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ABSTRACT
BACKGROUND: Disruption of the endocannabinoid system through pharmacological or genetic invalidation of
cannabinoid CB1 receptors has been linked to depression in humans and depression-like behaviors in mice. The two
main endogenous cannabinoids, anandamide and 2-arachidonoyl glycerol (2-AG), are produced on demand from phospholipids. The pathways and enzymes involved in endocannabinoid biosynthesis thus play a major role in regulating the
activity of this system. This study investigates the role of the main 2-AG producing enzyme diacylglycerol lipase α (DAGL-α).
METHODS: We generated and used knockout mice lacking DAGL-α (Dagla2/2) to assess the behavioral
consequences of reduced endocannabinoid levels in the brain. We performed different behavior tests to determine
anxiety- and depression-related behavioral changes in Dagla2/2 mice. We also analyzed expression of genes related
to the endocannabinoid system via real-time polymerase chain reaction and used the mitotic marker 5-bromo-20 deoxyuridine to analyze adult neurogenesis.
RESULTS: Dagla2/2 animals show an 80% reduction of brain 2-AG levels but also a reduction in cortical and
amygdalar anandamide. The behavioral changes induced by Dagla deletion include a reduced exploration of the
central area of the open ﬁeld, a maternal neglect behavior, a fear extinction deﬁcit, increased behavioral despair,
increased anxiety-related behaviors in the light/dark box, and reduced hippocampal neurogenesis. Some of these
behavioral changes resemble those observed in animals lacking the CB1 receptor.
CONCLUSIONS: Our ﬁndings demonstrate that the deletion of Dagla adversely affects the emotional state of
animals and results in enhanced anxiety, stress, and fear responses.
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The endocannabinoid system (ECS) is a retrograde feedback
signaling system that plays an important, pro-homeostatic role
in the central nervous system. On release into the synaptic
cleft, the endogenous cannabinoids can bind and activate
presynaptic cannabinoid receptors (1). Diacylglycerol lipase
(DAGL) enzymes are responsible for the generation of 2arachidonoyl glycerol (2-AG), one of the main endocannabinoids. Two isoforms, termed DAGL-α and DAGL-ß, have been
described, which are encoded by the Dagla and Daglb genes,
respectively. Whereas DAGL-α is expressed at high levels
during neuronal development and in the adult central nervous
system, DAGL-β is less abundant in the adult brain (2). During
brain development, both enzymes are present on axonal tracts
and—together with the cannabinoid receptor CB1—on growth
cones of growing neurons, implicating an important function of
the ECS in axon guidance and path-ﬁnding (2,3). In the adult
brain, DAGL-α expression is restricted to the postsynaptic
dendritic compartment (2). Several reports indicate a function
of DAGL-α also during adult neurogenesis in the subventricular
zone and hippocampus (4,5). DAGL-α is also the main enzyme
involved in the production of 2-AG in the context of the
endocannabinoid-mediated retrograde synaptic suppression,
because depolarization-induced suppression of inhibition is

completely absent in Dagla2/2 mice (6). For a brief period from
2006 until 2008, rimonabant, a CB1 antagonist, was clinically
used in Europe under the trade name Acomplia (SanoﬁAventis, Paris, France) to treat obesity. However, the compound caused serious adverse psychiatric side effects including anxiety and depression (7), which led to a withdrawal from
the market. These clinical ﬁndings validated previous results
from rodent studies showing that the genetic or pharmacological blockade of CB1 increases depression- and anxiety-like
behavior (8,9). Depression is a highly prevalent psychiatric
disorder with a lifetime risk of approximately 20% and is
associated with high levels of morbidity and mortality (10).
Additionally, it has been determined to be a risk factor for
many illnesses, including obesity and cardiovascular and
neurodegenerative diseases (11–13). A major environmental
factor, which elicits anxiety disorders and depression, is stress
(14,15). Repeated homotypic stress leads to an elevation of
2-AG levels in cortical brain regions, which is supposedly
mediated through an increased synthesis of 2-AG (16). These
mechanisms are thought to be involved in the pathophysiology of depression and fear extinction. In this study, we
analyzed the behavioral phenotype of mice with a disruption
of Dagla and report the development of increased stress- and
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depression-related behaviors in Dagla2/2 mice. Therefore, we
generated Dagla2/2 mice via the Cre/loxP System, which
allows us to generate constitutive as well as different cell
type-speciﬁc Dagla2/2 mice.

