Chapter 2
Endocannabinoid-Mediated Synaptic Plasticity

Ken Mackie

Abstract Endocannabinoids are ubiquitous lipid signaling molecules that mimic
some of the actions of phytocannabinoids such as delta-9-tetrahydrocannabinol.
Endocannabinoids are a component of the endocannabinoid signaling system, which
comprises the endocannabinoids, the enzymes that synthesize and degrade endo-
cannabinoids, and cannabinoid receptors. Within the central nervous system (CNS),
endocannabinoids serve as modulators of both long-term and short-term synaptic
plasticity. This review will briefly review the signaling of cannabinoid-1 (CB,) and
cannabinoid-2 (CB,) receptors and then explore some of the roles endocannabinoids
play in mediating diverse forms of synaptic plasticity, with an emphasis on recent
findings.

Endocannabinoids (eCBs) are small lipid signaling molecules, so named because
they often engage the same receptors as the well-known phytocannabinoid, del-
ta-9-tetrahydrocannabinol (THC). Work over the past 20 years firmly establishes
that eCBs participate in signaling in many parts of the body, and especially in the
nervous system (Katona and Freund 2012). This review will consider an impor-
tant functional role for eCBs—their role in modulating diverse forms of synaptic
plasticity. However, first, the components of the eCB signaling system will be con-
sidered, with an emphasis on those components that are most relevant for synaptic
plasticity, and then their regulation.

All well-characterized eCBs are arachidonic acid derivatives. One of their key
features is that they exist as precursor lipids in the cell membrane and are liberated
by the action of specific lipases under certain physiological or pathological condi-
tions. The two most studied eCBs are anandamide (arachidonoyl ethanolamide) and
2-arachidonoyl glycerol (2-AG). The precursors of anandamide are the N-arachi-
donoyl phosphatidyl ethanolamines (NAPEs). Anandamide can be produced from
NAPEs by several different pathways (Ahn et al., 2008). The precursor of 2-AG is
chiefly phosphatidyl bisphosphate (PIP2). 2-AG is primarily produced from PIP2
by the sequential action of a phospholipase C (PLC) and one of two diacyl glyc-
erol lipases (Tanimura et al. 2010). The completely different routes of anandamide
and 2-AG synthesis suggest that they are produced under different physiological
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conditions. In general, this is what has been found (Hohmann et al. 2005; Liu et al.
2008; Puente et al. 2011).

Similar to eCB synthesis, eCB degradation largely occurs via different pathways.
Most anandamide is degraded by fatty acid amino hydrolase (FAAH) (McKinney
and Cravatt 2005; Ahn et al. 2009). In contrast, 2-AG can be degraded by several
serine hydrolases (monoacyl glycerol lipase, alpha beta hydrolase domain-contain-
ing 6, alpha beta hydrolase domain-containing 12, and FAAH) (Blankman et al.
2007). Thus, anandamide and 2-AG breakdown will be differentially regulated and
inhibition of the respective pathways can be a useful tool to identify the eCB in-
volved in a specific form of eCB-mediated synaptic plasticity.

