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Abstract
Although arachidonoyl ethanolamide (AEA or anandamide) is the first identified endocannabinoid,
its roles in synaptic signaling and neuronal survival are still controversial. Here we report that AEA
induced a dose-dependent elevation of the frequency of miniature excitatory postsynaptic currents
(mEPSCs) in mouse hippocampal neurons in culture. This potentiation was not blocked by SR141716
or AM251, selective cannabinoid receptor antagonists), indicating that the AEA elevation of mEPSCs
is not mediated via the CB1 receptor. Similarly, capsazepine and iodoresiniferatoxin, selective
vanilloid receptor antagonists, and ryanodine also failed to inhibit the effect of AEA on mEPSCs.
However, 2-APB and Xestospongin C, IP3 inhibitors, significantly attenuated AEA-induced increase
in hippocampal excitatory synaptic transmission. Application of 3-deoxy-3-fluoro-D-myo-inositol
1,4,5-trisphosphate enhanced the frequency of mEPSCs and occluded the effect of AEA on mEPSCs.
Our results suggest that AEA-produced stimulatory effect on excitatory glutamatergic synaptic
transmission is likely mediated via an IP3 pathway.
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Endocannabinoids (eCBs) are endogenous signaling mediators and have been demonstrated to
be involved in a variety of physiological, pharmacological and pathological processes (Alger,
2002; Bisogno et al., 2008; Chevaleyre et al., 2006; Cinar et al., 2008; Freund et al., 2003;
Hájos and Freund, 2002; Mackie, 2006; Páldyová et al., 2008; Páldy et al., 2008; Piomelli,
2003; Sarne and Mechoulam, 2005; van der Stelt and Di Marzo, 2005). Arachidonoyl
ethanolamide (AEA or anandamide) is the first identified endogenous ligand for G protein-
coupled cannabinoid receptors (Devane et al., 1992). Despite a similar chemical structure of
AEA and second endogenous ligand for the cannabinoid receptor, 2-arachidonoyl glycerol (2-
AG) (Mechoulam et al., 1995; Stella et al., 1997), they have very different pathways for their
synthesis and degradation (Freund et al., 2003; Kozak et al., 2004; Mackie, 2006; Piomelli,
2003; Sang and Chen, 2006; Sugiura et al., 2006). For instance, 2-AG is mainly produced from
diacylglycerol (DAG) by diacylglycerol lipase (DGL) and hydrolyzed to arachidonic acid (AA)
by monoacylglycerol lipase (MGL), whereas AEA is largely synthesized from N-
arachidonoylphosphatidylethanolamine (NAPE) by phospholipase D (PLD) and degraded to
AA by fatty acid amide hydrolase (FAAH). Also the enzymes that synthesize 2-AG are present
in postsynaptic dendritic spines (Katona et al., 2006; Yoshida et al., 2006), while the enzymes
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that make AEA appear to be present in presynaptic terminals (Nyilas et al., 2008). In addition,
AEA is a partial CB1 receptor and a weak CB2 receptor agonist, and an agonist for the vanilloid
receptor (De Petrocellis and Di Marzo, 2005; Ross, 2003; van der Stelt & Di Marzo; 2004;
Zygmunt et al., 1999), whereas 2-AG is a full agonist for both CB1 and CB2 receptors (Bisogno
et al., 2005; Freund et al., 2003; Piomelli, 2003; Sugiura et al., 2006). In particular, 2-AG
protects neurons from harmful insults (Panikashvili et al., 2001; 2005; 2006; Gopez, et al.,
2005), whereas AEA exhibits paradox actions, i.e., inducing neurotoxicity and neuroprotection
(Marsicano et al., 2003; Movsesyan et al., 2004; Cernak et al., 2004; Sarne & Mechoulam,
2005). This means that there are undefined mechanisms in AEA-mediated signaling events in
synaptic activity and neuronal survival. Here, we demonstrate that AEA produced a dose-
dependent potentiation of excitatory glutamatergic synaptic transmission, which has not been
reported before. This potentiation was not blocked by CB1, vanilloid and ryanodine receptor
antagonists, but significantly attenuated by IP3 antagonists and mimicked by an IP3 agonist.
Our results suggest that AEA elevates presynaptic probability release of excitatory
neurotransmitter glutamate via an IP3 pathway.

