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Loss of Retrograde Endocannabinoid Signaling and Reduced
Adult Neurogenesis in Diacylglycerol Lipase Knock-out Mice
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Endocannabinoids (eCBs) function as retrograde signaling molecules at synapses throughout the brain, regulate axonal growth and
guidance during development, and drive adult neurogenesis. There remains a lack of genetic evidence as to the identity of the enzyme(s)
responsible for the synthesis of eCBs in the brain. Diacylglycerol lipase-o (DAGL«) and - 3 (DAGL) synthesize 2-arachidonoyl-glycerol
(2-AG), the most abundant eCB in the brain. However, their respective contribution to this and to eCB signaling has not been tested. In the
present study, we show ~80% reductions in 2-AG levels in the brain and spinal cord in DAGLa /™~ mice and a 50% reduction in the brain
in DAGLB ™'~ mice. In contrast, DAGL plays a more important role than DAGL« in regulating 2-AG levels in the liver, with a 90%
reduction seen in DAGLB ™'~ mice. Levels of arachidonic acid decrease in parallel with 2-AG, suggesting that DAGL activity controls the
steady-state levels of both lipids. In the hippocampus, the postsynaptic release of an eCB results in the transient suppression of GABA-
mediated transmission at inhibitory synapses; we now show that this form of synaptic plasticity is completely lostin DAGLa '~ animals
and relatively unaffected in DAGLB ™'~ animals. Finally, we show that the control of adult neurogenesis in the hippocampus and
subventricular zone is compromised in the DAGLa '~ and/or DAGLB ™'~ mice. These findings provide the first evidence that DAGLa is
the major biosynthetic enzyme for 2-AG in the nervous system and reveal an essential role for this enzyme in regulating retrograde

synaptic plasticity and adult neurogenesis.

Introduction

Cannabis sativa has been used for thousands of years for both
recreational and therapeutic purposes, with studies on the
psychoactive component leading to the identification of two
cannabinoid receptors (CB, and CB,) that are currently being
pursued as therapeutic targets (Mackie, 2006). Anandamide
[N-arachidonoylethanolamine (AEA)] (Devane et al., 1992) and
2-arachidonoylglycerol (2-AG) (Sugiura et al., 2006) are the best
characterized endogenous ligands for these receptors. Increasing
anandamide levels by genetic ablation of the fatty acid amide
hydrolase (FAAH), the enzyme that is responsible for hydrolyz-
ing this lipid, is associated with activation of a number of CB,-
dependent responses (Cravatt et al., 2001). Likewise, 2-AG is
primarily hydrolyzed by monoacylglycerol lipase (MAGL)
(Dinh et al., 2002), and increasing 2-AG levels by use of a
selective MAGL inhibitor also results in a broad array of CB;-
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dependent responses including analgesia and hypomotility
(Longetal., 2009). Thus, both lipids can function as endocan-
nabinoids (eCBs), at least in a pharmacological context. How-
ever, the physiological significance of these lipids as eCBs
remains mostly correlative and, in the case of 2-AG, depends
to a large extent on the use of pharmacological agents 1,6-
bis(cyclohexyloximinocarbonylamino)hexane (RHC80267) and
tetrahydrolipstatin that inhibit a number of brain hydrolases
in addition to diacylglycerol lipase-a/B8 (DAGLa/B) (Hoover
et al., 2008).

A full understanding of eCB signaling is important given its
role in a wide range of processes including axonal growth and
guidance during development (Williams et al., 2003; Berghuis et
al., 2007; Watson et al., 2008), adult neurogenesis (Goncalves et
al., 2008), and the many behavioral responses that are regulated
by eCB retrograde signaling at synapses throughout the nervous
system (Katona and Freund, 2008). Our knowledge of the mech-
anisms of synthesis of the eCBs, and the factors that govern
whether the molecules primarily serve as direct signaling mole-
cules as opposed to metabolic precursors for other lipids is in-
complete. In the case of 2-AG, the primary route of synthesis is
likely to be via hydrolysis of diacylglycerol (DAG) by one or other
of two highly related sn-1-specific DAG lipases (DAGL« and
DAGL]) (Bisogno et al., 2003). These enzymes make a releasable
pool of 2-AG in response to stimuli that activate eCB signaling
(Bisogno et al., 2003; Jung et al., 2007) and are expressed at the
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right time and place to serve as a source of 2-AG to drive CB,-
dependent axonal growth and guidance, adult neurogenesis, and
synthesis of a retrograde synaptic messenger at CB,-positive syn-
apses throughout the brain (Harkany et al., 2008). Nonetheless,
the extent to which the enzymes make 2-AG and their individual
involvement in eCB signaling remains to be tested. In the present
study, we address these questions using a gene knock-out strategy
for each enzyme.