METHODS AND MATERIALS
Animals
The Dagla gene was mutated by inserting two loxP sites
(ENSMUSG00000035735 ﬂanking exon 1 allowing Cremediated excision of the exon, as depicted in Figure 1A. The
recombinant and wild-type alleles were identiﬁed by means of
Southern analysis after Stu I digestion with a speciﬁc probe
(primer_fw:
50 -AGGAGGATTGGCCTCTGTT-30 ;
primer_rev:
0
5 -TGGACGTCGTGACTTATGGA-30 ) as 1.9 kb (mutant) or
3 kb (wild-type) fragments, respectively. To obtain constitutive

Dagla2/2 mice, homozygous Dagla ﬂoxed mice (C57BL/6J
genetic background) were bred with Pgk1-Cre mice (17) and
subsequently to C57BL/6J animals. Male and female constitutive
Dagla deﬁcient mice (Dagla2/2, see Supplemental Information)
and wild-type controls (WT) on a C57BL/6J genetic background
were group-housed (4–5 animals per cage) in standard cages
(light phase for 12 hours, light on at 09:00 AM, except for the
home cage activity measurements), with free access to food and
water. Dagla2/2mice were maintained by homozygous breeding.
Behavioral experiments were performed with mixed-sex groups
and approved by a Local Committee for Animal Health, the North
Rhine-Westphalia State Environment Agency.

Behavioral Analysis
All behavioral experiments were performed during the lightphase at least two times with different cohorts of animals.

Figure 1. Cloning strategy and validation of Dagla knockout mice. (A) An 8.4-kb fragment ﬂanking the ﬁrst exon of the Dagla gene was introduced into a
minimal vector by homologous recombination. One loxP site (orange) was inserted upstream of exon 1. At the 30 end of the ﬁrst exon, a neo-cassette ﬂanked
by FRT sites (purple) and with an additional loxP site was inserted into the targeting vector for selection of embryonic stem cells. Subsequently, the
neo-cassette was removed by FLP-mediated recombination. To obtain constitutive Dagla2/2 mice (C57BL/6J genetic background), homozygous ﬂoxed
Dagla mice were cross-bred with the Pgk1-Cre mouse line. (B) mRNA levels normalized to GAPDH. Real-time PCR results show a complete loss of Dagla
mRNA transcript in Dagla2/2 mice (two-way ANOVA, Bonferroni post-hoc test, values represent mean 6 SEM: n 5 5 animals/group, ****p , .0001).
(C) Representative DAGL-α immunostainings of (I) wild-type and (II) Dagla2/2 mice hippocampi. Staining is completely absent in Dagla2/2 brain (scale:
100 mm). (D) 2-AG level is signiﬁcantly decreased (by 80–90%) in cortex, hippocampus, striatum, and amygdala of Dagla2/2 mice. AEA levels are decreased in
cortex by 60%, hippocampus by 30%, and amygdala by 25% but not in the striatum of Dagla2/2 mice. Note that the amount of 2-AG and AEA in the
amygdala was measured in a separate experiment. Statistical analysis for eCB measurement in cortex, hippocampus, and striatum: two-way ANOVA,
Bonferroni post-hoc test, values represent mean 6 SEM: n 5 5 animals/group, *p , .05, **p , .01, ****p , .0001. Statistical analysis for eCB measurement in
amygdala samples: Student t test, values represent mean 6 SEM: n 5 10 animals/group, *p , .05, **p , .01, ****p , .0001. AEA, anandamide; ANOVA,
analysis of variance; FAAH, endocannabinoid-degrading enzyme fatty acid amide hydrolase; FLP, ﬂippase; FRT, ﬂippase recognition target; DAGL,
diacylglycerol lipase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MAGL, monoacylglycerol lipase; PCR, polymerase chain reaction; WT, wild type;
2-AG, 2-arachidonoyl glycerol.
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Anxiety- and stress-related behavior was analyzed in the
open-ﬁeld, zero-maze, light/dark box test and in a fear
conditioning paradigm. Depressive-like behavior was
assessed by home cage activity, sucrose preference, and
forced swim test. Furthermore, we conducted a pup retrieval
test to investigate the maternal care behavior and analyzed
social preference. For detailed description of the behavioral
tests and the pharmacological treatment, see Supplemental
Information.

Extraction and Measurement of Endocannabinoids
Brains were collected and immediately frozen in liquid nitrogen.
For pharmacological studies, mice were intraperitoneally
injected with either 20 mg/kg JZL184 or 0.9% saline 2 hours
before tissue collection. Striatum, cortex, hippocampi, and
amygdala samples were punched from the frozen brain slices
(1.0 mm) with the use of a metal matrix for mouse brains (Zivic
Instruments, Pittsburgh, Pennsylvania) and cylindrical brain
punchers (Fine Science Tools; internal diameter, 1.0 mm).
Extraction and quantiﬁcation of basal endocannabinoid (eCB)
concentration was carried out as previously described (18). The
obtained eCB values were normalized to the amount of protein.

Immunohistochemistry
Brains were perfused with 4% paraformaldehyde in PBS,
incubated overnight with 20% sucrose in PBS at 41C, frozen
in dry ice-cooled isopentane, and stored at –801C. Brain slices
(thickness: 18 mm) were stained with anti-mouse DAGL-α
antibody (DGLα-Rb-Af380, Frontier Institute Co., Ltd., Hokkaido, Japan). Slices were incubated with 5% donkey serum
and 5% bovine serum albumin for 1 hour, primary antibodies
overnight at 41C (ﬁnal concentration, 0.5 mg/mL) and AF488labeled rabbit-speciﬁc secondary antibodies for 1 hour at room
temperature (dilution 1:500, Life Technologies A-21206, Darmstadt, Germany). Tris-buffered saline (TBS) containing 0.3 %
Triton-X100 was used as a diluent for the antibodies and TBS
as a washing buffer. Stained brain slices were embedded in
DAPI Fluoromount-G media (Southern Biotechnology
Associates, Inc., Birmingham, Alabama).

