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Abstract

Endocannabinoids (eCBs) are endogenous lipid mediators involved in a variety of physiological,
pharmacological, and pathological processes. While activation of the eCB system primarily
induces inhibitory effects on both GABAergic and glutamatergic synaptic transmission and
plasticity through acting on presynaptically-expressed CB1 receptors in the brain, accumulated
information suggests that eCB signaling is also capable of facilitating or potentiating excitatory
synaptic transmission in the hippocampus. Recent studies show that a long-lasting potentiation of
excitatory synaptic transmission at Schaffer collateral (SC)-CAL synapses is induced by
spatiotemporally primed inputs, accompanying with a long-term depression of inhibitory synaptic
transmission (I-LTD) in hippocampal CA1 pyramidal neurons. This input-timing-dependent long-
lasting synaptic potentiation at SC-CA1 synapses is mediated by 2-arachidonoylglycerol (2-AG)
signaling triggered by activation of postsynaptic NMDA receptors, group | metabotropic
glutamate receptors (mGIuRs), and a concurrent rise in intracellular Ca?*. Emerging evidence now
also indicates that 2-AG is an important signaling mediator keeping brain homeostasis by exerting
its anti-inflammatory and neuroprotective effects in response to harmful insults through CB1/2
receptor-dependent and/or independent mechanisms. Activation of the nuclear receptor protein
peroxisome proliferator-activated receptor-y (PPARY) apparently is one of the important
mechanisms in resolving neuroinflammation and protecting neurons produced by 2-AG signaling.
Thus, the information summarized in this review suggests that the role of eCB signaling in
maintaining integrity of brain function is greater than what we thought previously.
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Marijuana (cannabis) is a natural product derived from the cannabis plant and has been used
for thousands of years as a medical treatment for a variety of medical conditions (Adams
and Martin 1996). The most effective and well-known ingredient of cannabis is A%-
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tetrahydrocannabinol (A%-THC, Gaoni and Mechoulam 1964), which binds to cannabinoid
receptors (CB1R and CB2R) to induce a series of physiological and psychological effects,
including changes in heart rate, blood pressure, appetite, reaction time, and impairments in
some forms of memory, suppression of motor skills, and induction of anxiety or addiction.
Both CB1R and CB2R, which were cloned and identified in 1990 (Matsuda and others
1990) and 1993 (Munro and others 1993), respectively, are G protein-coupled receptors
(GPCRs) with seven trans-membrane spanning domains. CB1R is abundantly expressed in
the central nervous system (CNS) (Herkenham and others 1990, 1991; Howlett and others
1990; Matsuda and others 1990), while CB2R is primarily expressed in the immune system
(Munro and others 1993; Galiegue and others 1995). CB2R expressed in CNS is primarily in
astroglial cells (Cabral and others 2008; Morgan and others 2009). The discovery of CB1
and CB2 resulted in identification of two endogenous cannabinoids (endocannabinoids,
eCBs) arachidonoyl-ethanolamide (Anandamide or AEA) and 2-arachidonoylglycerol (2-
AG, Devane and others 1992; Mechoulam and others 1995; Sugiura and others 1995).
Several eCB-like ligands have been reported (Hanus and Mechoulam 2010), but more
compelling studies are needed to reassure their eCB identity.

Although 2-AG and AEA are derived from basic structure phospholipids in the plasma
membrane, they have distinct synthesis pathways. AEA is primarily synthesized from N-
arachidonoylphosphatidylethanolamine (NAPE) by phospholipase D (PLD), while 2-AG is
largely produced from diacylglycerol (DAG) by diacylglycerol lipase (DAGL, Sugiura and
others 2002; Wang and Ueda 2009). They also have different inactivation routes. Fatty acid
amide hydrolase (FAAH) and monoacylglycerol (MAGL) are the primary enzymes to
terminate the activity of AEA and 2-AG respectively (Cravatt and others 1996; Dinh and
others 2002, 2004). While FAAH is located in postsynaptic site, MAGL is located in the
presynaptic site (Gulyas and others 2004). Therefore, the re-uptake and inactivation of AEA
and 2-AG occur at postsynaptic and presynaptic sites, respectively (Figure 1). In particular,
it has been demonstrated that 85% of 2-AG in the brain is metabolized by MAGL
(Blankman and others 2007; Long and others 2009a, b; Nomura and others 2011),
suggesting a key role of MAGL in terminating 2-AG signaling. The primary metabolite of
AEA or 2-AG by FAAH or MAGL is arachidonic acid (AA), a precursor of prostaglandins
(PGs) and leukotrienes (LT a.g4) by the enzymes cyclooxygenase -1 and -2 (COX-1/2) and
arachidonate 5-lipoxygenase (LOX, Kano and others 2009). Apparently, the eCB system,
which consists of naturally biosynthesized eCBs, their corresponding CB receptors, the
enzymes synthesizing and degrading eCBs, and transporters, is a complex and dynamic
system (Figure 1 and 6). In this review, we primarily discuss the role of 2-AG signaling in
synaptic plasticity and neuroprotection.