Methods
Primary hippocampal neuron culture

Primary hippocampal neurons from mouse pups (P0 to P1) were cultured as described
previously (Sang et al., 2005; 2006; 2007; Zhang and Chen, 2008), according to the guidelines
approved by the Institutional Animal Care and Use Committee of Louisiana State University
Health Sciences Center. Briefly, hippocampi were dissected out from pups under microscope
and triturated in serum-free culture medium after meninges were removed. Tissue was
incubated in oxygenated trypsin for 10 minutes at 37°C and then mechanically triturated. Cells
were spun down and resuspended in Neurobasal/B27 medium (Invitrogen) supplemented with
0.5 mM L-glutamine, penicillin/ streptomycin and 25 μM glutamate. Cells (1 × 106) were
loaded into poly-D-lysine-coated 35-mm culture dishes for electrophysiological recordings.
Medium was changed every three days with the same medium without glutamate until use.
The extent of astroglial cells in the culture was ~2 to 5% at 10 days in vitro (DIV) estimated
by staining with NeuN, a neuronal marker, GFAP, an astrocytic marker, and OX-42, a
microglial marker in conjunction with the DAPI staining as previously described (Sang et al.,
2005). Cultures were used between 10-21 DIV.

Electrophysiological recordings
Miniature Excitatory postsynaptic currents (mEPSCs) were recorded in hippocampal neurons
in culture under voltage clamp using an Axopatch-200B amplifier as described previously
(Sang et al, 2005; 2006; 2007). Recording pipettes (4-5 MΩ) were pulled from borosilicate
glass with a micropipette puller (Sutter Instrument). The internal pipette solution contained (in
mM) 115.0 Cs gluconate, 15.0 CsCl, 4.0 NaCl, 10.0 HEPES, 0.5 EGTA, 4.0 Mg2ATP, and 0.5
Na2GTP (pH 7.25 with CsOH). The membrane potential was held at −70 mV. The external
solution contained (in mM): 130.0 NaCl, 2.5 KCl, 1.0 MgCl2, 10.0 HEPES, 1.25 NaH2PO4,
2.0 CaCl2, 25.0 glucose (pH 7.4 with NaOH). To isolate mEPSCs, tetrodotoxin (TTX, 0.5 to
1 μM), a voltage-gated Na+ channel blocker, and bicuculline (10 μM), a GABAA receptor
blocker, were included in the external solution. All experiments were performed at room
temperature (22~24°C). The frequency, amplitude and kinetics of mEPSCs were analyzed
using the MiniAnalysis program.

Chemicals and drugs
2-AG and AEA were purchased from Cayman Chemical (Ann Arbor, MI). These chemicals
were dissolved in ethanol to make stock solutions at concentrations of 20 mM and distributed
in small vials, and were diluted with the external solution to desired concentrations just before
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experiments. They were applied by lowering the pipette (~50 μm of tip size) to within 30 to
50 μm of the recorded cell, and the application was terminated by removal of the pipette from
the bathing medium. 2-APB, AM251, capsazepine and ryanodine (Tocris, Ellisville, MO),
SR141716 (Provided by Chemical Synthesis and Drug Supply Program, the National Institute
of Mental Health) were dissolved in DMSO to make up stock solutions at concentrations of
50 to 100 mM, and applied through bath perfusion. The final concentration of DMSO was
0.01%. All other drugs and chemicals were obtained from Sigma (St. Louis, MO), unless stated
otherwise. To rule out potentially nonspecific effects of the solvents, same amount of ethanol
or DMSO was included in the control external solution.

Data analysis
Data are presented as mean ± S.E.M. Unless stated otherwise, Student's t-test was used for
comparisons of before and after drug applications, analysis of variance (ANOVA) followed
by Student-Newman-Keuls post-hoc test were used for between group comparisons, and the
Kolmogorov-Smirnov test was used for comparisons of mEPSC distribution. Differences were
considered significant when P< 0.05.