Materials and Methods

Generation of DAGLa knock-out mice. A targeting vector that deleted
sequences of exon 1 and contained 4 kb of mouse genomic DNA 5’ of
DAGL« (accession number NC_000011.8) exon 1 and 9.5 kb 3" was
constructed using the RedET recombineering system (Gene Bridges) fol-
lowing the manufacturer’s protocol. This construct was electroporated
into C57BL/6 embryonic stem (ES) cells and homologously targeted
clones were selected and identified using standard procedures. Probes
external to the targeting vector used to identify appropriately targeted
clones were derived by PCR from mouse genomic DNA using the following
primers: 5" external probe; 5'-GAGCTCTGTTCAGGTGGTTCG; 5'-CT-
GGGCACCTTCTTTGATCG; 3’ external probe; 5'-GGAAATCACAGCT-
GGTAGCG; 5'-CTGCTCTTCAGGAACTCAGG. Both probes detect an
endogenous band of 16.4 kb in Ndel cut ES cell genomic DNA and bands of
8.6and 11.1 kb in targeted clones when probed with 5 or 3’ external probes,
respectively. Mouse lines were derived from targeted clones using standard
procedures and maintained on a C57BL/6 background.

Generation of DAGLB knock-out mice. DAGLB knock-out mice
were generated from a Lexicon OmniBank ES cell clone OST195261
(Zambrowicz et al., 1998), which contains a gene trap cassette insertion
in the first exon of DAGLB (accession number NM_144915.2). Mice
originally derived on a 129/SvEv background were backcrossed to
C57BL/6 for six generations. Marker analysis was performed at the last
generation and detected that >98% of 129 loci had been replaced in the
mice.

TagMan reverse transcription-PCR. Quantitative reverse transcription-
PCR was performed to detect both mouse DAGLa and DAGLB mRNA on
RNA samples extracted from multiple mouse tissues. Mouse total RNAs
from Swiss Webster mice were acquired from Zyagen or isolated in house.
All RNA samples were treated with DNase I to remove genomic DNA con-
tamination. Integrity and quantity of RNA samples were assessed using mi-
crofluidics station 2100 Bioanalyzer (Agilent Technologies). cDNA was
synthesized using SuperScript III First-Strand Synthesis SuperMix kit (In-
vitrogen) according to manufacturer’s protocol. Purified cDNA was quan-
tified with Quant-iT OliGreen ssDNA reagent (Invitrogen) to ensure equal
loading of cDNA per reaction. Quantitative PCRs were performed in an ABI
Prism 7000 sequence detection system (Applied Biosystems). RNA from
mouse tissues was isolated using RNeasy Fibrous Tissue mini-kit
(QIAGEN), and cDNA synthesis was performed using WT-Ovation
RNA Amplification System V2 (NuGEN Technologies) according to the
manufacturer’s instructions. Mouse DAGLa (NM_198114.2) gene-
specific TagMan assay (Applied Biosystems) was custom made targeting
exons 14—15, which encode the catalytic domain. Predesigned TagMan
endogenous control glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was also purchased from Applied Biosystems. The TagMan gene
expression IDs for DAGLB, MAGL, FAAH, CB,, and CB, are
Mm01201462_m1, MmO00449274_m1, Mm00515684_m1, Mm01212171_
s1, and Mm00438286_m1 (Applied Biosystems). Results were expressed as
percentage of GAPDH mRNA.

Biochemical analysis. For determining DAGL levels in wild-type
(wt), DAGLa ~/~, and DAGLS /= mice, cerebellum extracts were
loaded onto a 12% NuPAGE Bis-Tris polyacrylamide gel (Invitrogen)
under reducing condition, transferred onto a nitrocellulose mem-
brane, and probed with a rabbit anti-DAGL« (a gift from Prof.
Masahiko Watanabe, Hokkaido University, Sapporo, Japan) or rabbit
anti-DAGLf antibodies (Bisogno et al., 2003) as previously described
(Yoshida et al., 2006). Results were confirmed using at least two in-
dependent antibodies raised against different epitopes on each en-
zyme and, in the case of DAGLe, also by immunocytochemistry.
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Measurement of 2-AG, arachidonic acid, and AEA. Tissues were dis-
sected from mice, immediately placed onto dry ice, and stored at —80°C.
Frozen tissue was weighed and homogenized in same volume of 0.02%
trifluoroacetic acid, pH 3.0, in a glass tissue grinder on ice. Four volumes
of acetonitrile, 50 ng/ml [*Hg]2-AG, and/or 5 ng/ml [*Hg]AEA were
added to the homogenate. Homogenization and extraction were further
performed on ice. The homogenate was transferred to a siliconized glass
tube and centrifuged at 3000 rpm for 15 min at 4°C. The supernatant was
transferred to a fresh siliconized glass tube and evaporated to dryness
under nitrogen. The dried extracts were reconstituted in acetonitrile by
vortexing and stored at —80°C before use. On-line liquid chromatogra-
phy with tandem mass spectrometry (LC/MS/MS) analysis was con-
ducted using a Waters Quatro Micro tandem quadruple mass
spectrometer (Waters) with an Agilent high-performance liquid chro-
matograph (HP 1100; Hewlett Packard). Chromatographic separations
were performed using a Chromolith RP-18E column (3.0 mm inner
diameter, 100 mm length; Merck KGaA) at 40°C. The mobile phase
consisted of solvent A [0.2% acetic acid in water—-methanol (95:5, v/v)]
and solvent B [0.2% acetic acid in water—methanol (5:95, v/v)]. The
HPLC analysis was performed at a flow rate of ~0.5 ml/min with a rapid
gradient (40-90%) of solvent B for 2 min, and then held at 100% B for 7.5
min, 40% B for 0.5 min, and finally at 40% B for 4.5 min. The 0.5 ml/min
effluent from the LC column was split before the MS and ~0.2 ml/min
effluent was directed into the mass spectrometer, which was operated in
positive electrospray ionization mode and detected by multiple reactions
monitoring scan mode. The concentrations of 2-AG and arachidonic
acid (AA) were determined using [ *Hg|2-AG, and AEA using [ 2Hg]AEA
as internal standard, respectively.