Data Analysis
Data are presented as mean 6 SEM. The numbers of samples
are indicated in the individual ﬁgures. Statistical signiﬁcance
was assessed by means of Student t test, Mann-Whitney test,
or two-way analysis of variance with Bonferroni post-hoc test.
Body weight changes were assessed with the use of a twoway repeated-measurement analysis of variance. Signiﬁcance
level was set at p , .05.
For detailed information on measurement of neuronal
proliferation, quantitative real-time polymerase chain reaction,
and behavioral experiments see Supplemental Information.

RESULTS
Generation of Dagla Knockout Mice
Mice lacking exon 1 of the Dagla gene were generated through
standard gene targeting (Figure 1A). Loss of the Dagla transcript was conﬁrmed by use of TaqMan gene expression
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analysis with the use of a probe that spans the exon junction
between exon 8 and 9. The transcript is completely absent in
brain tissue of Dagla2/2 mice (t 5 7.428, p , .0001;
Figure 1B). The deletion of DAGL-α protein was validated by
immunohistochemistry staining of cryoﬁxed brain slices. Staining was completely lost in Dagla2/2 tissue (Figure 1C). We also
found an 80% to 90% reduction of 2-AG levels in cortex,
hippocampus, striatum (genotype effect: F1,23 5 124.4,
p , .0001), and amygdala (t 5 17.69, p , .0001) of Dagla2/2
mice (Figure 1D). Furthermore, we discovered a signiﬁcantly
reduced level of anandamide in cortex, hippocampus (genotype effect: F1,23 5 23.63, p , .0001), and amygdala (t 5 3.308,
p , .01) of Dagla2/2 mice (Figure 1D). Transcript levels of
genes related to the ECS were unchanged.

Dagla2/2 Mice Have a Distinct Deﬁcit in Maternal
Care and Reduced Body Weight
Mice lacking Dagla are viable and fertile, but we noticed that
Dagla2/2 female mice neglected their offspring when their nest
was disturbed, for example, after cage changes. Indeed,
Dagla2/2 mice showed a signiﬁcantly decreased maternal care
behavior in the pup retrieval test, because Dagla2/2 mice
needed signiﬁcantly more time to recollect the pups from the
opposite corner of the home cage into the nest compared to
WT controls (U 5 8.00, p , .05; Figure 2A). In addition, 1 of the
tested Dagla2/2 dams did not retrieve their pups at all and 2
dams only retrieved 1 of 3 pups during the test period of 300
seconds. On the other hand, the percentage of pups from each
litter with visible milk spots did not differ between genotypes
(t 5 .8044, p 5 not signiﬁcant [ns]; Figure 2B). Compatible with
this result, we found no signiﬁcant differences in the body
weight of Dagla2/2 pups compared with age-matched control
mice (F1,12 5 .9201, p 5 ns; Figure 3A), which strongly
supports that nursing behavior was unchanged. However, after
weaning the body weight of Dagla2/2 mice was signiﬁcantly
reduced compared with WT controls (male mice: F1,26 5 20.9,
p , .001; female mice: F1,22 5 128.6, p , .0001; Figure 3B, C).
To determine if the deﬁcit in maternal care reﬂects a general
disturbance of social behavior, we performed a social preference test (Figure 2C, D) in which we analyzed the time spent
with the partner mouse in relation to the time spent with the
empty cage. We found no signiﬁcant differences in that ratio
between Dagla2/2 and WT mice (t 5 .4321, p 5 ns; Figure 2C).
The time spent with the gender-matched partner mouse was
signiﬁcantly higher compared with the empty cage in both
genotypes (F1,36 5 51.27, p , .0001; Figure 2D).

Dagla2/2 Mice Show an Anxiety- and Depressive-like
Phenotype
Anxiety-like behavior and locomotion was analyzed in the openﬁeld test, in which the time spent in the center of the open-ﬁeld
box is inversely correlated to the state of anxiety (Figure 4A, B).
We found no genotype effect in the total distance travelled
(F1,23 5 1.986, p 5 ns), but Dagla2/2 mice spent less time
exploring the center of the open-ﬁeld compared with WT
controls (genotype effect: F1,20 5 5.751, p , .05). These results
indicate that exploratory behavior and locomotor activity was
not affected by the Dagla deletion, whereas anxiety levels
seemed to be slightly elevated in Dagla2/2 mice. To further
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Figure 2. Maternal care and social
preference. (A) Dagla2/2 mice show
decreased maternal care compared
with WT controls in the pup retrieval
test. The latency in seconds was
recorded to sniff the pups and retrieve
them to the nest (Mann-Whitney test,
values represent mean 6 SEM: n 5 7
mice/group, *p , .05). (B) However
percentage of pups with milk spots
per litter did not differ between genotypes (Student t test, values represent
mean 6 SEM: n 5 5–7 litter, p 5 ns).
(C) In addition, Dagla2/2 mice show the
same social preference as WT controls.
The ratio between the time spent with a
partner to the time spent with an empty
cage did not differ between both genotypes (Student t test, values represent
mean 6 SEM: n 5 10 animals/group,
p 5 ns). (D) Preference for the partner
mouse was signiﬁcantly higher in both
genotypes (two-way ANOVA, Bonferroni post-hoc test, values represent
mean 6 SEM: n 5 10 animals/group,
****p , .0001). ANOVA, analysis of
variance; ns, not signiﬁcant; WT, wild
type.