Results
Recently, we demonstrated that 2-AG produces a significant reduction of the frequency of
mEPSCs in cultured hippocampal neurons (Sang et al., 2007). To determine whether AEA is
also capable of suppressing miniature activity in hippocampal neurons, we examined the effect
of AEA on mEPSCs in mouse hippocampal neurons in culture. AEA was applied by lowering
the pipette (~50 μm of tip size) to within 30 to 50 μm of the recorded cell, and the application
was terminated by removal of the pipette from the bathing medium. As shown in Figure 1,
AEA produced a dose dependent increase in the frequency of mEPSCs, but not the amplitude,
suggesting a presynaptically mediated effect. This is opposite to that of 2-AG as reported
previously (Melis et al., 2004; Sang et al., 2007; Straiker and Mackie, 2005). Meanwhile, we
analyzed kinetics of mEPSCs in terms of rising and decay time constants, and did not find
significant changes in kinetics of mEPSCs.

The action of eCBs in the brain is mainly mediated via the CB1 receptor. To examine whether
the CB1 receptor mediates AEA elevation of mEPSCs, we used SR141716 (SR), a selective
CB1 receptor antagonist. Neurons were treated with SR (1 μM) via bath application at least
for 30 min. As shown in Figure 2A, AEA (5 μM) still enhanced mEPSCs in the presence of
SR (n=6, p<0.01), suggesting that the AEA potentiation of excitatory synaptic transmission is
not mediated via the CB1 receptor. To confirm this, we employed another selective CB1
receptor antagonist, AM251. It appears that AM251 failed to prevent AEA-elevated mEPSCs
(n=8, p<0.01) (Figure 2B). These results provide important information that AEA-produced
enhancement of excitatory synaptic transmission is not mediated via the CB1 receptor.

Different from 2-AG, AEA also is an agonist for the vanilloid receptors (De Petrocellis and Di
Marzo, 2005; Ross, 2003; van der Stelt & Di Marzo; 2004; Zygmunt et al., 1999). Therefore,
we decided to use a vanilloid receptor antagonist, capsazepine, to determine whether the effect
of AEA on mEPSCs is mediated by the vanilloid receptors. As indicated in Figure 3A, bath
application of capsazepine (10 μM) still failed to block AEA-induced increase mEPSCs (n=9,
p<0.01), suggesting that the effect is not mediated via the vanilloid receptors. It has been
demonstrated that AEA-induced increases mEPSCs in dopaminergic neurons of the rat
substantia nigra is mediated via the TRPV1 receptors (Marinelli et al., 2003). To determine
whether AEA-elevated mEPSCs in hippocampal neurons is mediated via the TRPV1 receptor,
we used iodoresiniferatoxin (IRTX), a potent and selective antagonist of TRPV1 receptors. As
shown in Figure 3B, IRTX (3 nM) did not prevent the AEA-induced increase in the frequency
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of mEPSCs in hippocampal neurons in culture (n=19, p<0.01), indicating that the TRPV1
receptor does not mediated the effect of AEA in hippocampal neurons.

Endogenous cannabinoid-mediated depolarization-induced suppression of inhibition (DSI) has
been suggested to be associated with mobilizing intracellular Ca2+ through ryanodine receptors
(Isokawa and Alger, 2005). Although this process is likely to facilitate release of eCBs, we
wondered whether AEA-induced potentiation of excitatory synaptic transmission is via the
ryanodine receptor, which elevates intracellular Ca2+, resulting in enhanced synaptic release
of glutamate. To this end, we treated neurons with ryanodine (20 μM) at least for 20 min to
block the ryanodine receptors. As shown in Figure 4, AEA (5 μM) still potentiated mEPSCs
in the presence of ryanodine (n=6, p<0.01). This means that ryanodine receptors are not
involved in the AEA-produced increase of synaptic activity.