Slice preparation and electrophysiology. Two- to 3-week-old C57BL/6
mice were deeply anesthetized with halothane before decapitation. In all
cases, the experimenter was blind to genotype. All procedures were per-
formed in strict accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and were approved by the
Wyeth Institutional Animal Care and Use Committee. Coronal 400 uwm
slices were cut using Leica VT 1200S vibratome in a sucrose-based ice-
cold solution, transferred to carbogen-bubbled artificial CSF (ACSF) (in
mw: 119 NaCl, 26 NaHCO,, 1.25 NaH,PO,, 3 KCl, 2.5 CaCl,, 1.3 MgSO,,
10 glucose, bubbled with carbogen), and left to recover for at least for 1 h
at room temperature until they were used. All recordings were made
from CA1 pyramidal neurons in whole-cell voltage-clamp configuration
at room temperature (23°C).The extracellular solution was ACSF sup-
plemented with 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo|[f]quinoxa-
line-7-sulfonamide (NBQX) (5 um)and 3-((R)-2-carboxypiperazine-4-
yl)-propyl-1-phosphonic acid [(R)-CPP] (2 um)to block AMPA and
NMDA conductances. Brain slices were positioned at the bottom of the
RC-26G chamber (Warner Instruments) and perfused with the extracel-
lular solution at 1 ml/min. Pipette resistance was 2—4 MQwhen filled
with the intracellular solution [in mm: 80 CsCH,;SO5, 60 CsCl, 1 MgCl,,
1 Mg-ATP, 0.5 Na;-GTP, 0.2 EGTA, 10 HEPES, 5 N-(2,6-dimethylphe-
nylcarbamoylmethyl)triethylammonium bromide (QX314), pH 7.3 with
CsOH]. Junction potential was not compensated. IPSCs were evoked by
1 ms voltage pulses delivered through a 5- to 10-um-diameter glass
microelectrode (second electrode was the bath ground) filled with ACSF
and positioned on the border of the striatum radiatum and the striatum
pyramidale proximal to the voltage-clamped neuron. Recordings with
>25% series resistance change were excluded from the analysis. Depo-
larization-induced suppression of inhibition (DSI)protocol was adopted
from Wilson and Nicoll (2001): IPSCs were evoked at 0.33 Hz; DSI was
performed every 120 s, was preceded by 20 control stimuli at V, = —70
mV, was evoked by a 5 s depolarization from —70 to 0 mV, and was
followed by 20 stimuli at V,,= —70 mV. DSI protocol was repeated four
to five times for each neuron to obtain the mean values of evoked IPSC
(eIPSC)amplitudes at the respective time points. DSI peak magnitude
was calculated for each neuron using the mean value of eIPSC amplitude
just before depolarization (n = —5 repeats) and the mean amplitude of
the second eIPSC (n = —5 repeats) just after depolarization: DSI (%) =
100(1 — (Aest/Apaseiine))- It is thus possible to obtain small negative
values for DSI as a result, for example, of statistical noise (Wilson et al.,
2001). Synaptic currents were filtered at 1-2 kHz while collected by a
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collected from 10 wt, 5 DAGLa /™, and 5
DAGLB ~/~ mice. The second method in-
volved standard counting of cells in tissue sec-
tions as previously described (Goncalves et al.,
2008). In brief, sagittal sections (6 wm) contain-
ing the SVZ or the hippocampus were cut from
formalin-fixed, paraffin wax-embedded tissues at
similar bregma points in wt and DAGLa /™~ an-
imals. They were immunostained as above using
antibodies to Ki-67 (SP6; Lab Vision Neomark-
ers; 1:100), BrdU (Dako; 1:100), or doublecor-
tin (DCX) (Abcam; 1:100). Cell counts were
obtained blindly from at least four sections per
animal. Cells were counted under high power
(40X) using an Apotome Zeiss microscope.
The average number of labeled cells per section
was determined for four wt animals and three
knock-out animals. Immunohistochemistry
for DAGL« expression in the cerebellum was
performed on 6 wm sections of formalin-fixed,
paraffin wax-embedded tissues as previously
described (Bisogno et al., 2003). In brief, sec-
tions were dewaxed in xylene, then heated in
citric acid (10 mm), pH 6, until boiling, and
then washed under running tap for 5 min. Sec-
tions were then blocked with 1% BSA for 15
min, followed by overnight incubation at 4°C
with the primary antibody, before incubation
with the corresponding fluorescent secondary