For the purposes of this review, we will primarily consider the cannabinoid-1
(CB,) and cannabinoid-2 (CB,) receptors. (It is important to note that eCBs can
interact with a wide variety of receptors and other molecules including other G
protein-coupled receptors (GPCRs), transcription factors, and ion channels (Zyg-
munt et al. 1999; Fu et al. 2003; Oz 2006; McHugh et al. 2010). However, with a
few notable exceptions (Melis et al. 2008; Mazzola et al. 2009; Chavez et al. 2010),
these do not yet have an established role in eCB-mediated synaptic plasticity). The
CB, and CB, receptors were both cloned a little more than 20 years ago. CB, re-
ceptors are highly expressed in the central nervous system (CNS) but are present
throughout the body and play roles in processes as diverse as metabolism, reproduc-
tion, and immune regulation (Nagarkatti et al. 2009; Talwar and Potluri 2011; Ward
and Raffa 2011). CB, receptors are less highly expressed, which has made identifi-
cation of the cell types expressing them somewhat more problematic (Atwood and
Mackie 2010). It is well accepted that CB, receptors are expressed in several types
of immune cells, particularly cells of macrophage lineage, including microglia. The
extent of their expression in neurons and other glia is more contentious (Atwood
and Mackie 2010). A striking feature of CB, receptors is their high inducibility. For
example, in the experimental allergic encephalitis (EAE) model of multiple sclero-
sis, CB, mRNA levels can increase more than 100 fold (Maresz et al. 2005). The
low level of CB, receptor expression under basal conditions and the lack of suitably
sensitive antibodies has, at the level of anatomy, led to much confusion (reviewed
in Atwood and Mackie 2010). Thus, the most conclusive evidence for a role of CB,
in the CNS outside of microglia comes from functional and molecular studies (e.g.,
Xi et al. 2011; den Boon et al. 2012; Zarruk et al. 2012). However, these studies
lack anatomical precision, and often it is hard to conclusively determine which cell
type(s) are involved. Conclusive resolution of these issues will require cell type-
specific deletion of CB, receptors.

Both CB, and CB, receptors are GPCRs. They primarily couple to Gi/Go G pro-
teins, thus their dominant signaling pathways include inhibition of adenylyl cyclase,
activation of mitogen-activated protein (MAP) kinases, inhibition of some voltage-
dependent calcium channels, and activation of G protein-gated inwardly rectifying
potassium (GIRK) channels (Howlett et al. 2002). Nonetheless, it is important to
appreciate that both receptors can couple to alternative pathways. For example, CB,
can stimulate adenylyl cyclase (Glass and Felder 1997; Felder et al. 1998) and both
receptors can release calcium from intracellular stores (Sugiura et al. 1997; Lauck-
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ner et al. 2005; Shoemaker et al. 2005). In considering activation of CB, and CB,
receptors by eCBs, two other properties of these ligands need to be considered. The
first is efficacy. Efficacy is a measure of how completely a particular ligand can
activate a receptor. There is good agreement that anandamide is a lower efficacy
agonist than 2-AG (Mackie et al. 1993; Luk et al. 2004; Sugiura et al., 2006). The
consequences of this depend on receptor number and the efficiency of the receptor’s
coupling to downstream signaling pathways. In general, low receptor density and/
or poor coupling to downstream effectors will cause a low-efficacy agonist to have
a diminished cellular response relative to a high-efficacy agonist (e.g., Luk et al.
2004). Under these conditions the low-efficacy agonist is considered to be a partial
agonist. Conversely, under conditions where receptor density is high or effector
coupling is strong, low- and high-efficacy agonists may have indistinguishable cel-
lular responses. The second important property is functional selectivity. Functional
selectivity refers to the ability of different agonists to differentially activate distinct
signaling pathways, despite both activating the receptor (Kenakin and Miller 2010).
Both CB, and CB, ligands can show functional selectivity; however, the functional
selectivity of commonly encountered CB, agonists is particularly striking (Atwood
etal. 2012a, b).

Most Gi/Go-coupled GPCRs also modulate ion channels. CB, receptors in-
hibit several voltage-dependent calcium channels, particularly N (Cav2.2) and P/Q
(Cav2.1) channels (Mackie and Hille 1992; Mackie et al. 1995; Twitchell et al.
1997). In addition, CB, receptors activate GIRK channels (Mackie et al. 1995).
CB, receptors likely modulate the same types of ion channels, although the strong
functional selectivity of different CB, ligands means that only some ligands can do
this. For example, 2-AG potently inhibits calcium channels, whereas anandamide
does not (Atwood et al. 2012a, b).

The property of cannabinoid receptors to activate GIRK channels and inhibit
calcium channels suggests that they will likely dampen neuronal excitability and in-
hibit synaptic transmission. A large number of studies support this contention (Roth
1978; Shen et al. 1996; Levenes et al. 1998; Misner and Sullivan 1999; Vaughan
et al. 1999; Hajos et al. 2000; Takahashi and Linden 2000). Inhibition of synaptic
transmission by CB, receptors is an example where ligand efficacy is important. For
example, THC, a low-efficacy CB, agonist, has little effect on synaptic transmission
in some model systems and can actually antagonize inhibition of synaptic trans-
mission by 2-AG (Shen and Thayer 1999; Straiker and Mackie 2005). However,
whether THC inhibits synaptic transmission depends on many factors, including
the frequency of stimulation (Roloff and Thayer 2009; Hoffman and Lupica 2012).