analyze the anxiety-related phenotype, we applied the light/dark
box test (Figure 4C–G). The time spent in the dark area (F1,36 5
.0000005, p 5 ns; Figure 4C), the distance travelled in both
compartments (F1,36 5 2.830, p 5 ns; Figure 4D), and the ﬁrst
entry into the light area did not differ between genotypes (t 5
0.4582, p 5 ns; Figure 4E). However, the number of transitions
between the two areas was signiﬁcantly decreased for Dagla2/2
mice (t 5 2.708, p , .05; Figure 4F). Furthermore, we observed
a decreased number of rearings in both areas for Dagla2/2 mice
(genotype effect: F1,36 5 21.18, p , .0001; Figure 4G). Anxietylike behavior was also analyzed in the zero-maze test
(Figure 4H, I). Time spent in the open arms did not differ
signiﬁcantly between the genotypes (F1,40 5 –12.80, p 5 ns;
Figure 4H). However, we found a signiﬁcant genotype effect in
the distance travelled (F1,40 5 4.739, p , .05; Figure 4I), which
was signiﬁcantly increased in Dagla2/2 mice (t 5 2.939,
p , .01; Figure 4I).

Mice lacking Dagla showed no changes in their activity in the
home cage (F1,13 5 .05578, p 5 ns) and a similar circadian rhythm
as WT mice (F95,1235 5 .9226, p 5 ns; Figure 5A). We next
evaluated despair behavior, which is often considered a symptom
of depression, in the forced swim test. Antidepressant drugs
decrease the immobility time in this case. The deletion of Dagla
led to a signiﬁcantly increased immobility time (t 5 2.091, p , .05;
Figure 5B), which is indicative of an elevated despair behavior. We
therefore investigated also another symptom of depression,
anhedonia (reduced responsiveness to pleasurable stimuli), in
the sucrose preference test (Figure 5C). We observed no signiﬁcant genotype effect but a clear tendency toward anhedonia
(t 5 1.789, p 5 .0822). Treatment with the antidepressant
amitriptyline (10 mg/kg) signiﬁcantly decreased the immobility
time of Dagla2/2 (vehicle vs. amitriptyline: t 5 5.386, p , .0001;
Figure 6C) and control mice in the forced swim test (vehicle vs.
amitriptyline: t 5 2.963, p , .05) and could therefore reverse the