eCBs in Synaptic Plasticity

Synaptic plasticity is a widespread phenomenon occurred both at excitatory and inhibitory
synapses by changes in synaptic strength and efficacy in response to various activities and
events. This activity-dependent potentiation or depression in synaptic efficacy is thought to
be one of the important neurochemical foundations for learning, memory, and behavior
adaptation. Since synaptic plasticity was first reported in 1973 (Bliss and Gardner-Medwin
1973; Bliss and Lomo 1973), this phenomenon has been extensively studied. Increased/
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decreased presynaptic release of neurotransmitters or/and altered postsynaptic capacities
were the primary mechanisms contributing to the most of known forms of synaptic
plasticity. The changes in the density of active receptors (including newly formed receptors
and activating the silence receptors) expressed on a synapse can also modify synaptic
efficacy (Gerrow and Triller 2010). The eCB system is involved in a variety of short-term
and long-term synaptic plasticity both at excitatory and inhibitory synapses throughout the
brain regions (Alger 2002; Wilson and Nicoll 2002; Chevaleyre and others 2006; Kano and
others 2009; Xu and others 2010, 2012). Unlike the conventional neurotransmitters, which
are released from presynaptic terminals to activate the target receptors located on the
postsynaptic site, eCBs generated in the postsynaptic neurons as a retrograde messenger act
on presynaptic CB1R, resulting in suppression of the neurotransmitter release (Freund and
others 2003). It is generally accepted now that 2-AG likely is a retrograde messenger in
mediating GABAergic and glutamatergic synaptic transmission in the brain (Kim and Alger
2004; Chevaleyre and others 2006; Kano and others 2009).

eCB-Mediated Short-Term Depression of Synaptic Transmission

Postsynaptically Ca*-dependent depolarization-induced suppression of inhibition (DSI) is a
form of short-term synaptic plasticity at GABAergic synapses, which was first demonstrated
in rat CA1 pyramidal cells by Pitler and Alger (1992; 1994). It appeared that DSI relied on
retrograde signaling (Alger and Pitler 1995). This led to the identification of eCBs as the
retrograde messengers responsible for this short-term synaptic plasticity (Wilson and Nicoll
2001; Diana and Marty 2004). Thereafter, depolarization-induced suppression of excitation
(DSE) at glutamatergic synapses was also found to be mediated by eCBs in the cerebellum
(Kreitzer and Regehr 2001) and hippocampus (Ohno-Shosaku and others 2002). In addition,
eCBs also likely mediate short-term reduction in the probability of neurotransmitter release
in the hippocampus, amygdale, cerebellum, cerebral cortex, basal ganglia, brain stem, and
hypothalamus. The suppression of short-term synaptic transmission mediated by eCBs is
termed as eCB-STD.

A critical step of releasing eCBs in initiating eCB-STD is a rise in intracellular Ca%* in the
postsynaptic site via voltage-gated calcium channels (VGCC), group | metabotropic
receptors (MGIuRs), and muscarinic acetylcholine receptors, which mobilize stored Ca* via
phospholipase C (PLC). Elevation of intracellular Ca2* concentration by different means
induces eCB-STD, while decrease of Ca2* blocks eCB-STD (Llano and others 1991; Pitler
and Alger 1992; Kreitzer and Regehr 2001; Wilson and Nicoll 2001; Kim and others 2002),
suggesting that the increase of postsynaptic Ca2* is necessary for the induction of eCB-STD.
The nature of eCB formation (2-AG or AEA or both) is depending on the specific stimulus
protocols and the locations of the synapses. Activation of the PLC pathway induces the AEA
production, implying the involvement of AEA in synaptic driven DSI (Liu and others 2006).
While eCB-STD mediated by AEA is still controversial (Kim and Alger 2004; Heinbockel
and others 2005; Pan and others 2009), more evidence supports that 2-AG is the main
retrograde messenger in eCB-STD (Kim and Alger 2004; Makara and others 2005; Pan and
others 2009; Straiker and others 2009; Gao and others 2010).
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eCB-Mediated Long-Term Depression of Synaptic Transmission

eCB-mediated long-term depression of synaptic transmission (eCB-LTD) is the form of
long-term reduction of the neurotransmitter release at the same or nearby synapses by
activation of presynaptic CB1R. These long-term changes of synaptic strength or weakness
are important for reshaping various forms of memory and adaptive learning. The first eCB-
LTD at excitatory synapses was reported in 2002 in the dorsal striatum and nucleus
accumbens (Gerdeman and others 2002; Robbe and others 2002). Almost the same time,
eCB-LTD at inhibitory synapses was reported in the amygdala (Marsicano and others 2002).
Later, eCB-LTD was observed in a variety of brain regions, including in the hippocampus
(Chevaleyre and Castillo 2003; Yasuda and others 2008), cerebellum (Safo and Regehr
2005), basolateral amygdale (Azad and others 2004), dorsal striatum (Kreitzer and Malenka
2005; Ronesi and Lovinger 2005), nucleus accumbens (Mato and others 2008), and
neocortex (Sjostrom and others 2003).

Induction of eCB-LTD also requires an increase in intracellular Ca%* and activation of
postsynaptic mGIuRs in most brain regions (Ito 2001; Robbe and others 2002; Chevaleyre
and Castillo 2003; Bender and others 2006; Kreitzer and Malenka 2007; Lafourcade and
others 2007). Similar to induction of eCB-STD, 2-AG is a retrograde signaling molecule in
eCB-LTD (Chevaleyre and Castillo 2003, 2004; Jung and others 2005). However, the
maintenance phase of eCB-LTD appears to be independent on CB1R after several minutes
of continued activation at the initial induction step (Robbe and others 2002). The exact
mechanism of sustaining the long-term depression of a neurotransmitter release after
activation of CB1R within the short-time scale (minutes) is still unknown, but the
distribution of CB1R largely determines the strength of eCB-mediated short- and long-term
synaptic plasticity. Anatomically, hippocampal CA1 pyramidal neurons receive dual
glutamatergic synaptic inputs from entorhinal perforant path (PP) and Schaffer-collateral
(SC) path. The PP directly sends information from layer 111 neurons in the entorhinal cortex
to the distal dendritic regions of CA1 pyramidal neuron, while the SC path sends
information indirectly from layer Il neurons in the entorhinal cortex to the proximal
dendritic regions of CA1 pyramidal neuron via the trisynaptic circuit (Anderson and others
1971; Steward and Scoville 1976; Claiborne and others 1986; Amaral and Witter 1989;
Ishizuka and others 1990). Recent study revealed that eCB-mediated LTD and DSE were
weaker at the PP than that at SC. This is consistent with the different densities of CB1R on
these two glutamatergic inputs. The differentially expressed synaptic plasticity in the same
neuron suggests a potential impact on synaptic scaling, integration and plasticity of
hippocampal CA1 pyramidal neurons (Xu and others 2010). The wide distributions of eCB-
LTD, together with the prevalence of CB1 receptors throughout the brain, suggest an
important modification role of eCB-LTD in synaptic function and behavior adaptation.