The concept that eCBs can inhibit synaptic transmission, coupled with the obser-
vation that eCBs are often produced under conditions encountered during vigorous
synaptic transmission, gave rise to a series of studies to determine if eCBs produced
in this way could modulate synaptic transmission. Indeed, eCBs generated during
intense neuronal activity can modulate synaptic transmission in a surprisingly di-
verse number of ways (Kano et al. 2009; Castillo et al. 2012).

The first type of synaptic plasticity demonstrated to be mediated by eCBs was
depolarization-induced suppression of inhibition (DSI) (Ohno-Shosaku et al. 2001;
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Wilson and Nicoll 2001). DSI is a phenomenon where intense depolarization (e.g.,
repeated action potentials or a 1-5 s step depolarization to 0 mV) of a postsynaptic
neuron leads to a transient (tens of seconds) suppression of inhibitory transmission
onto that neuron (Llano et al. 1991; Pitler and Alger 1992; Pitler and Alger 1994).
An analogous phenomenon involving excitatory transmission mission is called
depolarization-induced suppression of excitation (DSE) (e.g., Kreitzer and Regehr
2001). These phenomena have been extensively studied in both the hippocampus
and cerebellum. Work from a number of investigators has arrived at the following
canonical mechanism (however, note there is not complete agreement on these steps
(Kano et al. 2009)): depolarization of the postsynaptic cell leads to an increase in
intracellular calcium (can be entry through calcium channels and/or release from
intracellular stores) that activates diacyl glycerol lipase (DAGL) alpha. DAGL
then cleaves the acyl chain in the one position on diacyl glycerol (DAG), generat-
ing 2-AG. 2-AG then travels (possibly by diffusion or via an undefined carrier) to
the presynaptic terminal, where it engages presynaptic CB, receptors, inhibiting
calcium channels (and possibly also inhibiting the vesicular release machinery) to
suppress synaptic transmission. DSI (and DSE) are terminated as 2-AG is degrad-
ed, either by MGL (Pan et al. 2009; Straiker et al. 2009) and/or cyclooxygenase-2
(COX-2) (Kim and Alger 2004; Straiker et al. 2011). The participation of COX-2
in terminating DSE may have important therapeutic implications. For example, if
COX-2 is increased (e.g., following ischemic injury), the duration of DSE will be
shortened and glutamate release increased, which may exacerbate excitotoxicity. In
addition, COX-2 metabolites of 2-AG (e.g., prostaglandin E2 glycerol) can enhance
excitatory synaptic transmission and long-term potentiation in the hippocampus
(Sang et al. 2006; Yang et al. 2008).

A second form of transient modulation of synaptic transmission by eCBs is
metabotropic suppression of inhibition (MSI) or excitation (MSE) (Maejima et al.
2001; Varma et al. 2001; Kim et al. 2002). This is a functionally distinct pathway
from DSI/DSE. In MSI/MSE, activation of a postsynaptic Gg/11-linked GPCR
stimulates PLCbeta, leading to the production of DAG. DAGL then cleaves the
DAG to 2-AG, which then traverses the synapse to activate presynaptic CB, recep-
tors, inhibiting synaptic transmission (Kano et al. 2009). In theory, any appropri-
ately positioned, postsynaptic Gg/11-linked GPCR should be able to elicit MSI/
MSE. However, the most commonly encountered receptors mediating MSI/MSE
are the group I metabotropic glutamate receptors (i.e., mGIluR1 and mGIluRS5) and
the M1 and M3 muscarinic receptors.