A rise of intracellular Ca2+ is critical for synaptic release of neurotransmitters. Since TTX that
prevents neuronal firing was included in the bath solution, it is unlikely that presynaptic
voltage-dependent Ca2+ channels were activated during recordings. We speculated that IP3
pathway, which mobilizes intracellularly stored Ca2+ release, might be involved in the AEA-
elevated synaptic release of glutamate. To test this idea, we first used 2-APB, a selective IP3
receptor antagonist. As shown in Figure 5A, AEA-produced potentiation of mEPSCs (n=7,
p<0.01) was significantly attenuated in neurons treated with 2-APB (20 μM) (n=7, p<0.05).
To confirm the involvement of the IP3 pathway in the AEA-induced effect on mEPSCs, we
adopted another selective IP3 inhibitor, Xestospongin C (XeC). Similar to that of 2-APB,
application of XeC (1 μM) blocked the AEA-enhanced mEPSCs (n=20, p<0.01 for AEA;
n=20, ##<0.01 for AEA in the presence of XeC) (Fig. 5B). To further ascertain the role of the
IP3 signaling pathway in the AEA-induced effect on excitatory synaptic transmission, we
applied 3-deoxy-3-fluoro-D-myo-inositol 1,4,5-trisphosphate (F-IP3), an IP3 agonist. As
shown in Figure 6, administration of F-IP3 (50 μM) significantly elevated the frequency of
mEPSCs (n=20, p<0.01), mimicking the effect of AEA. The presence of F-IP3 also occluded
the effect of AEA on the frequency of mEPSCs (n=20, p<0.01). To exclude the possibility that
the AEA-induced effect on mEPSCs results from its metabolite arachidonic acid, which has
been shown to elevate spontaneous glutamate synaptic transmission in rat substantia gelatinosa
neurons (Yue et al., 2005), we included URB597, an inhibitor of FAAH that hydrolyzes AEA
to arachidonic acid, in the bath solution. As shown in Figure 7, AEA still increased the
frequency of mEPSCs (n=20, p<0.01) in the presence of URB597 (1 μM). These results indicate
that the IP3 signaling pathway likely mediates the AEA-produced increase in excitatory
synaptic transmission.

DISCUSSION
In the present study, we provide important evidence that AEA potentiates excitatory synaptic
transmission in a dose-dependent manner in cultured hippocampal neurons. The effect is not
mediated by CB1, vanilloid, and ryanodine receptors, but by an IP3 receptor. This information
suggests that AEA may not only have an inhibitory, but also a stimulatory effect on excitatory
glutamatergic synaptic transmission.

Several lines of evidence show that eCBs are involved in a variety of physiological and
pharmacological functions. In particular, eCBs play important roles in synaptic signaling and
neuronal survival (Freund et al., 2003; Piomelli, 2003; Chevaleyre et al., 2006; Mackie,
2006; Eljaschewitsch et al., 2006; Gopez et al., 2005; Marsicano et al., 2003; Melis et al.,
2006; Panikashvili et al., 2001; 2005). Nevertheless, functional roles of eCBs in synaptic
activity and neuronal protection are still controversial. For instance, eCBs mainly exert an
inhibitory effect on both GABAergic and glutamatergic synaptic transmission (Freund et al.,
2003; Piomelli, 2003; Chevaleyre et al., 2006; Mackie, 2006). However, eCBs have also been
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demonstrated to facilitate excitatory synaptic transmission (Carlson et al., 2002; Chevaleyre
and Castillo, 2004; Zhu & Lovinger, 2007). Similarly, available evidence shows that eCBs
protect neurons from harmful insults (Eljaschewitsch et al., 2006; Gopez et al., 2005;
Marsicano et al., 2003; Melis et al., 2006; Panikashvili et al., 2001; 2005; Sarne and
Mechoulam, 2005; van der Stelt and Di Marzo, 2005; Zhang & Chen, 2008). However, eCBs
also produce neurotoxic effects (Sarne and Mechoulam, 2005; van der Stelt and Di Marzo,
2005; Movsesyan et al., 2004; Cernak et al., 2004). In particular, AEA has been shown to
exhibit neuroprotective and neurotoxic effects. This means that there are undefined
mechanisms in mediating eCBs in synaptic modification and neuronal survival. The
observations made from the present study that AEA elevates synaptic release of glutamate may
be responsible for eCB-mediated enhancement of excitatory synaptic transmission and
production of neurotoxicity.