Figure 3. Body weight of male and female Dagla2/2 mice was signiﬁcantly decreased compared with controls. (A) Body weight of Dagla2/2 and WT
controls before weaning was not different between the genotypes (two-way ANOVA with repeated measurements, Bonferroni post-hoc test, values represent
mean 6 SEM: n 5 7 animals/group). (B) Body weight of male Dagla2/2 mice and WT controls: n 5 12 animals/group. (C) Body weight of female Dagla2/2
and WT controls: n 5 14 animals/group. Please note that the SEM was very small for some data points, thus resulting in very small error bars. **p , .01,
***p , .001, ****p , .0001. ANOVA, analysis of variance; WT, wild type.
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Figure 4. Dagla2/2 mice show
increased anxiety-like behavior. (A,B)
Exploratory and anxiety-related behavior was analyzed in the open-ﬁeld
test. (A) No signiﬁcant genotype differences in total distance travelled
were observed (two-way ANOVA,
Bonferroni post-hoc test, values
represent mean 6 SEM: n 5 11
animals/group, p 5 ns). (B) Dagla2/2
mice spent less time exploring the
center and therefore displayed an
anxiety-like
phenotype
(two-way
ANOVA, Bonferroni post-hoc test,
values represent mean 6 SEM: n 5
11 animals/group, *p , .05, **p , .01).
(C–G) Anxiety behavior was further
analyzed in the light/dark box test.
(C) Time spent in the dark area did
not differ between genotypes (twoway ANOVA, Bonferroni post-hoc
test, values represent mean 6 SEM:
n 5 9–11 animals/group, p 5 ns). (D)
Distance traveled in both areas did
not differ between genotypes (twoway ANOVA, Bonferroni post-hoc
test, values represent mean 6 SEM:
n 5 9–11 animals/group, p 5 ns). (E)
The latency to ﬁrst enter the light area
was similar in both genotypes (Student t test, values represent mean 6
SEM: n 5 9–11 animals/group, p 5
ns). (F) Number of transitions between both areas was signiﬁcantly
decreased for Dagla2/2 mice (Student
t test, values represent mean 6 SEM:
n 5 9–11 animals/group, *p , .05). (G)
Also, the number of rearings in both
areas was signiﬁcantly decreased in
Dagla2/2 (two-way ANOVA, Bonferroni post-hoc test, values represent
mean 6 SEM: n 5 9–11 animals/
group, *p , .05, **p , .01). (H,I)
Anxiety-like behavior was also analyzed in the zero-maze test. (H) Distance traveled in the open arms was
signiﬁcantly increased in Dagla2/2
mice (two-way ANOVA, Bonferroni
post-hoc test, values represent mean
6 SEM: n 5 20–22 animals/group, **p
, .01). (I) However, time spent in the
open or dark area was not signiﬁcantly changed in Dagla2/2 mice
(two-way ANOVA, Bonferroni posthoc test, values represent mean 6
SEM: n 5 20–22 animals/group, p 5
ns). ANOVA, analysis of variance; ns,
not signiﬁcant; WT, wild type.
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Figure 5. Dagla2/2 mice display a
mild depressive-like phenotype. (A)
Locomotor activity and circadian
rhythm was analyzed by home cage
activity measurement. Dagla2/2 mice
do not show any changes in circadian
rhythm and overall activity (two-way
ANOVA repeated measurements,
Bonferroni post-hoc test, values
represent mean 6 SEM: n 5 14
animals/group, p 5 ns). (B) Dagla2/2
display depression-like behavior in
the forced swim test. The immobility
time of Dagla2/2 was signiﬁcantly
increased compared with WT controls
(Student t test, values represent
mean 6 SEM: n 5 18–23 animals/
group, *p 5 .0431). (C) Anhedonia
was assessed by sucrose preference.
No signiﬁcant differences between
Dagla2/2 mice and WT controls were
observed (Student t test, values represent mean 6 SEM: n 5 16–21 animals/group, p 5 .0822). ANOVA,
analysis of variance; ns, not signiﬁcant; WT, wild type.

depressive-like phenotype of Dagla2/2 mice. In addition, after
treatment with amitriptyline there was no longer a signiﬁcant
difference between the genotypes detectable (t 5 .2239, p 5 ns).
To restore 2-AG and anandamide (AEA) levels, we treated the
animals either with the MAGL inhibitor JZL184 or the FAAH
inhibitor URB597 2 hours before the forced swim test
(Figure 6C). Neither JZL184 nor URB597 signiﬁcantly changed
the immobility time of Dagla2/2 (JZL184: t 5 1.122, p 5 ns;
URB597: t 5 .3351, p 5 ns) or WT (JZL184: t 5 1.468, p 5 ns;
URB597: t 5 1.560, p 5 ns) mice compared with vehicle
controls. However, after both treatments we could not observe
a signiﬁcant difference between the genotypes (JZL184: t 5
2.022, p 5 ns; URB597: t 5 .6697, p 5 ns), which was present
in the vehicle-treated control group (t 5 3.205, p , .01;
Figure 6C). We also measured 2-AG and AEA levels in the
amygdala after JZL184 treatment (Figure 6A) and found
increase of 2-AG in WT (t 5 5.812, p , .0001) and Dagla2/2
mice (t 5 9.398, p , .0001). However, even after the treatment
with JZL184, Dagla2/2 mice still showed a much lower 2-AG
level than vehicle-treated WT mice (t 5 12.14, p , .0001;
Figure 6A). Thus, MAGL inhibition could not restore the 2-AG
level in the amygdala of Dagla2/2 mice. Furthermore, after
treatment with JZL184 we did not ﬁnd any differences in AEA
level between the genotypes (t 5 .5918, p 5 ns; Figure 6B),

which we observed in the vehicle control group (t 5 3.414, p ,
.01; Figure 6B). Therefore MAGL inhibition normalized AEA level
in the amygdala of Dagla2/2 mice.
Another hallmark of animal models of depression is a
reduced adult neurogenesis. Accordingly, we analyzed adult
neurogenesis in the subgranular zone of the dentate gyrus. We
found a signiﬁcantly decreased cell proliferation in the subgranular zone of Dagla2/2 mice, as evidenced by a decreased
number of BrdU-labeled neurons, on day 1 (t 5 3.377, p , .05)
after BrdU injection compared with age-matched WT controls
(Figure 7). We also analyzed the dorsal and ventral hippocampi
separately but found no signiﬁcant difference between the
regions (F1,4 5 .005386, p 5 ns, Supplemental Figure S1).
Furthermore, the number of surviving neurons also remained
signiﬁcantly decreased on day 21 (t 5 4.198, p , .01) after
BrdU injection (Figure 7), indicating a reduced neuronal
survival rate. Thus, mice lacking Dagla show several symptoms related to depression.