Although DSI/DSE and MSI/MSE can occur independently of one another, they
can also synergize. In this situation, a brief depolarization, combined with mod-
est activation of the Gqg/11-linked receptor, increases intracellular calcium. This in-
creased intracellular calcium stimulates the activity of PLCbeta, leading to higher
levels of DAG production (and possibly greater DAGL activity), which increases
2-AG production (Hashimotodani et al. 2005). In this way eCBs can serve as a co-
incidence detector between depolarization and activation of metabotropic receptors.

The preceding discussion has focused on CB, receptor-mediated forms of short-
term synaptic plasticity. In these cases, CB, involvement has been firmly established
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by antagonism of the plasticity with a variety of CB, receptor antagonists or the
absence of the plasticity in CB, receptor knockout mice. Thus, under normal condi-
tions (i.e., an acute brain slice or cultured neurons), CB, receptors have not been
observed to participate in these short-term forms of synaptic plasticity in the brain
regions studied. However, these experiments left open the question if CB, receptors
can participate in short-term forms of synaptic plasticity. We addressed this ques-
tion by transfecting CB, receptors into hippocampal neurons cultured from CB,
receptor knockout mice. Expression of CB, receptors into these neurons recovered
2-AG-mediated inhibition of synaptic transmission as well as DSE (Atwood et al.
2012a, b). Thus, CB, appears capable of supporting short-term forms of eCB-medi-
ated synaptic plasticity, if it is appropriately expressed in neurons.

Apart from this example, there is additional evidence that CB, receptors can in-
fluence synaptic transmission or neuronal excitability. Activation of CB, receptors
in layer 2/3 of the rodent prefrontal cortex increased activity of calcium-activated
chloride currents, reducing spontaneous activity (den Boon et al. 2012). In addi-
tion, activation of CB, receptors decreased action potential (but not action potential-
independent y-aminobutyric acid (GABA) release in rat medial entorhinal cortex
(Morgan et al. 2009)).

The above has focused on short-term synaptic plasticity. However, shortly af-
ter the description of the depolarization and metabotropic receptor forms of eCB-
mediated synaptic plasticity discussed above, long-term depression (LTD) mediated
by eCBs (eLTD) was described (Gerdeman et al. 2002; Robbe et al. 2002). This has
been thoroughly studied in both excitatory (e.g., Gerdeman et al. 2002; Robbe et al.
2002; Peterfi et al. 2012) and inhibitory connections (e.g., Chevaleyre and Castillo
2003). eLTD occurs at some CB,-expressing synapses following prolonged low-
frequency stimulation (e.g., | Hz, 10 min (Robbe et al. 2002)). It often appears to
require prolonged activation of postsynaptic group I mGluR receptors, leading to
continued synthesis of eCBs (likely, 2-AG), sustained activation of CB, receptors,
and persistent inhibition of neurotransmitter release (possibly mediated by RIM1al-
pha (Chevaleyre et al. 2007)). Like other forms of LTD, eLTD synaptic depression
persists after the cessation of the inducing stimulus (in this case, CB, production).
Other forms of eLTD that vary from this canonical pathway have been reported in
hippocampus (CA1) from young (<P10) rats (Yasuda et al. 2008) and in cultured
autaptic hippocampal neurons (Kellogg et al. 2009). The former form of eLTD is
notable for likely involving activation of potassium channels (Yasuda et al. 2008);
whereas the latter form involves CB, receptors signaling via Gi/o-independent G
proteins (Kellogg et al. 2009).