AEA and 2-AG are the most studied eCBs. However, they exhibit different functional roles in
synaptic transmission and neuronal survival. Early studies show that both AEA and 2-AG
might act as retrograde messengers in modulating synaptic transmission, which is demonstrated
by DSI or DSE (Freund et al., 2003). Increasing evidence suggests that 2-AG may be a
retrograde signaling molecule in CB1 receptor-dependent DSI or DSE (Chevaleyre et al.,
2006; Alger, 2005; Kim & Alger, 2004; Mackie, 2006; Melis et al., 2004; Makara et al., 2005;
Safo and Regehr, 2005; Straiker & Mackie, 2005; Szabo et al., 2006; Heifets & Castillo,
2009). We found recently that 2-AG produces a dose-dependent inhibition of mEPSCs (Sang
et al., 2007), while AEA observed in the present study produces a dose-dependent potentiation
of mEPSCs. These results provide new information indicating that the role of AEA and 2-AG
in synaptic signaling is different. However, it is still not clear whether the contribution of AEA
to neurotoxicity is also mediated via an IP3 pathway, which warrants for further investigation.

Actions of exogenous and endogenous cannabinoids on synaptic transmission are primarily
mediated through neuronal CB1 receptors. In the present study, we found that selective CB1
receptor antagonists fail to block the AEA potentiation of mEPSCs, suggesting an involvement
of an orphan receptor in the AEA-mediated effect. Accumulated information suggests that
there may be additional cannabinoid receptors with signaling distinct from CB1 and CB2
receptors (Hájos et al., 2001; Mackie and Stella, 2006; Ryberg et al., 2007; Lauckner et al.,
2008). Recent evidence shows that GRP55 may be a cannabinoid receptor (Mackie and Stella,
2006; Ryberg et al., 2007). This receptor does not couple to Gi/o, instead, it couples to Gq and
phospholipase C. Interestingly, activation of this receptor increases intracellular Ca2+ via an
IP3 receptor (Lauckner et al., 2008). At present study, we are not able to define whether the
AEA-mediated increase in mEPSC is mediated via the GRP55, but our data provide the
information that the AEA potentiation of synaptic transmission is not mediated via the CB1,
vanilloid, and ryanodine receptors, but via an IP3 pathway.
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Figure 1.
Anandamide potentiates excitatory synaptic transmission in hippocampal neurons in culture.
(A). Representative sweeps of miniature excitatory postsynaptic currents (mEPSCs) in the
absence or presence of AEA (5 μM) and washout. Miniature EPSCs were recorded in primary
hippocampal neurons in culture from 10 to 15 DIV. The membrane potential was held at −70
mV. Bicuculline (10 μM) and TTX (0.5 to 1 μM) were included in the external solution. The
synaptic events were analyzed using the MiniAnalysis program. (B). Cumulative probability
of mEPSC frequency recorded in neurons in the absence and presence of AEA and washout.
(C). Mean percentage changes in the frequency of mEPSCs (n=10). (D). Cumulative
probability of mEPSC amplitude, and (E). Mean percentage changes in the amplitude of
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mEPSCs. (F). Time courses of AEA-induced changes in frequency and amplitude of mEPSCs.
(G). AEA induces a dose dependent decrease in the frequency of mEPSCs. **<P<0.01
compared with baseline, Scale bar: 20pA/2sec.
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Figure 2.
AEA-induced increase in the frequency of mEPSCs is not mediated via a CB1 receptor. (A1).
Representative sweeps of mEPSCs in neurons treated with SR141716 (1 μM) in the absence
or presence of AEA (5 μM) and washout. (A2). Cumulative probability of mEPSC frequency.
(A3). Mean percentage changes in the frequency of mEPSCs (n=6). (A4). Cumulative
probability of mEPSC amplitude, and (A5). Mean percentage changes in the amplitude of
mEPSCs. (B1). Representative sweeps of mEPSCs in neurons treated with AM 251 (1 μM) in
the absence or presence of AEA (5 μM) and washout. (B2). Cumulative probability of mEPSC
frequency. (B3). Mean percentage changes in the frequency of mEPSCs (n=8). (B4).
Cumulative probability of mEPSC amplitude, and (B5). Mean percentage changes in the
amplitude of mEPSCs. **P<0.01 compared with baseline; ##P<0.01 compared with AEA.
Scale bar: 20pA/2sec

