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BACKGROUND AND PURPOSE
Depolarization-induced suppression of inhibition (DSI) and excitation (DSE) are two forms of cannabinoid CB1

receptor-mediated inhibition of synaptic transmission, whose durations are regulated by endocannabinoid (eCB) degradation.
We have recently shown that in cultured hippocampal neurons monoacylglycerol lipase (MGL) controls the duration of DSE,
while DSI duration is determined by both MGL and COX-2. This latter result suggests that DSE might be attenuated, and
excitatory transmission enhanced, during inflammation and in other settings where COX-2 expression is up-regulated.

EXPERIMENTAL APPROACH
To investigate whether it is possible to control the duration of eCB-mediated synaptic plasticity by varied expression of
eCB-degrading enzymes, we transfected excitatory autaptic hippocampal neurons with putative 2-AG metabolizing enzymes:
COX-2, fatty acid amide hydrolase (FAAH), a/b hydrolase domain 6 (ABHD6), a/b hydrolase domain 12 (ABHD12) or MGL.

KEY RESULTS
We found that overexpression of either COX-2 or FAAH shortens the duration of DSE while ABHD6 or ABHD12 do not. In
contrast, genetic deletion (MGL-/-) and overexpression of MGL both radically altered eCB-mediated synaptic plasticity.

CONCLUSIONS AND IMPLICATIONS
We conclude that both FAAH and COX-2 can be trafficked to neuronal sites where they are able to degrade eCBs to modulate
DSE duration and, by extension, net endocannabinoid signalling at a given synapse. The results for COX-2, which is often
up-regulated under pathological conditions, are of particular note in that they offer a mechanism by which up-regulated
COX-2 may promote neuronal excitation by suppressing DSE while enhancing conversion of 2-AG to PGE2-glycerol ester
under pathological conditions.

Abbreviations
2-AG, 2-arachidonylglycerol; ABHD6, a/b hydrolase domain 6; ABHD12, a/b hydrolase domain 12; AEA, arachidonyl
ethanolamide; DSE, depolarization-induced suppression of excitation; DSI, depolarization-induced suppression of
inhibition; eCB, endocannabinoid; FAAH, fatty acid amide hydrolase; MGL, monoacylglycerol lipase

Introduction
Inflammation features prominently in numerous neuro-
pathologies and is a focus of intense scientific scrutiny in the

hope of developing more effective therapeutic agents
(Dantzer et al., 1998). The COXs, particularly COX-2, are
prominent mediators of inflammatory stimuli (McAdam
et al., 2000). While COX-2 is constitutively expressed in
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the CNS (Burian and Geisslinger, 2005), dramatic CNS
up-regulation of COX-2 has been found in a striking variety
of pathological conditions including transient brain
ischaemia (Planas et al., 1995), kainate-induced seizures
(Tocco et al., 1997), glutamate toxicity (Tocco et al., 1997),
glucocorticoid exposure (Yamagata et al., 1993), Alzheimer’s
disease (Ho et al., 1999), Parkinson’s disease (Teismann et al.,
2003) and mechanical pain hypersensitivity (Vardeh et al.,
2009). The extent to which this is due to up-regulation of
neuronal COX-2 is of great interest; in the case of mechanical
pain hypersensitivity the pathology is very likely mediated by
COX-2 up-regulation in CNS neurons (Vardeh et al., 2009).
The role of COX-2 in inflammation has been viewed largely
through the prism of prostaglandin production and their
presumed action at prostaglandin receptors. However, COX-2
also effectively metabolizes the components of another
endogenous signalling system, the endocannabinoids (eCBs)
(Kozak et al., 2004; Jhaveri et al., 2007). Indeed, we and others
have shown that COX-2 regulates key aspects of cannabinoid
signalling (Kim and Alger, 2004; Hashimotodani et al., 2007;
Straiker and Mackie, 2009), raising the possibility that some
of the actions of neuronal COX-2 may be due to its metabo-
lism of eCBs.

The eCB signalling system functions throughout the CNS.
It consists of cannabinoid receptors [CB1 and CB2 (Matsuda
et al., 1990; Munro et al., 1993)], eCBs (Devane et al., 1992;
Stella et al., 1997) and an assortment of proteins to produce,
transport and break down eCBs. It is this system that is
engaged by exogenous cannabinoids such as the psychoac-
tive ingredients of marijuana and hashish (Gaoni and
Mechoulam, 1964). eCBs have a prominent role in the modu-
lation of neurotransmission; one form that this modulation
takes is depolarization-induced suppression of excitation
or inhibition (DSE/DSI) (Kreitzer and Regehr, 2001; Wilson
and Nicoll, 2001). This retrograde inhibition is observed in
many regions of the CNS and is probably mediated by
2-arachidonylglycerol (2-AG), an endogenous ligand of can-
nabinoid receptors (Trettel and Levine, 2003; Yanovsky et al.,
2003; Melis et al., 2004; Di et al., 2005). We have previously
characterized DSE and DSI in autaptically cultured hippoc-
ampal neurons (Straiker and Mackie, 2005; 2009). In autaptic
neurons, as a result of growth on a limited permissive sub-
strate, neurons synapse (or ‘autapse’) onto themselves
forming an architecturally simple and tractable model of
synaptic transmission to evaluate molecular events associated
with this process (Bekkers and Stevens, 1991). The duration
of DSE/DSI in these neurons is probably determined by the
rate of 2-AG degradation (Straiker et al., 2009; Straiker and
Mackie, 2009).