eCB-Mediated Long-Term Potentiation of Excitatory Synaptic Transmission

Given the fact that eCBs mediate several forms of short-term and long-term depressions by
reducing presynaptic release of GABA, it was hypothesized that eCBs may be capable of
indirectly mediating LTP of glutamatergic synaptic transmission via the disinhibition of
postsynaptic neurons through the suppression of GABAergic synaptic release. This
hypothesis was first proved by the study performed in the hippocampus (Carlson and others
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2002), where fEPSPs and whole-cell EPSCs in single pyramidal cell were simultaneously
recorded in the hippocampal CA1 region. A combined depolarization and weak stimulus
together induces LTP of EPSCs but not fEPSPs. This highly localized LTP within the
diffusion distance of eCBs raises the possibility that this form of LTP was likely mediated
via eCBs. This speculation was confirmed by the observation in which EPSC-LTP was
inhibited in the hippocampal slices pretreated with CB1 receptor antagonist AM251
(Carlson and others 2002). This indicates that eCB-STD at inhibitory synapses would
facilitate LTP induction at glutamatergic synapses. Similarly, eCB-LTD at the inhibitory
synapse (I-LTD) can also facilitate LTP induction at nearby glutamatergic synapse in
hippocampal slices (Chevaleyre and Castillo 2004). This form of LTP is not expressed under
the presence of GABAA antagonist, suggesting the requirement of GABAergic synaptic
function in facilitating LTP induction. The facilitation of LTP induction mediated via eCBs
was supported by the fact that CB1 inhibition or knockdown abolishes the priming protocol
induced facilitation of LTP. This synaptic facilitation at glutamatergic synapses was
confirmed by other studies where a primed low-frequency stimulation (LFS) with a weak
theta-burst stimulation (TBS) protocol induces LTP at excitatory synapses (Zhu and
Lovinger 2007). Although both the eCB-DSI/STD and eCB-I-LTD can trigger induction or
facilitation of LTP at glutamatergic synapses, more research is needed to address the
mechanisms underlying eCB-mediated LTP of excitatory synaptic transmission.

eCB-Mediated ITDP

The hippocampus is a primary brain structure with a major role in the cognitive learning and
consolidation of memory and spatial navigation. The structure complexity of the
hippocampus forms the base for a variety of forms of functional synaptic plasticity adapting
to different activities or stimuli. Available evidence suggests that synaptic transmission at
the PP and SC path is differentially modulated by neurotransmitters (Hasselmo and Schnell
1994; Otmakhova and Lisman 1999, 2000; Otmakhova and others 2005). Recent studies
also show that there are differences in LFS- and DHPG-induced LTD between PP and SC
synapses (Xu and others 2010). The differences are eliminated by pharmacological or
genetic inhibition of CB1R, indicating that eCB signaling contributes to the differences in
LTD between these two synapses (Xu and others 2010). In addition, there also exhibit
differences in DSE between PP and SC synapses. The results from dendritic recordings and
photolysis of caged CaZ* confirm that DSE can be induced at SC but not PP synapses (Xu
and others 2010). Currently, no information is available as to whether there is a difference in
the release machinery of eCBs between the two synapses. However, lower density of CB1
expression in stratum lacunosum-moleculare (SLM) when compared with that in stratum
radiatum (SR) may underlie differential modulation of short-term and long-term depression
of excitatory synaptic transmission between PP and SC pathways (Xu and others 2010).

The inputs from the PP path have been reported to modulate induction or expression of LTP
induced by activity or stimulus via the SC path (Colbert and Levy 1993; Remondes and
Schuman 2002, 2004; Brun and others 2008; I1zumi and Zorumski 2008). This suggest that
these highly wired synaptic pathways in the brain may provide important learning rule for
memory consolidation, storage, and retrieval (Eichenbaum 2000; Remondes and Schuman
2002, 2004; Nolan and others 2004). The role of the dual sensory inputs in hippocampal
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information processing and storage was revealed by a new form of synaptic plasticity, called
input-timing-dependent heterosynaptic plasticity (ITDP), which is induced by a pairing
stimulus paradigm at these synaptic inputs (Dudman and others 2007). This form of synaptic
plasticity reflects the interaction between cortico-hippocampal activities. Specifically, both
distal and proximal EPSPs or EPSCs were recorded in CA1 pyramidal neurons by focally
stimulating PP and SC paths. An LTP-like potentiation at SC synapses, but not at PP
synapses, was induced by pairing of stimuli at PP with 20ms preceded to stimuli at SC path.
There are some unique features of IDTP when compared to classical forms of plasticity as
previously reported at SC synapses (Dan and Poo, 2004). Induction of ITDP at SC does not
require firing of somatic action potential of postsynaptic CA1 neurons, but requires a
preceding stimulation at PP with an appropriate timing interval at 20ms, which matches the
expected propagation delay of the signal from the entorhinal cortex through the trisynaptic
circuit (Dudman and others 2007). Similar to other forms of synaptic plasticity, induction of
ITDP also requires a rise in intracellular Ca2* at proximal synapses through NMDA
receptors and/or mGIuRs. Apparently, an increase in Ca2* is facilitated by distal inputs
(Dudman and others 2007). ITDP likely serves as a predictive learning tool to shape the
information flow within the hippocampal macro-circuit.