120kDa

Figure 1. Generation and validation of DAGLa ™'~ mice. a, Targeting strategy for DAGLa: genomic structure of the mouse
DAGLcx gene up to exon 8. Targeting vector replaces a portion of exon 1 with a selection cassette. Homologous integration is
detected by Southern blotting using probes external to the targeting vector on both the 5’ and 3" sides. Probes are indicated as
solid lines above the genomic locus. Both probes detect an endogenous band of 16.4 kb in Ndel-cut genomic DNA. Homologous
targeting creates bands of 8.6 and 11.1 kb when probed with 5" or 3 external probes, respectively. b, TagMan analysis for DAGL«
mRNA levels in cortex (CTX), cerebellum (Ch), and spinal cord (SC) from wt (+/+), DAGLec ¥/~ (+/—), and DAGLa ~/~
(—/=) mice (n = 3-5/genotype). DAGL« expression is normalized as the percentage of GAPDH levels. Error bars indicate SEM.
¢, Wester blot analysis of cerebellum tissues from wt (WT), DAGLar '~ (o ~/7),and DAGLB ~/~ (8 ~/~) mice demonstrates
the absence of DAGLa protein in DAGLar ~/~ mice. Expression of actin in each sample is used as a loading control. In
d, DAGLx expression is restricted to Purkinje cell dendrites in the cerebellum of adult wt mice (the red staining), with this staining
lostin DAGLae ~/~ mice (e). Normal staining of GFAP, to highlight Bergman glial cells, was found in the wt and DAGLa: ~/ ™ mice

antibody (Alexa Fluor 488 or Alexa Flour 594;
1:1000; Invitrogen) and Hoechst 33342 to
highlight nuclei (Sigma-Aldrich; 1:10,000).
Primary antibodies used on paraffin wax sec-
tions were against DAGLa (Bisogno et al,
2003) and GFAP (a mouse monoclonal anti-
body from Sigma-Aldrich; G-3893).

Results
Generation of DAGL knock-out mice
Mice lacking DAGLo were generated

(the green staining in d and e). The sections were counterstained to show cell nuclei (in blue).

MultiClamp 700A amplifier and digitized at 5 kHz using DigiData 1322A
and pClamp?9 software (all from Molecular Devices). Baclofen was bath-
applied after dilution into the external solution from 30 mmstock solu-
tion. NBQX, (R)-CPP, (RS)-baclofen, and QX314 were obtained from
Tocris Bioscience. All other chemicals were from Sigma-Aldrich.
Measurements of cell proliferation and immunohistochemistry. Four in-
traperitoneal 5-bromo-2-deoxyuridine (BrdU) (100 mg/kg) (Sigma-
Aldrich) injections were performed every 2 h in age-matched adult mice.
Mice were killed 24 h after the last BrdU injection. BrdU-positive cells
were counted in dissociated tissue or within sections. For the former,
blocks of brain tissue containing subventricular zone (SVZ) and hip-
pocampus were obtained, and SVZ and hippocampus regions dissected
and processed for the quantification of cell proliferation by flow cytom-
etry (Bilsland et al., 2006). In brief, tissues were minced with fine bow-
spring scissors and incubated in an enzymatic solution comprising 10
mg/ml L-cysteine (Sigma-Aldrich), 10% of papain (Roche), and 250

through standard gene targeting (see Ma-

terials and Methods) (Fig. 1a). Loss of
DAGLa transcripts was confirmed by TagMan assay using
probes against exons 14—15, which encode the catalytic domain
(Fig. 1b), and probes against exon 19, which encodes the
C-terminal part of the enzyme (data not shown). Loss of DAGL«
protein expression was confirmed initially by Western blotting
against adult cerebellum (Fig. 1¢), with similar loss of expression
confirmed by Western blotting against whole adult brain and
hippocampus (data not shown). Within the whole brain, DAGL«
expression is perhaps most obvious in Purkinje cells dendrites
(Bisogno et al., 2003), with this staining lost in the DAGL« =
mice (Fig. 1d,e). Likewise, staining is also lost from the dendritic
fields of the hippocampus and all other brain areas including the
SVZ (data not shown). Mice lacking DAGLf were obtained from a
library generated using a random gene trapping strategy in ES cells
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(Zambrowicz et al., 1998) (Lexicon Omni-
bank clone OST195261) (Fig. 2a). Again,
we could not detect DAGL transcripts or
protein in the DAGLB /'~ mice (Fig.
2b,c). Thus, we have clearly generated a
mouse line that no longer expresses
DAGL« and identified a mouse line that
no longer expresses DAGLS.