Increased Fear Response and Impaired Fear
Extinction of Dagla2/2 Mice
We next investigated if Dagla2/2 mice have a deﬁcit in fear
extinction, which was reported for CB12/2 mice (19,20).
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Figure 6. Effects of MAGL and
FAAH inhibition and antidepresssant
treatment in the forced swim test. (A)
Treatment with 20 mg/kg JZL184 signiﬁcantly increased 2-AG levels in the
amygdala of WT (two-way ANOVA,
Bonferroni post-hoc test, values
represent mean 6 SEM: n 5 5–10
animals/group, ####p , .0001) and
Dagla2/2 mice (Student t test, values
represent mean 6 SEM: n 5 5–10
animals/group, ****p , .0001). However, MAGL inhibition could not
restore the 2-AG level in Dagla2/2
mice (two-way ANOVA, Bonferroni
post-hoc test, values represent mean
6 SEM: n 5 5–10 animals/group, ****p
, .0001). (B) Treatment with JZL184
did not signiﬁcantly change AEA
levels in the amygdala in WT or
Dagla2/2 mice. However, after MAGL
inhibition, no difference between the
genotypes was observed (two-way
ANOVA, Bonferroni post-hoc test,
values represent mean 6 SEM: n 5
5–10 animals/group, p 5 ns). (C)
Antidepressant treatment with 10
mg/kg
amitriptyline
signiﬁcantly
decreased immobility time of WT and Dagla2/2 mice. In contrast, neither treatment with 20 mg/kg JZL184 nor with 0.5 mg/kg URB597 signiﬁcantly changed
the immobility of WT or Dagla2/2 mice. However, after treatment with MAGL and FAAH inhibitor we could no longer observe a difference between the
genotypes (two-way ANOVA, Bonferroni post-hoc test, values represent mean 6 SEM: n 5 10–19 animals/group, #p , .0001, **p , .0001, ####p , .0001).
AEA, anandamide; ANOVA, analysis of variance; FAAH, endocannabinoid-degrading enzyme fatty acid amide hydrolase; MAGL, monoacylglycerol lipase; WT,
wild type; 2-AG, 2-arachidonoyl glycerol.

Dagla2/2 mice showed between-session fear extinction and
reached similar base line freezing levels as WT control animals
after 5 days of extinction training (Figure 8A). However, they
displayed a signiﬁcantly increased freezing response during
the ﬁrst 3 extinction sessions (F1,15 5 11.30, p , .01) and an
impaired within-session extinction (Figure 8B). On extinction

day 1, we found a signiﬁcant main effect of genotype (F1,15 5
6.268, p , .05) and an interaction between genotype and
freezing behavior (F2,30 5 6.213, p , .01). Thus, in contrast to
WT controls, Dagla2/2 animals showed no extinction of the
freezing response during the session. For the following
extinction trials E2 (Figure 8C) and E3 (Figure 8D), we still

Figure 7. Reduced adult neurogenesis in Dagla2/2 mice. (A) Neurogenesis in the subgranular zone (SGZ) of the hippocampus of Dagla2/2 mice was
signiﬁcantly reduced after 1 and 21 days after BrdU injection (Student t test, values represent mean 6 SEM: n 5 3 animals/group, *p 5 .05, **p , .01). (B)
Representative microphotograph of BrdU-labeled (red ﬂuorescent) and NeuN-stained (green ﬂuorescent) cells in the dentate gyrus of the hippocampus of
Dagla2/2 mice and WT controls 1 day and 21 days after BrdU injection. WT, wild type.
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Figure 8. Dagla2/2 mice display an
increased fear response and impaired
fear extinction. (A–E) Dagla2/2 mice
and WT controls were conditioned
with a tone-foot shock pairing in the
conditioned chamber. All animals
were exposed to a 180-second tone
in a neutral environment 1, 2, 3, and 6
days after the conditioning procedure.
(A) Dagla2/2 mice show increased
freezing time (two-way ANOVA, Bonferroni post-hoc test, values represent
mean 6 SEM: n 5 8–9 animals/group,
**p , .001) and (B) are impaired in
within-session extinction of conditioned fear, seen on extinction day 1
(two-way ANOVA, Bonferroni posthoc test, values represent mean 6
SEM: n 5 8–9 animals/group, genotype effect *p , .01, interaction **p ,
.001). (B–D) Dagla2/2 mice show
increased freezing behavior on extinction days 1, 2, and 3 (two-way
ANOVA, Bonferroni post-hoc test,
values represent mean 6 SEM: n 5
8–9 animals/group, *p , .05, **p ,
.01). (E) On day 6 after conditioning,
no difference between both genotypes
was
observed
(two-way
ANOVA, Bonferroni post-hoc test,
values represent mean 6 SEM: n 5
8–9 animals/group, p 5 ns). (F) Behavioral response (jumping) during the
conditioning did not signiﬁcantly differ
between Dagla2/2 and WT mice (Student t test, values represent mean 6
SEM: n 5 8–9 animals/group, p 5 ns).
(G) Dagla2/2 mice did not show
increased freezing behavior on extinction day 1 if only conditioned with the
sound-cue alone (two-way ANOVA,
Bonferroni post-hoc test, values
represent mean 6 SEM: n 5 20
animals/group, p 5 ns). ANOVA, analysis of variance; ns, not signiﬁcant;
WT, wild type.