Arise in intracellular Ca%* and activation of mGIuRs are important features of ITDP
(Dudman and others 2007). These features are identical to that of eCB modulation of
synaptic transmission and plasticity at SC synapses (Alger 2002; Chevaleyre and Castillo
2004; Chevaleyre and others 2006; Hashimotodani and others 2007). It was noticed that the
ratio of paired-pulse facilitation (PPR) is reduced during ITDP (Figure 2-A4; Xu and others
2012), suggests that ITDP likely is a form of postsynaptically induced and presynaptically
expressed plasticity and may be mediated via a retrograde messenger (Xu and others 2012).
Indeed, recent work provides compelling evidence that ITDP is mediated via eCB signaling
by the fact that ITDP was inhibited by pharmacological or genetic inhibition of CB1 (Figure
2-A and B; Xu and others 2012). Importantly, inhibition of DAGL, the enzyme that
biosynthesizes 2-AG, blocks ITDP, while inhibition of MAGL, the enzyme that metabolizes
2-AG, facilitates the potentiation, suggesting that 2-AG is a signaling mediator in induction
of ITDP (Figure 2-C; Xu and others 2012). The mediation of ITDP by eCB signaling has
been confirmed by the recent work where inhibition of CB1 greatly attenuates ITDP (Basu
and others 2013). ITDP induction, which is Ca?*-dependent and requires activation of
NMDA receptors and mGIuRs, has been confirmed by the study (Xu and others 2012).
However, there is a discrepancy between the observations made by Dudman and others
(2007) and Xu and others (2012). In the study by Dudman and others (2007), ITDP was
independent on GABAergic inhibition. However, Xu and others (2012) found that ITDP was
not induced by a PP-SC pairing stimulus protocol when GABAergic synaptic transmission
was inhibited by the antagonists. A recent study by Basu and others (2013) reports that
ITDP is significantly reduced when GABAergic synaptic transmission is inhibited,
supporting the finding by Xu and others (2012). This information suggests that GABAergic
synapses may play a critical role in ITDP induction. In fact, the authors observed that there
are at least two components that contribute to ITDP, including LTP at excitatory synapses
(E-LTP) and LTD at inhibitory synapses (I-LTD, Basu and others 2013). It seems that E-
LTP is independent of eCBs, while I-LTD likely relies on eCB signaling (Basu and others
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2013). Through elegantly designed experiments, they found that I-LTD occurs during ITDP
at synapses between CCK interneurons and pyramidal neurons (Basu and others 2013). This
is consistent with the previous findings that eCBs reduce the release of presynaptic GABA
from CCK interneuron (Castillo and others 2012) As stated in Basu and others (2013), this
in-phase cortico-hippocampal activity provides a powerful heterosynaptic learning rule for
long-term gating of information flow through the hippocampal excitatory macrocircuit by
the silencing of the CCK inhibitory microcircuit. The participation of 2-AG signaling in
ITDP suggests a new role of the eCB system in hippocampal long-term synaptic plasticity
(Figure 2 and Figure 3).

eCB Signaling in Integration of Inhibitory and Excitatory Synaptic Transmission

The emerging evidence strongly suggests that the eCB system serves as an important
signaling mediator in integrating neuronal transmission during meta-synaptic plasticity in
CNS. Based on the current available information and knowledge, a theoretical triangle
framework is proposed to represent the integration of neural plasticity (the neuronal
mechanism for learning and memory) that is regulated or modulated by eCB signaling
(Figure 4). The temporal and spatial features of eCB signaling suggest an important control
for the overall output to the final neuronal activity and behavior performance. Among
integration strategies, the most important eCB-mediated synaptic plasticity is short- and
long-term depression of inhibitory GABAergic synaptic transmission in a variety of brain
regions, which have been extensively studied and reviewed (Alger 2009; Castillo and others
2012; Ohno-Shosaku and others 2012). Another important eCB-mediated synaptic plasticity
is a short-term depression of excitatory glutamate release (i.e., eCB-DSE) and a long-term
potentiation of excitatory synaptic transmission (i.e., eCB-ITDP). The discovery of ITDP
(Dudman and others 2007) and 2-AG signaling in ITDP (Xu and others 2012; Basu and
others 2013) provide new insight into the regulation of information processing in the
hippocampus by eCB signaling. However, there is still limited information or knowledge
available for the reverse regulation of eCB signaling from GABAergic and glutamatergic
transmission during the eCB-mediated dynamic integration process. Interesting but not
surprise, eCBs are capable of not only inducing synaptic plasticity at excitatory synapses via
other neurotransmitters (i.e. GABA), they may also be able to undergo a long-term self
plasticity by persistent synaptic activity (Zhu and Lovinger 2007). The inherent self
plasticity of eCB signaling has important physiological implication in this proposed
neuronal integration network due to its spatiotemporally functional feature. With the
advance in experimental techniques, including rapid integration of computer simulation, real
time electrophysiological recording, optogenetics, and high resolution imaging, we will
better to understand the functional roles of the complex eCB system in integrating neural
network and behavior adaptation as well as in clinical applications.