To date, five enzymes have received serious attention as
possible mediators of 2-AG hydrolysis. The enzyme that
accounts for the majority of 2-AG breakdown in brain homo-
genates is monoacylglycerol lipase (MAG lipase, MGL)
(Blankman et al., 2007). Anatomical studies have established
the presence of MGL in presynaptic terminals, making it
well-sited to break down 2-AG, terminating DSE/DSI (Dinh
et al., 2002; Gulyas et al., 2004; Straiker et al., 2009). Fatty
acid amide hydrolase (FAAH) can break down 2-AG in vitro.
However, while the other major eCB anandamide (AEA) and
other acyl amide levels are dramatically increased in FAAH-/-

mice, 2-AG levels are unchanged, suggesting that FAAH’s role

is primarily to degrade acyl amides (Cravatt et al., 2001).
COX-2 (Cravatt et al., 1996; Kozak et al., 2000; Kozak et al.,
2004) can also metabolize 2-AG and appears to have a clearer
physiologically relevant role, since its inhibition prolongs
DSI in hippocampal slices (Kim and Alger, 2004) and in cul-
tured neurons (Hashimotodani et al., 2007; Straiker and
Mackie, 2009). In addition, PGE2–glycerol ester (PGE2-G), the
product of 2-AG oxidation by COX-2, is itself an endogenous
bioactive metabolite that enhances neuronal activity and
modulates pain and inflammation (Sang et al., 2006; Hu
et al., 2008). Lastly, ABHD6 and ABHD12 each account for a
portion of 2-AG hydrolysis in brain homogenates (Blankman
et al., 2007). The role of ABHD12 in modulating eCB plastic-
ity remains elusive, but blockade of ABHD6 has been found to
increase 2-AG levels and signalling by several measures,
including facilitation of long-term depression in mouse
cortex (Marrs et al., 2010).

Depending on the subcellular localization of these
enzymes, it is possible that an enzyme of relatively low abun-
dance as measured in a homogenate assay may terminate
2-AG signalling in a specific set of synapses, particularly if it is
localized close to the site of action of 2-AG. An enzyme’s
relative contribution may vary among neuronal populations,
or within a given neuron, or may even be shared in some
manner as it appears to be in one form of autaptic DSI (Straiker
and Mackie, 2009) and other forms of hippocampal DSI (Kim
and Alger, 2004; Hashimotodani et al., 2007). An enzyme’s
relative contribution may also increase if it is up-regulated.
This is particularly relevant to the case of COX-2, which is
known to be up-regulated in neurons in response to synaptic
activation (Adams et al., 1996) as well as during a variety of
pathological conditions as outlined above. The potential
inducibility of putative 2-AG-metabolizing enzymes has moti-
vated us to systematically evaluate the role of specific enzymes
in the termination of eCB signalling at the synaptic level.
Cultured excitatory autaptic hippocampal neurons express
functional MGL but not detectable FAAH, ABHD6 or COX-2
activity (Straiker and Mackie, 2005; Straiker et al., 2009). This
gives us the opportunity to explore whether any of these
proteins can act co-operatively with MGL to more rapidly
hydrolyze 2-AG and shorten the duration of DSE. We have
addressed this question by transfecting autaptic hippocampal
neurons with FAAH, ABHD6, ABHD12, COX-2 or MGL and
measuring the sensitivity and duration of DSE.

Methods

Culture preparation
All procedures used in this study were approved by the
Animal Care Committee of Indiana University and conform
to the Guidelines of the National Institutes of Health on the
Care and Use of Animals. Mouse [CD1 strain, or mixed
129SvEv/C57Bl/6J (in the case of MGL-/- and MGL+/+) strain]
hippocampal neurons isolated from the CA1-CA3 region
were cultured on micro-islands as described previously (Fur-
shpan et al., 1976; Bekkers and Stevens, 1991). Neurons were
obtained from animals (age postnatal day 0–2) and plated
onto a feeder layer of hippocampal astrocytes that had been
laid down previously (Levison and McCarthy, 1991). Cultures
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were grown in high-glucose (20 mM) medium containing
10% horse serum, without mitotic inhibitors and used for
recordings after 8 days in culture and for no more than 3 h
after removal from culture medium.

Electrophysiology
When a single neuron is grown on a small island of permis-
sive substrate, it forms synapses – or ‘autapses’ – onto itself.
All experiments were performed on isolated autaptic neurons.
Whole-cell voltage-clamp recordings from autaptic neurons
were carried out at room temperature using Axopatch 200A
amplifier (Axon Instruments, Burlingame, CA). The extracel-
lular solution contained (in mM) 119 NaCl, 5 KCl, 2.5 CaCl2,
1.5 MgCl2, 30 glucose, and 20 HEPES. Continuous flow of
solution through the bath chamber (~2 mL·min-1) ensured
rapid drug application and clearance. Drugs were typically
prepared as stocks then diluted into extracellular solution at
their final concentration and used on the same day.