found a signiﬁcant main effect for genotype (E2: F1,15 5 7.885,
p , .05; E3: F1,14 5 9.921, p , .01). Concerning the withinsession extinction, a sustained freezing behavior was detected
on persisting tone presentation (E2: p , .05 after 120 seconds
until the end of the session after 180 seconds, E3: p , .01

after 120 seconds). However, on extinction trial E3, a reduction
in freezing was also observed in Dagla2/2 animals during the
last third of the tone presentation. We further analyzed the
behavioral response during the conditioning (movement/
jumping as a reaction to the foot shock). We found no
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Figure 9. Dagla2/2 mice do not
show increased pain sensitivity but
altered pain response in the hot plate
test. (A) Acute thermal nociception was
analyzed in the hot plate test. The
latency of the ﬁrst pain reaction of
Dagla2/2 mice is similar to WT controls
(Student t test, values represent mean
6 SEM: n 5 9–11 animals/group, p 5
ns). (B) Dagla2/2 mice showed increased jumping response in the hot
plate test as a second reaction of pain.
Latency and kind of pain response for
each tested animal are listed in the
table. ns, not signiﬁcant; WT, wild type.

signiﬁcant difference in the reaction to the foot shock (amplitude of jumping response) between the genotypes (t 5 1.136,
p 5 ns; Figure 8F). In addition, Dagla2/2 mice did not show
increased freezing if only presented with the sound cue
without a foot shock (F1,36 5 .2869, p 5 ns; Figure 8G). To
determine if altered pain sensitivity inﬂuenced the outcome of
the fear extinction experiment, Dagla2/2 mice were also tested
in the hot plate test. As depicted in Figure 9A, the pain reaction
of Dagla2/2 mice was comparable to WT controls (t 5 1.677,
p 5 ns). However, we observed an increased jumping
response as the second reaction of pain in mice lacking Dagla
(Figure 9B).