2-AG Signaling in Neuroprotection

Growing evidence indicates that eCBs display profound anti-inflammatory and
neuroprotective properties in response to harmful insults. There is a strong link between
neuroinflammation and neurodegenerative processes. This suggest that anti-inflammatory
properties of eCBs are important for the eCB-mediated neuroprotection (Sarne and
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Mechoulam 2005; van der Stelt and Di Marzo 2005; Eljaschewitsch and others 2006;
Centonze and others 2007; Zhang and Chen 2008; Stella 2009; Arevalo-Martin and others
2010; Bisogno and Di Marzo 2010; Scotter and others 2010; Chen and others 2011; Du and
others 2011; Shohami and others 2011). Available information indicates that the eCB system
responds differently to different pathogenic events. Previous studies show that the levels of
2-AG are significantly increased in the brain following closed head injury and
administration of 2-AG attenuates brain trauma-induced neuropathology (Panikashvili and
others 2001, 2005 and others 2006). In contrast, administration of kainic acid rapidly raises
the levels of AEA, but not 2-AG (Marsicano and others 2003). Interestingly, the release of
2-AG, but not AEA, is elevated in response to brain AB42 infusion (van der Stelt and others
2006). This suggests that AEA and 2-AG, the two important endogenous signaling
molecules, are ‘on demand’ responsible for maintaining homeostasis of brain function.
While the actions of eCBs in anti-inflammatory and neuroprotective effects are primarily
mediated through CB1 and/or CB2 receptors, recent studies provide evidence of CB1- and
CB2-independent effects in resolving neuroinflammation and reducing neurodegeneration
by inhibition of 2-AG metabolism (Nomura and others 2011; Chen and others 2012; Piro
and others 2012). This suggests that multiple signaling pathways are involved in the eCB-
mediated neuroprotective effects. In this section, we primarily discuss the role of 2-AG
signaling in inflammation associated neurodegenerative diseases.

Traumatic Brain Injury

Traumatic brain injury (TBI) is a sudden head injury that causes damage to the brain. Latest
studies reveal that the risk of development of chronic traumatic encephalopathy (CTE), a
long-term progressive neurodegenerative disease, is significantly increased in athlete and
military personnel who have exposed to single or repetitive mild head injuries (Omalu and
others 2005; Blennow and others 2012; Dekosky and others 2013; Jordan 2013; Lakis and
others 2013; McKee and others 2013; Smith and others 2013; Yi and others 2013). This
means that TBI may lead to a neurodegenerative disease and dementia.

The acute brain damage after TBI results from primary injury, which is the result of the
external mechanical force leading to contusion, laceration, and diffuse injuries, and from
secondary injury immediately followed by primary injury, which is associated with a
complex cascade of molecular, cellular, and immune responses, resulting in
neuroinflammation, excitotoxicity, oxidative stress, disruption of calcium homeostasis,
mitochondrial dysfunction, neuronal injury, and death (Dardiotis and others 2012; Smith and
others 2013; Zetterberg and others 2013). The inflammatory response associated with other
processes likely plays a key role in leading to TBI-induced neuropathology, including Ap
formation, tau phosphorylation, TDP-43 protein aggregation, and white matter degeneration,
which eventually cause synaptic and cognitive deficits, and dementia (Blennow and others
2012; Dekosky and others 2013). Neuroinflammation is one of the important hallmarks in
TBI. It has been documented that inflammatory markers such as cytokines IL-1p, IL-6, and
TNFa, and chemokines released from reactivated astroglial cells and infiltrated leukocytes
are robustly elevated in the brain and cerebrospinal fluid after TBI (Dardiotis and others
2012; Woodcock and Morganti-Kossmann 2013; Zetterberg and others 2013). Although the
primary injury immediately following TBI is not preventable, the secondary injury provides
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a window for interventions to prevent further brain damage after the primary injury.
Appropriate and timely intervention during this critical window following the primary injury
after TBI may significantly reduce secondary brain damage and eventually prevent
occurrence of CTE. Thus, resolving neuroinflammation immediately following TBI may be
the key to prevent further brain damage and neuropathological changes. Because of the anti-
inflammatory property, the eCB system as an endogenous neuroprotective system may offer
such a barrier to prevent excessive inflammatory response after TBI. In fact, it has been
demonstrated that the levels of endogenous 2-AG in the brain are significantly elevated in a
mouse model of closed head injury (Panikashvili and others 2001). Direct administration of
2-AG reduces edema formation, infarct volume, inflammatory IL-1p, IL-6, TNFa, and
blood-brain-barrier permeability. The neuroprotective effects of 2-AG is partially blocked
by rimonabant (RIM), a CB1R antagonist (Panikashvili and others 2001, 2005 and others
2006). This information suggests that the neuroprotective effects of 2-AG are not solely
mediated via CB1R (Shohami and others 2011). In agreement with these previous studies, a
recent study shows that attenuated neuronal degeneration in the dentate gyrus of TBI mice
by inhibition of a/p hydrolase domain 6 (ABHDG6), an enzyme hydrolyzes 2-AG, is partially
blocked by AM280, CB1R antagonist or AM630, a CB2R antagonist (Tchantchou and
Zhang 2013). However, the reduced lesion volume by ABHDG inhibition in TBI mouse
brain is only blocked by AM280, but not by AM630. This suggests there may be multiple
signal transduction pathways involved in 2-AG-produced neuroprotection in TBI. Although
the molecular mechanisms responsible for the actions produced by 2-AG in TBI warrant
further investigation, the message that 2-AG is neuroprotective after TBI is clear. 2-AG is a
very unstable fatty acid, easily and rapidly enzymatically metabolized upon its release. This
suggests that strengthening 2-AG signaling by facilitating synthesis of 2-AG or inhibiting
metabolism of 2-AG would be a good strategy for preventing neuroinflammatory and
neurodegenerative cascades after TBI.