Recording pipettes of 1.8–3 MW were filled with (in mM)
121.5 Kgluconate, 17.5 KCl, 9 NaCl, 1 MgCl2, 10 HEPES, 0.2
EGTA, 2 MgATP and 0.5 LiGTP. Access resistance and holding
current were monitored, and only cells with both stable access
resistance and holding current were included for data analysis.
Conventional stimulus protocol: the membrane potential was
held at -70 mV, and excitatory postsynaptic currents (epscs)
were evoked every 20 s by triggering an unclamped action
current with a 1.0 ms depolarizing step. The resultant-evoked
waveform consisted of a brief stimulus artifact and a large
downward spike representing inward sodium currents, fol-
lowed by the slower epsc. The size of the recorded epscs was
calculated by integrating the evoked current to yield a charge
value (in pC). Calculating the charge value in this manner
yields an indirect measure of the amount of neurotransmitter
released while minimizing the effects of cable distortion on
currents generated far from the site of the recording electrode
(the soma). Data were acquired at a sampling rate of 5 kHz.

DSE stimuli: after establishment of a 10–20 s 0.5 Hz base-
line, DSE was evoked by depolarizing to 0 mV for 50 ms,
100 ms, 300 ms, 500 ms, 1 s, 3 s and 10 s, followed in each
case by resumption of a 0.5 Hz stimulus protocol for 20 to
>80 s, allowing epscs to recover to baseline values. This
approach allowed us to determine the sensitivity of the syn-
apses to DSE induction. Three-second depolarizations were
used for the purpose of assessing recovery time courses.

The half-life (t1/2) of DSE recovery was calculated as
follows. A decay constant (K) was calculated by fitting a single
exponential to the first 50 s of the DSE recovery time course
[~80% recovery, presented with 95% confidence intervals
(95% CI)]. For multiple comparisons, a Bonferroni multiple
comparison correction was applied to compare the four Ks
and their variances to the control values. For ease of inter-
pretation, K-values were converted to t1/2s and are reported in
s with 95% CIs.

Transfection of autaptic hippocampal cultures
We transfected neurons using a calcium phosphate-based
method adapted from a previously published method (Jiang
et al., 2004). Briefly, plasmids for the protein of interest and
for the fluorescent marker EYFP or mCherry (2 mg·per well)
were combined with 2 M CaCl2, water and gradually added to

HBS; the mixture was added to the serum-free neuronal
media. Coverslips were incubated with this mixture in a sepa-
rate well for 2.5 h, while extra medium was placed in a 10%
CO2 incubator to induce acidification. At the end of 2.5 h, the
reaction mixture was replaced with acidified serum-free
media for 20 min. Cells were then returned to their home
wells containing the original media.

Rat FAAH and MGL plasmids were obtained as described
previously (Waleh et al., 2002; Straiker et al., 2009). Human
Cox2pCMV6-AC plasmid was obtained from Origene Tech-
nologies (Cat no. SC323764, Rockville, MD). Mouse ABHD6
and ABHD12 cDNA was purchased from Open Biosystems
(Huntsville, AL, USA) (Cat nos., MMM1013-7512548 and

Figure 1
Overexpression of COX-2 with endogenous MGL shortens the dura-
tion of DSE. (A) ‘Dose’–response for DSE using a range of depolar-
izations from 50 ms to 10 s. The wild-type DSE dose–response is
shown for comparison. (B) Averaged DSE time courses for neurons
transfected with COX-2. Arrow indicates the point at which the cell
is depolarized for 3 s. (C) Recovery time courses for COX-2-
transfected and control cells. t1/2-values with 95% CIs are listed below
the curves.
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MMM1013-63276 respectively). The genes were amplified
and BamHI and NotI restriction sites introduced using specific
primers: ABHD6 (5′-atcggatcc GATCTCGATGTGGTTAAC
ATGTTT GTG, 3′-atcgcggccgcTCAGTTCAGCTTC TTGTT

GTCTGT), ABHD12 (5′-atcggatccACGTATG ACGCACTCCA
TGTTTTTG, 3′-atcgcgg ccgcTCA GTGCTGGCGTTCCGG).
Amplicons were cut, gel purified and ligated into a pcDNA3.0
expression vector previously altered to contain a Kozak start

Figure 2
Overexpression of FAAH with endogenous MGL also shortens DSE duration. (A) ‘Dose’–response for DSE of FAAH-transfected neurons (FAAH T/F)
using a range of depolarizations from 50 ms to 10 s. The wild-type DSE dose–response is shown for comparison. (B) Averaged DSE time courses
for neurons transfected with FAAH and FAAH transfected neurons subsequently treated with URB597 (250 nM). (C) DSE recovery time courses for
FAAH-transfected and control cells. t1/2-values with 95% CIs are listed below the curves. (D) Micrograph shows FAAH staining in autaptic
hippocampal cultures. Scale bar = 25 mm. (E) Micrograph shows FAAH staining does not colocalize with the astrocyte cell marker GFAP. Scale bar
= 25 mm. (F) Micrograph shows that FAAH is expressed in neurons transfected with FAAH, and that it is expressed in processes that are labelled
and unlabelled with dendritic marker MAP2. Left panel shows HA11 staining against the HA-tagged FAAH protein. Centre panel shows dendritic
marker MAP2. Right panel shows the composite of the left and centre panels, with overlap in yellow. Scale bar = 15 mm.
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site followed by an HA11 epitope tag between HindIII and
KpnI restriction sites on the multiple cloning sites. All inserts
were confirmed via fluorescent sequencing.