DISCUSSION
We demonstrate that mice with a deletion of the DAGL-α
enzyme show a phenotype of increased emotional or stressrelated behaviors. This is characterized by a reduced exploration of the central area of the open ﬁeld, a maternal neglect
behavior, a fear extinction deﬁcit, increased behavioral
despair, increased anxiety-related behaviors in the light/dark
box, and reduced hippocampal neurogenesis. Some of these
behavioral changes resemble those observed in animals
lacking CB1. Together, these ﬁndings strongly support the
notion that a disruption of endocannabiniod signaling
adversely affects the emotional state of animals and results
in enhanced anxiety, stress, and fearresponses.
Dagla2/2 animals show an extensive reduction (80–90%) in
hippocampal, cortical, amygdalar, and striatal 2-AG levels,
thus conﬁrming that DAGL-α is the main 2-AG synthesizing
enzyme in the brain. Expression analysis of other ECS-related
genes revealed no changes. Interestingly, the levels of AEA
were also signiﬁcantly decreased in the hippocampus, amygdala and cortex, but not in the striatum, of Dagla2/2 mice. This
ﬁnding is in agreement with previous studies that have
indicated a correlation of 2-AG and AEA production in the
brain (5). It seems that the activity of DAGL-α and thus the
level of 2-AG inﬂuenced AEA levels in a brain region-speciﬁc
manner. Although the underlying mechanism is not known, it is
noteworthy that the administration of the MAGL inhibitor
JZL184 to Dagla2/2 mice increased not only 2-AG levels but
also normalized the level of AEA (Figure 6B). It is unlikely that
MAGL contributes directly to the degradation of AEA, because
MAGL deﬁcient mice have normal AEA levels and acute
JZL184 treatment does not affect AEA concentrations in WT
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mice (21,22). It is more likely that the vastly reduced production of 2-AG in Dagla2/2 mice leads to a decrease in AEA
synthesis or an increase in AEA degradation through an
indirect mechanism.
In line with previous studies (5), we also observed a
signiﬁcantly reduced body weight in Dagla2/2 mice. However,
it is still unclear whether this effect is due to decreased food
intake or changes in energy metabolism. Treatment with a
DAGL-α inhibitor signiﬁcantly decreased the intake of a highfat diet in mice (23).
Behavioral studies performed with CB12/2 mice indicated
that a disrupted CB1 signaling promotes anxiety-related
behaviors (24–26). The opposite was reported when endocannabinoid levels were increased. Inhibition of the 2-AG degrading enzyme MAGL (27,28), or the pharmacologic blockade of
the AEA degrading enzyme FAAH, led to reduced anxietyrelated behavior. This effect was antagonized by the CB1
antagonist rimonabant, demonstrating an involvement of the
CB1 receptor (29). Consistently, we observed a mild anxietyor stress-related phenotype in Dagla2/2 mice in the open-ﬁeld
and light/dark box tests. However, there was no genotype
effect in the open arm time of the zero-maze, but an increased
distance traveled. Dagla2/2 mice thus also showed a behavioral change in the more aversive zero-maze test, but these
changes cannot be readily related to anxiety. The increased
jumping responses of Dagla2/2 mice in the hot plate test also
indicate an altered behavior under stressful experimental
conditions. Furthermore, it is possible that the increased
anxiety- or stress-related behavior in Dagla2/2 mice has also
contributed to the altered maternal behavior in the pup retrieval
test. Dagla2/2 mice needed much more time to retrieve a pup
back into the nest, but the nursing behavior was unaffected and
the body weight of Dagla2/2 pups did not differ from WT
controls. It thus appears that Dagla2/2 dams have no general
deﬁcit in maternal behavior but rather behaved differently from
WT dams because of the stressful test situation. This hypothesis
is supported by the normal behavior of Dagla2/2 mice in the
social preference test, which indicates that the altered maternal
behavior is not due to a generally impaired social interest of the
knockout animals. Our hypothesis is also in line with previous
studies showing that treatment with rimonabant or deletion of the
CB1 resulted in slower pup retrieval (30,31), whereas nursing was
not affected. The authors of this study (31) have also suggested
that the increased stress sensitivity of CB12/2 mice (24,25)
contributed to the deﬁcit in maternal care. Nevertheless, we
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cannot rule out the possibility that a dysfunctional maternal
behavior contributed to the anxiety-, fear-, and stress-related
behavioral phenotypes.
The anxiety- and stress-related behavioral phenotypes are
entirely consistent with the observed reduction in endocannabinoid levels in the amygdala and hippocampus, two brain
regions essential for normal fear and anxiety behaviors. To
determine more precisely how endocannabinoid signaling
modulates the neuronal circuits associated with affective
behaviors will require further studies with a cell-speciﬁc Dagla
deletion.
In addition to these anxiety- and stress-related phenotypes,
we also observed that the deletion of Dagla leads to depressionlike behaviors. Thus, Dagla2/2 mice display an enhanced
behavioral despair in the forced swim test, a clear tendency
toward anhedonia in the sucrose preference test, and reduced
hippocampal neurogenesis but a normal sleep/wake cycle. It is
not clear if these behavioral phenotypes can be entirely attributed
to the reduced levels of 2-AG or if the reduced AEA levels also
contributed. However, neither JZL184 nor URB597 treatment,
which both increased AEA concentrations, affected the immobility time in the forced swim test. ECS signaling, in particular the
activity of the CB1 receptor, is known to modulate depressionrelated behavior in rodents and depression in humans. Thus,
CB12/2 mice are more sensitive in developing a depressive-like
phenotype after chronic stress (24,32), and the CB1 receptor
antagonist rimonabant increased depressive symptoms in
humans. Increase of 2-AG via the blockade of MAGL also
produced antidepressant and anxiolytic effects and enhanced
adult hippocampal neurogenesis (33,34). Furthermore, chronic
treatment with antidepressants led to a signiﬁcant increase in
2-AG levels in various brain areas, indicating that 2-AG could be
important for the antidepressant effect of these drugs (35). In
addition, previous studies showed a signiﬁcant reduction in
serum 2-AG levels of female patients with major depressive
disorders (36,37).
We also investigated stress-related behaviors of Dagla2/2
mice by use of the fear extinction paradigm. The levels of
2-AG and AEA rise after the ﬁrst extinction training in the
basolateral amygdala, a brain region critically involved in the
acquisition and expression of conditioned fear (19,20). Genetic
ablation of CB1 receptors or pharmacological blockage,
systemically or within the amygdala, prevents the extinction
of conditioned fear responses. Fear extinction involves safety
learning, which refers to the formation of a new (inhibitory)
association between the conditioned stimulus with the nonappearance of the punishment. The second process involves a
non-associative component of extinction, namely, the habituation to the conditioned stimulus (38). CB12/2 mice show
distinct deﬁcits in both processes. In particular delayed
between-session extinction, also termed long-term extinction,
and incapacity in achieving within-session extinction (shortterm extinction) (19,39,40). It is not entirely clear if and how
both of these processes are modulated by the ECS. Studies
focusing on repeated homotypic stress showed that 2-AG
levels in cortical brain regions were elevated after repeated
stressor exposure, whereas glutamate release declined gradually (41,16). This mechanism of stress adaptation is supposedly mediated through an increased synthesis of 2-AG (16).
Therefore, the impaired fear extinction seen in Dagla2/2 mice

could be due to a deﬁcit in habituation, which was also shown
in CB12/2 mice (40).
The analysis of CB12/2 mice has also shown that this
receptor is essential for normal brain development. It is thus
difﬁcult to tell whether the behavioral phenotypes are due to the
acute disruption of 2-AG biosynthesis or rather a consequence
of developmental effects. This uncertainty, which concerns all
studies with genetic mouse models, may be addressed with the
help of an inducible Cre recombinase (42,43).
In conclusion, our results indicate an important role of 2-AG
in the modulation of stress-responses. These ﬁndings are
consistent with the idea that a disrupted endocannabinoid
signaling contributes to the development of affective disorders, which is supported by clinical data.
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