DAGLa '~ and DAGLB ™/~ mice are
viable, fertile, and mostly indistinguish-
able from wt littermates. They showed no
deficits in tests monitoring locomotion,
ataxia, catalepsy, and acute thermal noci-
ception compared with wt mice (data not
shown). However, for 9- to 11-week-old
animals, the mean body weights of male
and female DAGLa '~ mice are 23.4 and
12.7% less than their wt littermates (both
values of p < 0.01), and future studies will
address whether this is attributable to a
decrease in appetite and food intake
or an increase in energy consumption.
DAGLB /" mice showed only a slight
and insignificant decrease (<<10%) in
body weight.

DAGLa mRNA expression was not
significantly altered in the DAGLB ™/~
mice and vice versa, and transcript levels
of other genes associated with the eCB sys-
tem such as MAGL, FAAH, and the CB,
and CB, receptors remained mostly un-
changed in the DAGLa and DAGLB
knock-out mice (supplemental Fig. 1,
available at www.jneurosci.org as sup-
plemental material). Likewise, DAGL«
protein levels in the cerebellum were not
obviously different in the DAGLB ™/~ mice
and vice versa (Figs. ¢, 2¢), and we also
found no difference in MAGL protein
levels, or in the density and presynaptic
location of CB; receptors in the cerebel-
lum in any of the knock-out mice (data
not shown).

2-AG and AA levels are reduced by up
to 80% in brain and spinal cord of
DAGLa ™'~ mice

DAGL« is known to be particularly en-
riched in the adult brain and spinal cord
(Bisogno et al., 2003), and here we find up
to an 80% reduction in 2-AG levels in
mice lacking this enzyme (Fig. 3a). In con-
trast, there was a 50% reduction in 2-AG
levels in the brain and no significant dif-
ference in 2-AG levels in the spinal cord in
the DAGLB /™~ mice, suggesting that this

enzyme also plays a major, but perhaps secondary, role in 2-AG
synthesis in the CNS and/or loss of its function is compensated by
DAGLa. DAGL« is also expressed in adipose tissue and in liver
but is not enriched over DAGLJ in these tissues (supplemental
Fig. 2, available at www.jneurosci.org as supplemental material).
In these tissues, loss of DAGL« is associated with a ~60% reduc-
tion in 2-AG in the liver, and a ~50% reduction in adipose tissue,
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but the latter did not reach significance (Fig. 3a). Loss of DAGLf3
had no impact on 2-AG levels in adipose tissue, but there was a
~90% reduction in 2-AG levels in the liver of DAGLB ~/~ mice
(Fig. 3a). Thus, the DAGLs are responsible for maintaining
steady-state levels of 2-AG in various tissues, and importantly
their individual contribution is different depending on the
tissue.
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study, we monitored eIPSCs by whole-
cell voltage-clamp recordings from hip-
pocampal slices. We assessed DSI by
recording four to nine CAl pyramidal
neurons per mouse and averaging four to
five DSI protocol repeats per cell. Figure
4a shows the transient depression of
eIPSCs caused by a 5 s depolarizing step of
CA1 pyramidal neurons from wt animals
(35 neurons from six mice) in a 2 min
time course. Consistent with literature
that only a subpopulation of interneurons
expresses CB, and ~60% of cells are sus-
ceptible to DSI in the CA1 area (Wilson et
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al., 2001), we found that 21 of 35 (60%) wt
neurons elicited depression of eIPSCs in
response to depolarization. In contrast,
DSTI is entirely absent in CA1 neurons (21
neurons from three mice) from mice lack-
ing DAGLa;, with no cells exhibiting sup-
pression of eIPSCs after depolarization
(Fig. 4a). The magnitudes of DSI are also
expressed as a percentage of depression in
eIPSC amplitude comparing the baseline
eIPSCs before depolarization and the re-
spective eIPSCs after depolarization. Av-
° erage peak DSI magnitude in wt mice is

24.6 * 3.1% (including both DSI-positive
® and DSI-negative neurons), whereas a slight
increase of e[PSC amplitude post depo-
larization was observed in DAGLa ™/~
showing an average DSI magnitude of
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Figure 4.

We found a 40% decrease of AEA, the other major eCB in the
brain, in the DAGLa /~ brain compared with wt, and a 20%
reduction in the DAGLB ™/~ mice that did not reach statistical
significance (Fig. 3b). 2-AG and AEA can be hydrolyzed to AA by
MAGL and FAAH, respectively. Interestingly, levels of AA change
in parallel with the changes in 2-AG in the brain, spinal cord, and
liver (Fig. 3a). Notably, there were ~80% reductions in AA levels
in the brain and spinal cord in the DAGL« /7 mice, with a
~90% reduction in the liver in the DAGLB ™/~ mice.