Staining of autaptic cultures
Coverslips with autaptic cultured neurons (grown 8–15 days)
were fixed and washed in PBS (Straiker et al., 2009). Cells were
incubated with a neuron blocking solution (5% milk in 0.1 M
PBS + 0.3% Triton-X) for 30 min at room temperature to
reduce non-specific staining. Neurons were next incubated
with a mouse monoclonal antibody against the axonal
marker 2H3 (Developmental Studies Hybridoma Bank, Uni-
versity of Iowa; 1:300), the glial marker GFAP (Covance, Prin-
ceton NJ; 1:500), or the dendritic marker MAP2 (Millipore,
Billerica MA; 1:1000) overnight at 4°C and then washed six
times with 0.1 M PBS. Antibodies against FAAH (Bracey et al.,
2002;, 1:100), CB1 (Bodor et al., 2005; 1:300) and the HA tag
(1:500; Covance) were also used. Cells were next incubated
with anti-mouse or anti-rabbit Texas Red- or FITC-conjugated
donkey secondary antibody (Jackson ImmunoResearch Labo-
ratories, West Grove, PA; 1:200) for 1.5 h at room tempera-
ture. Finally, cover slips were washed, dried and mounted as
above. Images were acquired with a Leica TCS SP5 confocal
microscope (Leica Microsystems, Wetzlar, Germany) using
Leica LAS AF software and a 63¥ oil objective. Images were
processed using ImageJ (available at http://rsbweb.nih.gov/
ij/) and/or Photoshop (Adobe Inc., San Jose, CA). Images were
modified only in terms of brightness and contrast.

Our drug/molecular target nomenclature (e.g. receptors,
ion channels, etc.) conforms to the British Journal of Phar-
macology’s Guide to Receptors and Channels (Alexander et al.,
2009).

Results

Overexpression of COX-2 with endogenous
MGL shortens the duration of DSE
Pharmacological experiments using blockers for MGL,
COX-2, ABHD6 and FAAH suggest that DSE in excitatory
autaptic hippocampal neurons is chiefly regulated by MGL
(Straiker and Mackie, 2005; 2009; Straiker et al., 2009). Previ-
ously, we have shown, using a pharmacological approach,
that a population of cultured inhibitory neurons express both
MGL and COX-2 – this results in an unusually brief form of
DSI (Straiker and Mackie, 2009). The implication from this

finding is that co-expression of COX-2 with MGL results in
more rapid clearance of 2-AG from the synaptic region, short-
ening the duration of DSI. If so, it should be possible to
induce a more rapid DSE time course by overexpressing
COX-2 in excitatory neurons. If overexpressed COX-2 were
appropriately localized to accelerate the breakdown of 2-AG,
one would predict a more rapid termination of DSE. We
tested if this was the case by transfecting excitatory autaptic
neurons with COX-2 and then examining DSE. Since we have
previously shown MGL is expressed in these neurons, in these
experiments we examined the combined effect of COX-2 and
MGL on DSE. We first collected a ‘dose’–response curve for
neurons expressing COX-2 to determine if expression of
COX-2 changed the sensitivity of DSE induction. By depolar-
izing neurons for longer durations (50 ms, 100 ms, 300 ms,
500 ms, 1 s, 3 s, 10 s) and measuring the resulting CB1-
dependent inhibition we were able to assess whether neurons
expressing COX-2 (or other proteins) retain their character-
istic eCB signalling properties (Figure 1A). In the case of
COX-2, the dose–response curve closely resembled that for
wild-type neurons (P > 0.05, two-way ANOVA with Bonferroni
post hoc test). However, when examining the duration of DSE,
we found that the DSE recovery rates were substantially faster
as measured by their t1/2 (Figure 1B and C; t1/2 control = 40 s,
95% CI, 31–57 s, n = 11; t1/2 COX-2 = 20 s, 95% CI, 18–24,
n = 6, non-overlapping CIs).

Overexpression of FAAH with endogenous
MGL also shortens the duration of DSE
Substantially elevated AEA levels were seen in FAAH knock-
out mice, suggesting that FAAH plays a major role in the
breakdown of AEA (Cravatt et al., 1996). However, it is pos-
sible that FAAH, which is capable of hydrolyzing 2-AG
(Cravatt et al., 1996; Di Marzo et al., 1998) in vitro, also plays
a role in synaptic 2-AG breakdown under specific circum-
stances. To test whether FAAH, could, in principle, serve this
role in an intact endogenous cannabinoid signalling module,
we transfected neurons with FAAH. Over-expression of FAAH
did not alter the sensitivity of the synapses to DSE (Figure 2A,
P > 0.05, two-way ANOVA with Bonferroni post hoc test).
Interestingly, however, FAAH clearly sped up the rate of DSE
recovery, shortening the duration of DSE (Figure 2B and C; t1/2

FAAH = 13 s, 95% CI, 12–15, n = 9, non-overlapping CIs vs.
WT time course). To test whether this change in time course
is indeed FAAH-dependent, we repeated the experiments in
the presence of the FAAH blocker URB597 (250nM; Figure 2B,
n = 8). URB597 does not alter the time course of DSE in