Disease

Parkinson’s disease (PD) is a neurodegenerative disease characterized by the degeneration
of dopaminergic neurons in the substantia nigra. Available information from
epidemiological, genetic, and pharmacological studies indicates that neuroinflammation
contributes to the neuropathogenesis of PD. Inflammatory responses are currently
recognized as prominent features of PD manifested by increased production of inflammatory
cytokines and chemokines, reactivation of astroglial cells, infiltration of immune cells, and
oxidative stress (Tufekci and others 2012). The involvement of the eCBs system in PD was
initially revealed by the studies where researchers observed that the levels of 2-AG, AEA or
both are significantly elevated in the basal ganglia of PD animal models and in the
cerebrospinal fluid of PD patients (Di Marzo and others 2000; Pisani and others 2005; van
der Stelt and others 2005; Pisani and others 2010). Increased CB1 receptor expression has
also been found at postmortem in the striatum of PD patients and MPTP-lesioned nonhuman
primates (Lastres-Becker and others 2001). This indicates eCB signaling is involved in the
pathophysiology of PD. The changes in endogenous eCB levels are likely associated with
the inflammatory response in neuropathology of PD. A recent study shows that increase
endogenous 2-AG by pharmacological or genetic inactivation of MAGL suppress
inflammatory cytokines and microglial activation in response to a proinflammatory stimulus
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(Nomura and others 2011). Importantly, similar manipulations prevent degeneration of
dopaminergic neurons and loss of dopamine in an MPTP model of Parkinson’s disease,
suggesting that inhibition of 2-AG metabolism may have potential for a PD therapy. These
anti-inflammatory and neuroprotective effects appear independent on CB1 or CB2 because
these effects are not blocked by CB1 and/or CB2 antagonists or in CB1 or CB2 knockout
animals (Nomura and others 2011). Since AA, a precursor of PGs, is the metabolite of 2-AG
by MAGL, it is likely that these beneficial effects exerted by inhibition of 2-AG metabolism
may be through lowering neuroinflammatory eicosanoid production (Nomura and others
2011; Mulvihill and Nomura 2013). However, it is still not clear what the functional role of
the elevated 2-AG levels by inhibition of its metabolism plays in reducing
neuroinflammation and protecting neurons in response to harmful insults or pathogenic
events. This suggests that the molecular mechanisms underlying the beneficial effects of
eCBs in inflammation and neurological disorders are still not completely understood.

Disease

Alzheimer’s disease (AD) is also a neurodegenerative disorder characterized by
accumulation and deposition of -amyloid (AB) plaques and neurofibrillary tangles,
neuroinflammation, synaptic dysfunction, progressive deterioration of cognitive function
and loss of memory in association with widespread neuronal death. Currently there are few
agents approved by the Food and Drug Administration for treatment of AD, but they only
show modest effects in modifying the clinical symptoms for relatively short periods, and
none has shown a clear effect on disease progression or prevention. Thus, there is a great
public health need to discover or identify novel therapeutic targets for prevention and
treatment of AD. Because neuroinflammation is important feature in AD, it is likely that the
eCB system plays an important role in neurobiology of AD. It has been shown that
expression of CB1R on neurons is reduced in the brains of AD humans, while expression of
CB2 is dramatically up-regulated, particularly in the microglial cells surrounding A plaques
in AD humans (Westlake and others 1994; Benito and others 2003; Ramirez and others
2005; Solas and others 2013). Studies also observe that 2-AG signaling in terms of its
synthesis and metabolism is altered both in AD humans and animals (Mulder and others
2011; Piro and others 2012). This indicates that 2-AG signaling is an important endogenous
mediator in response to neuropathological changes in AD. Indeed, the release of 2-AG, but
not AEA in the brain is increased when AB42 is administered into the brain (van der Stelt
and others 2006). Also 2-AG or MAGL inhibitors reduce AB-induced neuroinflammation
and neurodegeneration in culture (Chen and others 2011). Therefore, enhancing brain 2-AG
signaling by inhibiting its metabolism may provide a therapeutic intervention for preventing
or delaying development of AD. The research toward this end has achieved interesting and
promising results by targeting MAGL, the key enzyme that degrades 85% of 2-AG in the
brain (Blankman and others 2007; Long and others 2009a, b; Nomura and others 2011).
Pharmacological or genetic inhibition of MAGL significantly reduces AB plaques,
inflammatory cytokines and reactive astroglial, neurodegeneration and improves
hippocampal synaptic plasticity and spatial learning in AD animals (Figure 5, Chen and
others 2012; Piro and others 2012). As mentioned above, MAGL inhibition also suppresses
inflammatory cytokines in LPS-treated animals and neurodegeneration in MPTP model of
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PD, suggesting that MAGL is an important therapeutic target for neurodegenerative diseases
(Chen and others 2012).

Similar to the beneficial effects produced by MAGL inactivation in proinflammatory LPS-
treated animals and PD animals (Nomura and others 2011), reducing Af and
neuroinflammation and improving synaptic cognitive function in AD animals apparently are
independent of CB1 or CB2 (Chen and others 2012; Piro and others 2012). Inactivation of
MAGL greatly elevates 2-AG levels and decreases AA and PGs and leukotrienes (Figure.
6). PGs produced by the enzymes COX-1 and COX-2 and leukotrienes produced by the
enzyme LOX have been long known as important inflammatory mediators in
neurodegenerative diseases such as AD (Salmon and Higgs 1987; Hein and O’Banion 2009).
Recent evidence shows that a large proportion of PGs derives from metabolites of 2-AG by
MAGL (Nomura and others 2011). This means that inhibition of 2-AG metabolism is crucial
in regulating endocannabinoid and prostaglandin signaling that tunes neuroinflammatory
and neurodegenerative processes in response various assaults in the brain, suggesting that
MAGL inactivation would be a better strategy to strengthen 2-AG signaling, which is anti-
inflammatory and neuroprotective, while reduce the levels of AA and its derivatives PGs
and leukotrienes, which are proinflammatory and neurotoxic (Figure 6).