Retrograde eCB signaling in the hippocampus is lost in mice
lacking DAGL«

DAGLa and DAGLS transcripts are readily detectable in the
adult hippocampus (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material), with DAGL« expression
localized to dendritic spines (Yoshida et al., 2006). DSI is one of
the best characterized forms of short-term synaptic plasticity in
the hippocampus (Wilson and Nicoll, 2001). In the present

DSl in the hippocampus of wt, DAGLee ~/~, and DAGLB ~/~ mice. a, DSl is absent in DAGLae ~/~ mice. Average
time course for elPSC amplitudes after depolarization in wt (+/+), DAGLa ~/~ (o =/ ), and DAGLB ~/~
for each genotype is averaged across all cells sampled, four to five DSI protocol repeats per sampled cell (+/4,n =350/,
n=21;87/7,n=121).b,Peak DSI value is expressed as a percentage of depression in elPSC amplitude after depolarization.
Insets are representative recordings from a single CA1 neuron in wt (+/+), DAGL« “(a'7),and DAGLB =
mice: the average of elPSCtraces (n = 4 -5) just before DSI versus the average of elPSC traces at the peak of DSI (second trace after
5 s depolarization; n = 4-5). Scale bar, 50 ms, 400 pA. *** p < .001, one-way ANOVA. Error bars indicate SEM. ¢,
(RS)-Baclofen (10 wm) displays a robust inhibition of elPSCin DAGL« '~ mice, as indicating here the elPSC recordings of
asingle CA1 neuron in a representative experiment; each point represents the average of six elPSCs.

10 2'0 3'0 —2.3 £ 1.0% (Fig. 4b). In contrast to the

results obtained with the DAGL« knock-
out animals, 57% of DAGLB ™/~ neurons
(21 neurons from three mice) are suscep-
tible to DSI, and loss of DAGLJ resulted
in only a small and insignificant reduction
in the DSI response (Fig. 44,b). In addi-
tion, baclofen, a GABAy, receptor agonist
could still induce depression of eIPSCs in
DAGLa '~ neurons (mean * SEM, 88 +
7%; n = 3) (Fig. 4c), indicating that other
components of presynaptic inhibition,
such as presynaptic inhibition by GABA,
receptor, are intact in these animals.

time (min)
(B~"7) mice. DSl

B

Adult neurogenesis is compromised in the SVZ in mice
lacking DAGL«

Adult neurogenesis is restricted to the lateral wall of the SVZ
(Alvarez-Buylla and Garcia-Verdugo, 2002) and the granule cell
layer in the dentate gyrus (DG) in the hippocampus (van Praag et
al., 2002). Pharmacological evidence supports a role for a DAGL
in neurogenesis (Goncalves et al., 2008), but the drugs are not
specific and cannot discriminate between DAGLa and DAGLp.
BrdU can be used to label proliferating cells within the lateral
ventricle, and the SVZ can subsequently be dissected out and
BrdU cells counted by fluorescence-activated cell sorting (FACS)
analysis as a percentage of the total population (for details, see
Materials and Methods). Analysis of samples obtained from
young adult mice (7-10 weeks of age) showed significant reduc-
tions in proliferation in mice that lacked a single or both copies of
the DAGLa gene, with this reaching a ~50% reduction in the
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latter (Fig. 5a). In contrast, cell prolifera- a
tion in the SVZ was not significantly al-
tered in mice lacking DAGLS (Fig. 5a).
We also determined the degree of neu-
rogenesis in wt and DAGL knock-out
mice by staining representative sagittal
sections sampled throughout the SVZ
from independent cohorts of mice. These
studies confirmed the significant reduc-
tions in the number of BrdU-positive cell
in the DAGLa mice, with no changes seen
in the DAGL mice (data not shown). We
repeated the studies using the Ki-67 anti-
gen as an independent marker for prolif-
erating cells (Kee et al., 2002). Using this
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marker, we found a 52% reduction (p = 0
0.03) in cell proliferation in the DAGLa '~