�
Figure 3
ABHD6 and ABHD12 do not speed up DSE recovery. (A) ‘Dose’–response for DSE in ABHD6-transfected neurons (ABHD6 T/F) using a range of
depolarizations from 50 ms to 10 s. The wild-type DSE dose–response is shown for comparison. (B) Averaged DSE time courses for neurons
transfected with ABHD6. Arrow indicates the time point at which the neuron is depolarized for 3 s. (C) Recovery time courses for ABHD6-
transfected and control cells. t1/2-values with 95% CIs are listed as inset. (D) ‘Dose’–response for DSE in ABHD12-transfected neurons (ABHD12
T/F) using a range of depolarizations from 50 ms to 10 s. The wild-type DSE dose–response is shown for comparison. ABHD12 decreases the
maximum inhibition for 10 s depolarization. (E) Averaged DSE time courses for neurons transfected with ABHD12. Arrow indicates the point at
which the neuron is depolarized for 3 s. (F) Recovery time courses for ABHD12-transfected and control neurons. t1/2-values with 95% CIs are listed
as insets. (G) Micrograph shows that ABHD6 is expressed in neurons transfected with ABHD6 in processes that are labelled and unlabelled with
the dendritic marker MAP2. Left panel shows HA11 staining of the HA-tagged ABHD6 protein (red). Centre panel shows the dendritic marker
MAP2. Right panel shows the composite. Scale bar = 15 mm. (H) Transfected ABHD12 is also widely expressed in neurons. Left panel shows
ABHD12-HA11 staining. Centre panel shows MAP2 staining. Right panel is the composite. Scale bar = 25 mm.
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autaptic neurons (Straiker and Mackie, 2005) but clearly
slowed the time course of DSE in FAAH-transfected neurons.

Although pharmacological studies have not uncovered
any role for FAAH in the modulation of neurotransmission in
cultured hippocampal neurons, FAAH is prominently
expressed in the hippocampal pyramidal cells (Egertova et al.,
1998; Tsou et al., 1998). We therefore examined FAAH expres-
sion in autaptic hippocampal cultures using a previously
characterized FAAH antibody (Bracey et al., 2002; Hu et al.,
2010). We found that FAAH protein is endogenously
expressed in these cultured neurons, but that this expression
is primarily detectable in somata and proximal dendrites
(Figure 2D). The somatic enrichment of FAAH is consistent
with an absence of acute modulation by FAAH of synaptic
transmission. FAAH expression does not overlap with that of
the astrocyte marker GFAP (Figure 2E), suggesting that FAAH
expression is restricted to neurons in these cultures. We sepa-
rately examined where FAAH was trafficked when overex-
pressed, using an HA11 antibody against an HA tag included
in the transfected FAAH (Figure 2F). We found that while
FAAH staining coincided with MAP2 staining, indicating den-
dritic trafficking, MAP2-negative, HA11-positive fibres were
also seen, suggesting that overexpressed FAAH is also traf-
ficked to axons [HA11-positive, MAP2-negative fibres in
Figure 2F (arrows)].

ABHD6 and ABHD12 have little effect on the
induction or duration of DSE
MGL is expressed presynaptically in autaptic hippocampal
neurons, leaving it well placed to break down 2-AG after
activation of CB1 (Straiker et al., 2009). In contrast, ABHD6 is
found post-synaptically (Straiker et al., 2009). We first showed
that overexpression of ABHD6 did not alter the sensitivity of
the synapses to DSE (Figure 3A). Transfection with ABHD6
resulted in a DSE recovery rate that closely mimicked that in
wild-type cells, suggesting that it is not able to play an active
role in breaking down 2-AG after DSE (Figures 3B,C and 4; t1/2

ABHD6 = 32 s, 95% CI, 25–47, n = 6, overlapping CIs). We also
examined the trafficking of ABHD6 after overexpression
using an antibody against an HA tag on the expressed protein
(Figure 3G), and found that ABHD6 is expressed in both den-
dritic, MAP2 labelled, and presumed axonal MAP2-unlabelled
processes.

ABHD12 is also capable of breaking down 2-AG. However,
we found that ABHD12 – like ABHD6 – did not alter the
recovery of DSE (Figures 3E, F and 4; t1/2 ABHD12 = 28 s, 95%
CI, 24–35, n = 6, overlapping 95% CIs). This suggests that
ABHD12 is not able to play an active role in breaking down
2-AG after DSE. ABHD12 was found to alter DSE signalling –
albeit modestly – doing so by decreasing the maximum inhi-
bition for 10 s depolarizations (Figure 3D, *P < 0.05, two-way
ANOVA with Bonferroni post hoc test; P < 0.05 for dose ¥
transfection interaction). The successful overexpression of
ABHD12 was verified using an antibody against an HA tag on
the protein (Figure 3H); double staining with dendritic
marker MAP2 indicated that ABHD12 traffics throughout a
given neuron. Figure 4 summarizes the comparison of the
half-life values of untransfected neurons and those trans-
fected with COX-2, FAAH, ABHD6 or ABHD12 (Figure 4).