Sang et al. Page 11

Neurochem Int. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
AEA-induced increase in excitatory synaptic transmission is not mediated via a vanilloid
receptor. (A1). Representative sweeps of mEPSCs in neurons treated with capsazepine
(vanilloid receptor antagonist, 10 μM) in the absence or presence of AEA (5 μM) and washout.
(A2). Cumulative probability of mEPSC frequency. (A3). Mean percentage changes in the
frequency of mEPSCs (n=9). (A4). Cumulative probability of mEPSC amplitude, and (A5).
Mean percentage changes in the amplitude of mEPSCs. (B1). Representative sweeps of
mEPSCs in neurons treated with iodoresiniferatoxin (IRTX, selective TRPV1 receptor
antagonist, 3 nM) in the absence or presence of AEA (5 μM) and washout. (B2). Cumulative
probability of mEPSC frequency. (B3). Mean percentage changes in the frequency of mEPSCs
(n=19). (B4). Cumulative probability of mEPSC amplitude, and (B5). Mean percentage
changes in the amplitude of mEPSCs. **P<0.01 compared with baseline; ##P<0.01 compared
with AEA. Scale bar: 20pA/2sec
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Figure 4.
Ryanodine receptor does not mediate the AEA-induced effect on mEPSCs. (A). Representative
sweeps of mEPSCs in neurons treated with ryanodine (ryanodine receptor antagonist, 20 μM)
in the absence or presence of AEA (5 μM) and washout. (B). Cumulative probability of mEPSC
frequency. (C). Mean percentage changes in the frequency of mEPSCs (n=6). (D). Cumulative
probability of mEPSC amplitude, and (E). Mean percentage changes in the amplitude of
mEPSCs. **P<0.01 compared with baseline. Scale bar: 20pA/2sec
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Figure 5.
AEA-induced elevation of mEPSCs is mediated via an IP3 pathway. (A1). Representative
sweeps of mEPSCs recorded in hippocampal neurons treated with and without 2-APB (IP3
receptor antagonist, 20 μM) in the absence or presence of AEA (5 μM). (A2). Cumulative
probability of mEPSC frequency. (A3). Mean percentage changes in the frequency of mEPSCs
(n=7). (A4). Cumulative probability of mEPSC amplitude, and (A5). Mean percentage changes
in the amplitude of mEPSCs. (B1). Representative sweeps of mEPSCs recorded in hippocampal
neurons treated with and without Xestospongin C (XeC, a potent and selective IP3 receptor
antagonist, 1 μM) in the absence or presence of AEA (5 μM). (B2). Cumulative probability of
mEPSC frequency. (B3). Mean percentage changes in the frequency of mEPSCs (n=20). (B4).
Cumulative probability of mEPSC amplitude, and (B5). Mean percentage changes in the
amplitude of mEPSCs. **<P<0.01 compared with baseline; #P<0.05, compared with AEA.
Scale bar: 20pA/2sec
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Figure 6.
Activation of the IP3 enhances the frequency of mEPSCs. (A). Representative sweeps of
mEPSCs in the absence or presence of 3-deoxy-3-fluoro-D-myo-inositol 1,4,5-trisphosphate
(F-IP3, 50 μM) and F-IP3+AEA (5 μM). (B). Cumulative probability of mEPSC frequency.
(C). Mean percentage changes in the frequency of mEPSCs (n=20). (D). Cumulative
probability of mEPSC amplitude, and (E). Mean percentage changes in the amplitude of
mEPSCs. **P<0.01 compared with baseline. Scale bar: 20pA/2sec
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Figure 7.
Inhibition of fatty acid amide hydrolase does not prevent the AEA-induced effect on mEPSCs.
(A). Representative sweeps of mEPSCs in neurons treated with URB597 (selective inhibitor
of FAAH, 1 μM) in the absence or presence of AEA (5 μM) and washout. (B). Cumulative
probability of mEPSC frequency. (C). Mean percentage changes in the frequency of mEPSCs
(n=20). (D). Cumulative probability of mEPSC amplitude, and (E). Mean percentage changes
in the amplitude of mEPSCs. **P<0.01 compared with baseline; # P<0.05 compared with AEA.
Scale bar: 20pA/2sec
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