mice (Fig. 5b). Again, there was no effect in

DAGLB ™'~ mice (data not shown). Previ-

ous studies have shown that approximately @
one-half of the proliferating cells in the SVZ
express DCX, a marker for neuroblasts
(Goncalves et al., 2008). In the present
study, we also found a 50% reduction ( p <
0.02) in DCX-positive cells in the SVZ of the
DAGLa /™ mice (Fig. 5b).
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Adult neurogenesis is compromised in
the hippocampus in mice lacking
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The second neurogenic niche in the adult
brain is within the DG in the hippocam-
pus. The role of the DAGLs in hippocam-
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explored. Using BrdU labeling, and ana- e
lyzing the whole hippocampus by FACS +
analysis, we find a significant ( p < 0.05)
20% reduction in cell proliferation in the
DAGLa /™ mice (Fig. 5¢). Interestingly,
and in contrast to the SVZ, we also find
significant decreases in cell proliferation
in the DAGLB ™~ and DAGLB /™ mice
(Fig. 5¢). Given the fact that DAGLa« is
required for proliferation in the SVZ and hippocampus, we con-
ducted additional studies in the hippocampus of the DAGLa '~
mice. Cell counts within the DG in representative sagittal sections
sampled throughout the hippocampus revealed a highly signifi-
cant reduction in Ki-67-positive cells to ~50% of the value seen
in wt animals (Fig. 5¢). Likewise, there was a highly significant
~50% reduction in the number of DCX-positive cells in the sag-
ittal sections (Fig. 5d). Thus, it is clear that DAGLa is required for
neurogenesis in both the adult SVZ and hippocampus.

Figure5.

Discussion

We have generated the first mouse lines with targeted disruptions
in the gene loci encoding DAGLa or DAGLS. In both cases, a null
phenotype was confirmed by TagMan analysis of transcripts and
by Western blotting. In the case of DAGLa, antibodies that in-
tensely label dendritic layers in the brain fail to label the same
structures in the DAGLa '~ mice, confirming the specificity of
the antibodies. In the case of DAGL, we have tested four inde-
pendent antibodies raised against different epitopes; however,
although some of these can specifically pick up DAGLS on West-

Ki-67 DCX

DAGLa« regulates neurogenesis in the hippocampus and SVZ. The relative levels of cell proliferation as indexed by the
number of BrdU-positive cells presentin the SVZ (a) or hippocampus (c) is shown for wt (+/+) mice compared with mice with one
(+/—) orzero (—/—) copies of the normal DAGLc/ 3 locus. Counts of Ki-67 and DCX in the SVZ (b) and DG in the hippocampus
(d) in wt and DAGLa ~/~ mice. Results are normalized to control, and bars show SEM. **p << 0.01, *p << 0.05 (two-sided
Student’s t test). Mice are 710 weeks of age.

ern blots, we have been unable to validate any of them for use in
immunohistochemistry (data not shown).

Importantly, we find no major changes in the transcript levels
for MAGL, FAAH, and CB, or CB, receptor in the DAGL« " or
DAGLB '~ mice. Where tested, this was confirmed at the pro-
tein level (MAGL and CB, ). Also, we found no evidence for loss of
DAGLa affecting the levels of DAGL transcripts or protein and
vice versa. Overall, the data suggest that any phenotype will be
directly attributable to the loss of DAGLa or DAGLS, and not
deregulated expression of another eCB pathway molecule.

DAGLa and DAGLS both contribute substantially to the reg-
ulation of steady-state levels of 2-AG in the brain and other tis-
sues. The most surprising finding is the magnitude of loss of
2-AG in mice lacking a single DAGL. For example, 2-AG levels
are reduced by up to 80% in the brain and spinal cord of the
DAGLa '~ and by up to 50% in the brain in the DAGLB ™/~
mice. There is an emerging hypothesis that a second essential
lipid, AA, might also be highly regulated by DAGL activity. In this
context, AA is highly enriched in the brain and is the substrate for
a number of enzymes that generate a range of eicosanoids that
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play an essential role in both health and disease. Cytosolic phos-
polipase A, releases AA from the sn-2 position of phospholipids,
and this is thought by many to be the primary pathway for regu-
lating AA levels (Rapoport, 2008). However, pharmacological
inhibition of MAGL is associated with substantial decreases in AA
levels in the brain (Long et al., 2009). The results of the present
study show highly correlated decreases in 2-AG and AA levels in
the DAGL knock-out mice. These data clearly support the hy-
pothesis that a DAGL-MAGL signaling axis is responsible for
maintaining steady-state levels of AA in the brain and other tis-
sues. Reductions in 2-AG levels and/or AA might also impact on
a number of other signaling lipids. For example, in the case of
2-AG, lipoxygenase enzymes have been shown to oxygenate
2-AG to provide the precursor for leukotrienes (Sugiura et
al., 2002) and cyclooxygenase-2 can convert 2-AG to glycerol
prostaglandins (Kozak et al., 2000). 2-AG, AA, and AEA are sub-
strates or products for the same or related enzymes, and on this
basis it is perhaps not surprising that major changes in 2-AG and
AAlevels can impact on the level of AEA, which is reduced ~40%
in the brain of the DAGLa '~ mice.