Robust DSE requires an optimal level of MGL
We have previously presented pharmacological and immuno-
cytochemical evidence that MGL regulates the recovery time
course of DSE and DSI in cultured autaptic neurons (Straiker
and Mackie, 2009; Straiker et al., 2009). In these next experi-
ments, we tested DSE in hippocampal neurons cultured from
MGL-/- mice (Schlosburg et al., 2010). We found that neurons
lacking MGL had a markedly slowed time course of DSE
recovery, as predicted from our previous results (Figure 5A
and B). In a finding that is consistent with a very recent

Figure 4
Summary of changes to DSE t1/2 after overexpression of four
endocannabinoid-metabolizing enzymes. Bar graph shows t1/2-values
of DSE (s) for untransfected neurons (control) versus neurons trans-
fected with COX-2, FAAH, ABHD6 or ABHD12. Error bars represent
95% CIs with a Bonferroni correction for multiple comparisons (see
Methods).

�
Figure 5
Robust DSE requires an optimal level of MGL. (A) Sample time course shows epscs in MGL-/- neuron after DSE stimulation (arrow), 2-AG treatment
(5 mM) and reversal by CB1 antagonist SR141716 (200 nM). Example of WT DSE time course is included for comparison. (B) Averaged DSE time
courses from MGL-/- and MGL+/+ cultures. (C) Scatter plot of inhibition values after the DSE stimulus in MGL-/- neurons shows that DSE is
diminished in most neurons. (D) Bar graph shows epsc inhibition in response to DSE or 2-AG (5 mM) in MGL-/- neurons. (E) WIN55212-2 responses
are desensitized in MGL KO neurons. Concentration–response curves for WIN55212-2 in MGL KO and wild-type (C57) neurons. The CD1
wild-type WIN55212-2 concentration–response is shown for comparison (adapted from Straiker and Mackie, 2005). (F) Averaged DSE time course
for wild-type neurons transfected with MGL under control conditions or after treatment overnight with MGL blocker JZL184 (200 nM). Arrow
indicates the point at which the cell was depolarized for 3 s. (G) Sample time courses in response to 2-AG (5 mM) in MGL-transfected neuron (the
incomplete recovery is probably due to 2-AG-induced LTD; Kellogg et al., 2009) and in MGL-transfected neurons treated overnight with JZL 184
(200 nM). (H) Bar graph shows average 5 mM 2-AG responses for untransfected neurons, MGL-transfected neurons and MGL-transfected neurons
treated overnight with JZL184 (200nM). (I) Micrograph shows MGL-transfected neuron stained for HA11 and MAP2, a dendritic marker. Bottom
panel shows overlay of the two channels (yellow represents overlap, scale bar = 25 mm). (J) Micrographs show MGL antibody (top panel) staining
for the axonal marker, 2H3 (centre panel) and overlap (bottom panel, overlap in yellow) in a WT untransfected neuron. (K) Same layout as (J),
but in MGL-/- neuronal cultures. Panels (J–K) show that the MGL antibody stains axons. Scale bar = 20 mm.
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report describing altered cannabinoid-mediated synaptic
plasticity in MGL-/- neurons (Schlosburg et al., 2010), we
observed that in many neurons DSE was absent, and that
average DSE was much diminished from that expected in
wild-type neurons [Figure 5C and D, relative epsc charge after
3 s depolarization in MGL KO: 0.75 � 0.04, n = 23; in WT
(MGL+/+): 0.52 � 0.05, n = 5; P < 0.05 unpaired t-test vs. WT
DSE responses]. These results suggest that functional MGL is
an essential component of rapid and robust DSE. In MGL-/-

neurons, the inhibition observed following the addition of
exogenous 2-AG was also diminished [Figure 5D: relative epsc
charge after 5 mM 2-AG in MGL KO: 0.64 � 0.05, n = 13; in
WT (C57/Bl6): 0.48 � 0.04, n = 13; P < 0.05 unpaired t-test vs.
WT 2-AG responses], suggesting impaired CB1-mediated
responses, consistent with CB1 desensitization (Straiker and
Mackie, 2005; Schlosburg et al., 2010). Responses of the syn-
thetic agonist WIN-55212–2 (WIN) were similarly diminished
in MGL KO vs. wild-type responses [Figure 5E, EC50: 550nM
(95% CI, 400–766) for WIN in MGL KO; 7.3nM (95% CI,
6.7–7.9) for WIN in WT]. As noted previously (Straiker and
Mackie, 2005), we did not observe a strain difference in WIN
sensitivity between neurons cultured from C57Bl6 and CD1
strains (e.g. Figure 5E).