PPARY in 2-AG-Produced Anti-Inflammation and Neuroprotection

Since administration 2-AG per se suppresses neuroinflammation and protects neurons from
harmful insults (Panikashvili and others 2001, 2005 and others 2006; Zhang and Chen 2008;
Chen and others 2011), we would have the reason to raise the question of other mechanisms
mediating anti-inflammatory and neuroprotective effects produced by MAGL inhibition,
which increases endogenous 2-AG levels. Studies have shown that 2-AG may be an
endogenous agonist for peroxisome proliferator-activated receptor y (PPARYy, Rockwell and
others 2006; O’Sullivan 2007; Du and others 2011). Activation of PPARY is capable of
reducing neuropathology in AD and TBI (Kummer and Heneka 2008; Yi and others 2008;
Sauerbeck and others 2011). This suggests that PPARY is an important signaling mediator in
2-AG-induced resolution of neuroinflammation and protection of neurons against harmful
insults. PPARY is a family member of the nuclear receptors PPARs including PPARa, and
PPARp/S. Although PPARY was originally shown to regulate lipid metabolism and
adipocyte differentiation, accumulated information indicates that PPARYy possesses anti-
inflammatory and neuroprotective properties by regulating transcription of genes involving
inflammation (Ricote and others 1998; Daynes and Jones 2002; Luna-Medina and others
2005; Drew and others 2006; Bensinger and Tontonoz 2008; Bright and others 2008; Jiang
and others 2008; Necela and others 2008; Racke and Drew 2008). PPARYy regulates gene
transcription by binding to conserved DNA sequences termed peroxisome proliferator
response elements (PPRE) as heterodimers with retinoic X receptor (Bensinger and
Tontonoz 2008). Growing evidence suggests that PPARY is likely a target for eCBs
(Lenman and Fowler 2007; O’Sullivan and Kendall 2010; Pertwee and others 2010; Pistis
and Melis 2010; Du and others 2011). It has been demonstrated that 2-AG-induced
suppression of interleukin-2 in Jurkat T cells is mediated by activation of PPARy through a
CB1/2 receptor-independent mechanism (Rockwell and others 2006), suggesting that 2-AG
may be able to directly activate nuclear PPARY by crossing both the plasma and nuclear
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membranes (O’Sullivan 2007). This suggests that 2-AG-initiated signaling events mediated
through PPARYy prevent or inhibit inflammatory gene transcription, resulting in resolution of
inflammation and neuroprotection. Presumably, anti-inflammatory and neuroprotective
effects produced by PPARYy are primarily through limiting NF-«xB transcription (Bensinger
and Tontonoz 2008; Bright and others 2008; Du and others 2011). PPARY agonist
treatments have been shown to exhibit beneficial effects both in patients with AD and
animal models of AD (Jiang and others 2008; Kummer and Heneka 2008; Sato and others
2011). MAGL inhibition, which boosts brain 2-AG and reduces AA and its metabolites, is
also able to suppress neuroinflammation and counteract neuropathology of
neurodegenerative diseases through CB1- and CB2-independent mechanisms. It is possible
that the beneficial effects produced by MAGL inhibition are mediated via 2-AG signaling,
which activates PPARy (Figure 6).

Perspective

The complexity of the eCB system suggests a broad spectrum of biological functions
mediated by eCB signaling. As discussed in this review, activation of the eCB system
induces not only inhibitory effects on both GABAergic and glutamatergic synaptic
transmissions, but also produces potentiation of synaptic transmission at glutamatergic
synapses with concurrent depression at inhibitory synapses. Although the dual sensory
inputs that the CA1 pyramidal neurons receive have been suggested to be essential for
information processing, consolidation, storage and retrieval in the hippocampus
(Eichenbaum 2000; Remondes and Schuman 2002, 2004), the precise function of ITDP at
SC-CA1 synapses is still not clear (Basu and others 2013). In addition, inhibition of 2-AG
metabolism by inactivating MAGL produces profound anti-inflammatory and
neuroprotective effects (Nomura and others 2011; Chen and others 2012; Piro and others
2012), the molecular mechanisms are not completely elucidated yet. Recent studies show
that AS-THC, the major psychoactive component in cannabis, reduces Af and
neurodegeneration in AD animals (Chen and others 2013). While these effects appear to be
mediated through increasing AP clearance by upregulation of neprilysin (NEP), an
endopeptidase that degrades Ap, MAGL inhibition-reduced AB and neurodegeneration in
AD animals are likely associated with reducing A formation by suppression of -site
amyloid precursor protein cleaving enzyme 1 (BACEL), a key enzyme that synthesizes Ap
(Chen and others 2012). Interestingly, the same type of CB1 receptors mediates opposite
effects in suppression or induction of COX-2 upon binding to different agonists (Chen and
others 2013). 2-AG suppresses COX-2 via a CB1-coupled Gai subunit in response to
proinflammatory stimuli (Zhang and Chen 2008). In contrast, A-THC increases COX-2
through CB1-coupled Gy subunits (Chen and others 2013). This suggests that the role of
eCB signaling in maintaining integrity of brain function is greater than what we thought
previously.
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Figure 1. The endocannabinoid system
A schematic diagram illustrates the endocannabinoid (eCB) system. CB1 receptors are