Having generated the DAGL knock-out mice, it becomes pos-
sible to ask specific questions regarding the requirement of each
enzyme for well established or emerging eCB functions. DSI in
the hippocampus is a well established eCB function and one of
the best characterized forms of short-term synaptic plasticity.
Here, postsynaptic depolarization leads to release of an eCB that
activates presynaptic CB, receptors and transiently suppresses
the release of GABA (Ohno-Shosaku et al., 2001; Wilson and
Nicoll, 2001). The same eCB feedback mechanism operates at
both inhibitory and excitatory synapses, with a depolarization-
induced suppression of excitation (DSE) seen at the latter (Kreitzer
and Regehr, 2001). Pharmacological studies support the view that
DAGL activity is required for DSI/DSE, but the same results are
not always found with tetrahydrolipstatin and RHC80267
(Hashimotodani et al., 2008), and these are not selective inhibi-
tors (Hoover etal., 2008). Our results show that DSI is completely
absent from DAGLa '~ mice and relatively unaffected in
DAGLB /™ mice. Thus, we have provided the first genetic evi-
dence in support of DAGL« regulating hippocampal DSI and
demonstrated the first unequivocal difference in the function of
DAGL« and DAGLB.

There is an emerging role for eCB signaling in the regulation
of neurogenesis (Aguado et al., 2005; Jiang et al., 2005; Palazuelos
et al., 2006; Molina-Holgado et al., 2007). In the adult brain, this
is restricted to the lateral wall of the SVZ (Alvarez-Buylla and
Garcia-Verdugo, 2002) and the granule cell layer in the DG in the
hippocampus (van Praag et al., 2002). SVZ neuroblasts migrate
along the rostral migratory stream to populate the olfactory bulb
with new neurons, whereas in the hippocampus the neuroblasts
show limited migration and differentiate into mature neurons
within the DG. Adult neurogenesis is of additional interest in that
it is also modulated in psychiatric disorders and neurodegenera-
tive disease states and can act as a source of new neurons that can
migrate to sites of injury (Curtis et al., 2007).

A role for DAGLa in SVZ neurogenesis was postulated based
on its restricted expression to ependymal cells and proliferating
cells in the lateral wall of the ventricle, and this was supported by
the observation that tetrahydrolipstatin and/or RHC80267 can
reduce cell proliferation in the SVZ, and the appearance of new
neurons in the olfactory bulb of young adult animals (Goncalves
etal., 2008). In the present study, we report a very similar ~50%
reduction in neurogenesis (as determined by BrdU labeling, ex-
pression of the Ki-67 antigen, or expression of the neuroblast
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marker DCX) in the SVZ in DAGLa ~/~ mice. Interestingly, loss
of a single copy of DAGLa had a significant impact on neurogen-
esis, supporting the suggestion that a rundown of eCB tone
might underlie the age-dependent decline in adult neurogen-
esis (Goncalves et al., 2008). Importantly, loss of DAGLS had no
impact on neurogenesis in this region of the brain. Similar re-
sponses are seen with CB,, but not CB, antagonists (Goncalves et
al., 2008). Overall, these data support the emerging hypothesis
that the eCB system maintains adult neurogenesis in the SVZ and
provide the first evidence that DAGL«, and not DAGLS, is reg-
ulating the eCB levels driving this response.

The second neurogenic niche in the adult brain is within the
DG in the hippocampus, and here neurogenesis might be impor-
tant for some hippocampal-dependent learning tasks, such as
spatial learning in the Morris water maze test (Zhang et al., 2008).
It has been estimated that as many as 250,000 newborn neurons
are produced in the DG of young adult rodents each month,
constituting some 6% of the total cell volume (Cameron and
McKay, 2001). Inhibiting or activating CB, receptors results in
20-30% changes in proliferation rates (Jiang et al., 2005). The
present study is the first to address the test whether DAGL activity
is required for hippocampal neurogenesis. Our results show up to
a50% reduction in Ki-67 and DCX-positive cells in the DG of the
hippocampus in DAGLa '~ mice, providing direct evidence
that this enzyme is required for adult neurogenesis throughout
the brain. Interestingly, and in contrast to the situation in the
SVZ, DAGLS is also required for cell proliferation in the hip-
pocampus with a ~30-40% reduction in BrdU-positive cells
found in the hippocampus of mice lacking one or two functional
gene loci for this enzyme.

In summary, we have generated DAGLa '~ and DAGLB ™/~
mice. Animals lacking one of these enzymes are viable, fertile, and
display normal physiological behaviors in tests measuring loco-
motion, ataxia, catalepsy, and thermal nociception. Levels of
2-AG are reduced by up to 80% in the brain and spinal cord, and
by ~90% in the liver in mice lacking DAGL« and DAGLJ3, re-
spectively. Interestingly, the reductions in 2-AG levels were ac-
companied by similar percentage reductions in AA levels,
supporting an emerging viewpoint that a DAGL/MAGL pathway
might be responsible for the synthesis of a large fraction of AA in
the brain. In the hippocampus, the postsynaptic release of an eCB
induced by depolarization results in the transient suppression of
GABA-mediated transmission at inhibitory synapses; we now
show that this form of DSI is completely lost in DAGLa knock-
out animals. Finally, we show that adult neurogenesis is compro-
mised in both the hippocampus and SVZ in DAGL« knock-out
mice, but only in the hippocampus in DAGLS knock-out mice.
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