If COX-2 and FAAH can co-operatively increase the rate of
2-AG breakdown and shorten the duration of DSE, then it is
possible that overexpression of MGL could also shorten DSE.
Unexpectedly, however, transfection of MGL in wild-type
neurons did not shorten the duration of DSE but rather mark-
edly reduced DSE [Figure 5F, relative epsc charge after 3 s
depolarization: 0.86 � 0.04, n = 9; after 10 s depolarization
(data not shown): 0.85 � 0.12, n = 5]. In these neurons 2-AG
signalling was also diminished relative to controls (Figure 5H,
relative epsc charge after 5 mM 2-AG: 0.80 � 0.06, n = 8; 2-AG
response in untransfected neurons: 0.54 � 0.09, n = 6. P <
0.05 unpaired t-test vs. 2-AG responses in untransfected
neurons). Overnight treatment of MGL-transfected neurons
with the MGL blocker JZL184 (200 nM) did not rescue the
DSE response [Figure 5F, relative epsc charge after 3 s depo-
larization in MGL-transfected neurons treated with JZL184
(200 nM, overnight): 0.96 � 0.03, n = 8]. In contrast, over-
night treatment with 200 nM JZL184 did restore the 2-AG
response back to wild-type levels. A representative experi-
ment is shown in Figure 5G, and summary data are shown in
Figure 5H (relative epsc charge in MGL-transfected and
JZL184-treated neurons after 5 mM 2-AG: 0.48 � 0.02, n = 3).
Taken together, these results suggest that overexpression of
MGL impairs both CB1 signalling and eCB production, with
the former recovering partially after acute MGL inhibition.
We also tested whether MGL transfection into MGL-/- cul-
tures could rescue DSE or CB1 signalling, and found that in
the case of DSE it did not, but that part of the 2-AG response
was recovered [data not shown; relative epsc charge after 3 s
depolarization in MGL-transfected MGL-/- neurons: 0.87 �

0.06, n = 11, P < 0.05 unpaired t-test vs. WT (C57/Bl6) control
DSE; relative epsc charge after 5 mM 2-AG: 0.71 � 0.09, n = 5;
P > 0.05 unpaired t-test vs. WT control 2-AG].

We have previously reported that MGL is expressed in
presynaptic terminals in autaptic hippocampal neurons
(Straiker et al., 2009). We monitored trafficking of transfected
MGL via HA staining, and found that it travelled throughout
the neuron, including dendrites, as determined by colocaliza-

tion with the dendritic marker MAP2 (Figure 5I). Trafficking
of MGL to dendrites, where it might limit effective eCB
release, offers a potential mechanism for MGL interference
with DSE. We also tested MGL staining in MGL-/- neurons,
confirming that MGL is indeed absent in neurons cultured
from MGL-/- animals (Figure 5J) (Schlosburg et al., 2010).

Discussion

Our most significant finding is that expression of COX-2 or
FAAH in excitatory neurons modulates endocannabinoid-
mediated signalling. (We use the term ‘endocannabinoid’
here to denote a molecule that is metabolized by FAAH or
COX-2 and activates CB1 receptors, realizing that it could be
any number of bioactive lipids.) Co-expression of either
protein, together with the MGL constitutively expressed in
excitatory autaptic neurons, results in a briefer DSE compared
to that seen under control conditions. Peak DSE and the
sensitivity of DSE induction to the duration of depolarization
are unaltered by expression of either enzyme. Thus, the net
effect of up-regulation of FAAH or COX expression is a dimin-
ishment of eCB signalling.

A role for COX-2 in DSE is consistent with our recent
findings that in two populations of inhibitory hippocampal
neurons distinguished by the duration of DSI, COX-2 is func-
tionally co-expressed with MGL only in the subpopulation
with brief DSI. In this population, blockade of COX-2 mod-
estly prolongs DSI, while blockade of both COX-2 and MGL
results in a near complete failure to recover after DSI. A
COX-2 role in modulation of excitatory transmission is also
consistent with the findings of Slanina and Schweitzer
(2005), who reported that COX-2 blockade enhanced excita-
tory neurotransmission in a CB1-dependent manner but inde-
pendent of GABAergic signalling. COX-2 is expressed in
numerous cell types, but it is of considerable interest that
COX-2 is induced in neurons in response to neuronal stimu-
lation (Adams et al., 1996) as well as a variety of pathological
states including transient brain ischaemia (Planas et al.,
1995), inflammation (Patrignani et al., 2005), Parkinson’s
disease (Teismann et al., 2003) and kainate-induced seizure
(Tocco et al., 1997), as well as in response to insults such as
glutamate toxicity (Tocco et al., 1997) and glucocorticoid
excess (Yamagata et al., 1993). Our results suggest that when
COX-2 is induced under pathological conditions such as
those described above, eCB inhibition of synaptic transmis-
sion will be suppressed. Depending on the neurons most
affected, COX-2 induction could have far-reaching conse-
quences on downstream pathways (e.g. either promote or
suppress excitotoxicity). In keeping with this, a recent report
by Telleria-Diaz et al. (2010)) has implicated COX-2 modula-
tion of eCBs in spinal hyperalgesia. In addition, it is impor-
tant to recall that the COX-2 metabolite of 2-AG, PGE2-G, has
been shown to potentiate synaptic transmission in excitatory
hippocampal neurons and to modulate inflammation and
pain (Sang et al., 2006; Hu et al., 2008). Depending on the
configuration of enzymes and receptors, one might observe a
co-operative activation of synaptic transmission by a dimin-
ishment of cannabinoid inhibition of excitatory transmission
combined with an activation of an as yet uncharacterized
PGE2-G-based signalling pathway.
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A somewhat unexpected finding was that FAAH played a
similar role to COX-2 when co-expressed with endogenous
MGL, implying that FAAH and MGL can co-operatively regu-
late endocannabinoid signalling. To our knowledge, this is
the first example to show that FAAH can enhance neurotrans-
mission by speeding up 2-AG breakdown. Naturally, the sig-
nificance of this finding will depend on the degree to which
such an effect of FAAH is found in vivo (Maccarrone et al.,
2003), but the present results suggest that FAAH is clearly
capable of interacting co-operatively with MGL to limit the
duration of 2-AG-mediated signalling.