expressed in presynaptic terminals and astroglial cells. CB2 receptors are primarily
expressed in astroglial cells. 2-AG is synthesized in postsynaptic neurons from
phosphatidylinositol (PI) lipid precursors through enzymatic activities of phospholipase C
(PLC) and the DAGLa and DAGLJ enzymes and inactivated in presynaptic terminals by
monoacylglycerol lipase (MAGL). AEA is mainly synthesized from
phosphatidylethanolamine (PE) and N-acyl phosphatidylethanolamine (NAPE) by the
enzymes calcium-dependent transacylase (CDTA) and phospholipase D (PLD) and
inactivated by the enzyme fatty acid amide hydrolase (FAAH).
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Figure 2. Input-timing-dependent plasticity is mediated via 2-AG signaling
Input-timing-dependent plasticity is mediated via 2-AG signaling (adopted from Xu et al., J
Physiol. 590: 2305-2315, 2012 with modification). A1, Patch clamp recording setup with
pairing of distal and proximal synaptic stimuli in a CA1 pyramidal neuron. One stimulus
electrode was placed at the site of the distal perforant path (PP) in the lacunosum-moleculare
(SLM), and second stimulus electrode was placed at the site of Schaffer collateral (SC) path
in the stratum radiatum (SR). Somatic recordings under the whole-cell voltage clamp mode
were made in CA1 pyramidal neurons. Representative traces of EPSCs recorded at SC
synapses of CA1 pyramidal neurons from a CB1 knockout (KO) or a wild-type controls
(WT) mouse before and after pairing of PP-SC stimuli. A2, time courses of changes in
synaptic response at the SC synapses in WT and KO mice. A3, mean values of EPSCs
averaged from 36 to 40 min following PP-SC pairing. ** P < 0.01 compared with WT at the
SC. A4, mean value of normalized paired pulse ratio (PPR) at the SC before and after PP-SC
pairing recorded from WT and KO mice. * P < 0.05 compared with the baseline. B1, time
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courses of synaptic response recorded at PP and SC in rat CA1 pyramidal neurons in the
presence of Rimonabant (RIM, 2 um), a selective CBL1 receptor antagonist. RIM was pre-
treated and continuously perfused during recordings. B2, time courses of fEPSPS recorded
at the SC in rat CA1 pyramidal neurons. RIM (2 pm) was applied 10 min following PP-SC
pairing stimulation. There are no differences in the potentiation between RIM and the
control. C1, time courses of EPSCs recorded before and after pairing at the PP and SC in the
presence of RHC-80267 (RHC, 100 um), an inhibitor for diacylglycerol kinase (DAGL) that
synthesizes 2-AG, in rat hippocampal CA1 pyramidal neurons. C2, time courses of synaptic
response recorded before and after PP-SC pairing at the PP and SC in the presence of
tetrahydrolipstatin (THL, 5 um), another DAGL inhibitor, in rat CA1 pyramidal neurons.
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A schematic diagram illustrates eCB-mediated input-timing-dependent plasticity (eCB-
ITDP). Hippocampal CA1 pyramidal neurons receive dual entorhinal glutamatergic afferent
inputs via the proximal Schaffer-collateral (SC) path and the distal perforate path (PP). eCB-
ITDP in pyramidal neurons (PN) is induced by a paring stimulus protocol, consisting of
pairs of proximal and distal stimuli (1 Hz for 90 sec) in which the distal stimulus preceded
the proximal stimulus by 20 msec. 2-AG is a retrograde messenger in ITDP, resulting in E-
LTP at excitatory SC synapses and I-LTD at inhibitory cholecystokinin interneuron (CCK-

IN) and PN synapses.
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Figure 4. eCB signaling in dynamically integrating GABAergic and glutamatergic transmission
eCB signaling in integration of inhibitory and excitatory synaptic transmission. Several

forms of short-term and long-term homosynaptic synaptic plasticity can be induced at
excitatory and inhibitory synapses separately. eCBs functioning as retrograde messengers
are capable of integrating excitatory and/or inhibitory synaptic transmission to mediate new
forms of heterosynaptic plasticity (i.e. eCB-ITDP). The self plasticity of eCB signal
transduction may be important in the fine-tuning adjustment in integrating multiple synaptic
plasticity.
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Figure 5. Inhibition of MAGL reduces Ap and improves synaptic and cognitive function in a
mouse model of Alzheimer’s disease

Inhibition of MAGL reduces A and improves synaptic and cognitive function in a mouse
model of Alzheimer’s disease (adopted from Chen et al., Cell Rep., 2: 1329-1339, 2012
with modification). A. 2-AG is primarily metabolized by monoacylglycerol lipase (MAG) in
the brain. JZL184 is a selective and potent inhibitor for MAGL. Inhibition of MAGL by
JZ1.184 increases 2-AG and reduces metabolites of 2-AG. B. Amyloid-B (AB) plaques, a
neuropathological hallmark of Alzheimer’s disease (AD), is reduced by JZL.184 in a mouse
of model of AD. C. Inhibition of MAGL improves hippocampal basal synaptic transmission
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(input-output function) and long-term synaptic plasticity (LTP) in AD animals. D. MAGL
inhibition prevents deteriorations in spatial learning in AD animals using the water maze
test.
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Figure 6. eCB-mediated anti-inflammation and neuroprotection
eCB-mediated anti-inflammation and neuroprotection. Neuroinflammation is a key player in

neurodegenerative diseases, including traumatic brain injury (TBI), Parkinson’s disease
(PD), Alzheimer’s disease (AD), multiple sclerosis (MS), and amyotrophic Lateral Sclerosis
(ALS). Inhibition of 2-AG metabolism by inactivating MAGL strengthens 2-AG signaling,
which is anti-inflammatory and neuroprotective, and reduces proinflammatory and
neurotoxic prostaglandins (PGs) synthesized by cyclooxygase-1 and -2 (COX-1/2) and
leukotrienes (LT4s) synthesized through 5-lipoxygenase (LOX). The neuroprotective effects
of 2-AG are likely mediated CB1/2 dependent and independent pathways. PPARY, which
suppresses NF-xB, is an important signaling mediator in 2-AG-induced CB1/2-independet
neuroprotection, resulting in reductions of the factors causing neurodegenerative diseases.
These factors include Ap, tau phosphorylation, and TDP-43 protein.
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