

Profound lipid profile changes accompanied the spatial mem-
ory impairments of DAGL-��/� mice. As previously reported
(Gao et al., 2010; Tanimura et al., 2010; Shonesy et al., 2014;
Jenniches et al., 2016), these mice displayed substantial reduc-
tions of 2-AG across all four brain areas. In DAGL-��/� mice,
modest reductions of 2-AG in striatum, hippocampus, and cere-
bellum may have contributed to OL deficits, although they dis-
played similar performance as WT mice in MWM tasks. Whereas
previous studies reported DO34-induced 2-AG decreases in
whole brain (Ogasawara et al., 2016; Wilkerson et al., 2017), we
found reductions of 2-AG in each region evaluated. DAGL-��/�

mice showed reductions of AEA in hippocampus and cerebel-
lum, but not in cortex or striatum. Similarly, Tanimura et al.
(2010) reported reduced striatal AEA levels, whereas Jenniches
et al. (2016) found AEA reductions in cortex and amygdala.
DO34 did not affect AEA levels in any brain region investi-
gated, despite 50% reductions of AEA in whole brain
(Ogasawara et al., 2016; Wilkerson et al., 2017). Thus,
DAGL-� substrates and metabolites appear to play a complex
role in AEA biosynthesis. Given that inhibitors of the primary
AEA hydrolytic enzyme, fatty acid amide hydrolase (FAAH),
impair LTP (Basavarajappa et al., 2014), yet enhance MWM
acquisition and extinction (Varvel et al., 2007), the conse-
quences of reduced hippocampal AEA in DAGL-��/� mice
must be considered. Examining whether an FAAH inhibitor
rescues DAGL-��/� phenotypes may provide insight into
whether AEA functionally contributes to the impairments ob-
served in the present study. Nonetheless, it should be noted
that a FAAH inhibitor failed to reverse fear extinction deficits
in DAGL-��/� mice (Cavener et al., 2018).

The impact of DAGL-� blockade on downstream and up-
stream lipid signaling molecules, previously only evaluated in
forebrain (Shonesy et al., 2014) or whole brain (Ogasawara et al.,
2016), merits discussion. The expression of DAGL in inverte-

brate species lacking cannabinoid receptors (e.g., Drosophila)
(Elphick and Egertova, 2005) underscores the important role
of this enzyme in regulating lipid signaling molecules inde-
pendent of substrate production for cannabinoid receptor
activation. As anticipated, both DAGL-��/� mice and DO34-
treated mice showed consistent elevations of the DAG sub-
strate for DAGL-�, SAG, across all four brain areas. SAG
activates PKC (Hindenes et al., 2000); and while PKC activa-
tion facilitates memory (Bonini et al., 2007), the effects of
sustained SAG elevations are not known. The dramatically
reduced levels of AA across all four brain regions in DAGL-
��/� and DO34-treated mice suggest that DAGL-� is an im-
portant intermediate for the maintenance of basal AA levels in
brain. Given that hippocampal neurons activate PKC through
AA cascades (Hama et al., 2004), the DAGL-� disruption-
induced AA reductions may also contribute to the observed
learning and memory deficits.

Collectively, this work supports the importance of DAGL-� in
modulating hippocampal learning and memory to the extent that
reductions in DAGL-� expression or function may contribute to
cognitive pathologies. Age-related decreases in DAGL-� expres-
sion (Piyanova et al., 2015) suggest that DAGL-� dysregulation
may be a useful target for the study of age-related cognitive de-
cline (Bilkei-Gorzo et al., 2017). In sum, the present findings, that
DAGL-� disruption led to cellular spatial memory impairments
and in vivo deficits selective for the integration of new spatial
information, implicate this enzyme as playing a key role in spatial
learning and memory.
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