A recent study of cannabinoid function in MGL-/- mice
found dramatic desensitization of brain CB1 receptors
(Schlosburg et al., 2010). We found that eCB signalling in
neurons cultured from MGL-/- mice was bimodal: consistent
with Schlosburg (Schlosburg et al., 2010), many neurons no
longer exhibited DSE, presumably due to CB1 receptor desen-
sitization, which is prominent in autaptic cultures (Straiker
and Mackie, 2005), with the remaining neurons expressing a
slowly recovering DSE consistent with the predicted role of
MGL in regulating the time course of DSE. Transfection of
MGL into MGL-/- neurons did not rescue DSE, as might have
been expected given our results for COX-2 and FAAH.
Instead, DSE was greatly diminished, as were responses to
exogenous 2-AG. Our results suggest that MGL provides a
window for optimal DSE: too little MGL results in an excess of
2-AG with consequent CB1 receptor desensitization or down-
regulation, while an excess of MGL, or at least improperly
distributed MGL, eliminates DSE, possibly by perturbing
phospholipid pools. The distribution of MGL is an important
consideration given that the distribution of MGL is normally
restricted to axonal terminals in autaptic neurons (Straiker
et al., 2009), but that overexpressed MGL is also trafficked to
dendrites (Figure 5H). Interference with 2-AG production by
dendritically localized MGL might account for the recovery
of 2-AG inhibition but not DSE in JZL184-treated MGL over-
expressing neurons. The differential wild-type trafficking of
MGL and FAAH – axon terminal localization for MGL and
somatic localization of FAAH – is likely to explain a somewhat
surprising result: transfected MGL and FAAH both alter
autaptic cannabinoid signalling but only MGL knockout
animals exhibit an altered cannabinoid signalling profile. In
contrast to MGL, FAAH in autaptic neurons is excluded from
presynaptic terminals, leaving FAAH unable to degrade
presynaptic 2-AG. When overexpressed both FAAH and MGL
traffic indiscriminately to axonal and dendritic compart-
ments, maximizing endocannabinoid degradation.

ABHD6 and ABHD12 have only recently been shown to
be involved in 2-AG metabolism, but the observation that
they account for ~15% of 2-AG breakdown in brain homoge-
nates has generated considerable interest (MGL accounted for
80%, FAAH accounted for ~2%, and the contribution of
COX-2 was not assessed) (Blankman et al., 2007) and muta-
tions of ABHD12 in humans result in profound tissue-specific
effects (Fiskerstrand et al., 2010). We previously reported that
ABHD6 is expressed in dendrites and therefore not as well
positioned (compared with MGL) to break down 2-AG close
to presynaptic CB1 receptors (Straiker et al., 2009). We also
previously found that the ABHD6 blocker WWL70 did not
alter the time course of DSE or DSI (Straiker and Mackie,
2009; Straiker et al., 2009). In the current study, transfected

ABHD6 had no effect on cannabinoid signalling on either the
DSE time course or the DSE ‘dose–response’. It remains
entirely possible that ABHD6 has a role in neurotransmission
under other conditions such as the induction of long-term
depression (LTD) when considerable quantities of 2-AG, spill-
ing beyond the synapse, may be generated during prolonged
DGL activation. A recent report examining LTD in the cortex
supports this hypothesis. In that study, inhibition of ABHD6
decreased the stimulus needed to produce LTD (Marrs et al.,
2010). The same may be true for ABHD12. Interestingly,
ABHD12 was the only enzyme that altered the extent of DSE,
albeit only at the most prolonged depolarizations. This result
may indicate a role for ABHD12 in clearing 2-AG when 2-AG
levels are very high or that ABHD12 overexpression limits the
amount of 2-AG formed by decreasing PIP2 levels.

In summary, increasing the expression of COX-2 and
FAAH restricts the temporal window for endogenous cannab-
inoid signalling at excitatory synapses; this modulation takes
the form of reducing the duration of DSE, which will serve to
potentiate glutamatergic synaptic transmission. Thus, condi-
tions that induce COX-2 expression in hippocampal pyrami-
dal cells (e.g. Alzheimer’s disease, stroke, neurotoxic damage
and seizures) may enhance glutamatergic signalling. As the
oxidative metabolite of 2-AG, PGE2-G, is pro-excitatory, it, in
combination with increased glutamatergic signalling may
further contribute to excitotoxicity following COX-2 induc-
tion. Surprisingly, FAAH is able to act in a similar manner to
COX-2 to modulate endocannabinoid signalling, an unex-
pected finding for an enzyme thought to act chiefly on anan-
damide and other acyl amides, which don’t seem to be
involved in autaptic DSE (Straiker and Mackie, 2005). It is
important to note that the inducible expression of FAAH or
COX-2 may regulate other forms of cannabinoid-mediated
signalling such as metabotropic suppression of excitation/
inhibition (Maejima et al., 2001; Kim et al., 2002) and LTD
(Marsicano et al., 2002; Robbe et al., 2002). Ultimately, our
results underscore the centrality of MGL to DSE while empha-
sizing the notion that regulated expression of multiple eCB-
metabolizing enzymes can serve to shape the duration of
eCB-mediated synaptic plasticity.
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