The above paradigm for eLTP generally involves the direct action of a Gg/11-
linked GPCR, followed by 2-AG production, prolonged stimulation of CB, recep-
tors, and inhibition of neurotransmission that exceeds the duration of eCB produc-
tion. A related form of long-term synaptic depression has been demonstrated follow-
ing the activation of two (membrane) steroid hormone receptors, the glucocorticoid
receptor and the a isoform of the estrogen receptor. In the case of the glucocorticoid
receptor, activation of this receptor in hypothalamic parvocellular neurons leads to
a long-lasting inhibition of glutamate release (Di et al. 2003; Evanson et al. 2010;
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Tasker and Herman 2011). This leads to inhibition of corticotropin-releasing hor-
mone (CRH)-secreting neurons and suppression of the hypothalamic—pituitary—ad-
renal (HPA) axis. In the case of estrogen receptor-mediated eLTD, activation of a
membrane-associated o form of the estrogen receptor leads to long-term inhibition
of CB,-expressing inhibitory synapses onto CAl pyramidal neurons. Notable as-
pects of this latter form of eLTD is that it (1) only occurs in female rats, (2) requires
mGluR1 signaling, and (3) appears to involve anandamide, and not 2-AG (Huang
and Woolley 2012). The glucocorticoid receptor-mediated form of eLTD requires
a G protein (as it is blocked by inclusion of GDPS in the recording pipette), but
whether this is a metabotropic glutamate receptor has not been tested. With the
identification of these two steroid hormone receptor—mediated forms of eLTD, it is
interesting to speculate that similar forms of LTD may be evoked by mineralocorti-
coid or androgen receptors stimulating GPCR activation.

Another form of activity-dependent modulation of neuronal excitability is slow
self-inhibition (SSI). This form of eCB-mediated modulation of neuronal excitabil-
ity has been reported in neocortical low-threshold spiking interneurons (Bacci et al.
2004), in a population of cerebellar basket cells (Kreitzer et al. 2002), and in a
fraction of cortical pyramidal neurons (Marinelli et al. 2009). The likely signaling
pathway for this phenomenon is that repeated depolarization of the neuron increases
intracellular calcium, which activates DAGL and increases 2-AG production. 2-AG
then activates a potassium conductance (likely GIRK channels) (Marinelli et al.
2008). In contrast to the forms of synaptic plasticity discussed earlier, SSI involves
cell autonomous 2-AG signaling.

The above forms of eCB-mediated modulation of synaptic transmission and neu-
ronal excitability have considered exclusively the domain of inter- or intra-neuronal
signaling, with no involvement of glial cells. There are two major ways that glial cells
may influence neuronal excitability and synaptic transmission in an eCB-dependent
fashion. One is that glial cells, particularly astrocytes and microglial cells, can produce
prodigious amounts of eCBs (Walter et al. 2002; Walter et al. 2003; Stella 2004). The
other is that the glial cells may be expressing the cannabinoid receptors and influ-
encing synaptic plasticity in a paracrine fashion. Considerable evidence has emerged
over the past 5 years that glial cells, particularly astrocytes, participate as active
CB,-expressing partners in some forms of eCB-mediated synaptic plasticity. This in-
volvement was surprising to some in the field, as immunocytochemical studies showed
high levels of CB, expression in some GABAergic neurons and intermediate levels in
a subset of excitatory synapses. CB, expression in astrocytes, when noted. for example
(Rodriguez et al., 2001), was only a small fraction of the levels observed in neuronal
elements. However, density of CB, receptor expression does not necessarily correlate
with “importance,” as has been amply shown in prior studies (Azad et al. 2003; Marsi-
cano et al. 2003; Domenici et al. 2006; Monory and Lutz 2009).

Several anatomical features of astrocytes are important when considering
their role as potential mediators and modulators of eCB action (Ventura and Har-
ris 1999). The first is that most central synapses are embedded in glial endfeet.
This means that glial membranes are never far from the source of eCB production
(primarily dendrites). The second is that the ramifications of a single astrocyte can
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extend over a considerable range, thus potentially transducing a local signal into
one covering several hundred cubic microns. The third is that gap junction cou-
pling between astrocytes will further increase the potential distance a signal can
be transmitted. Thus, if CB, stimulation increases the concentration of a diffusible
messenger (e.g., calcium) in one astrocyte, that messenger may affect a number of
neighboring astrocytes, potentially influencing a volume of several thousand cubic
microns.

That eCBs released from neurons can signal via astrocytic CB, receptors was
first demonstrated about 5 years ago (Navarrete and Araque 2008). In these experi-
ments, the investigators found that by depolarizing one neuron, eCBs were produced
that activated neighboring astrocytic CB, receptors. These CB, receptors increased
astrocytic intracellular calcium (interestingly, in a non-Gi/o-mediated fashion; this
is a common feature of all forms of synaptic plasticity mediated by astrocytic CB,
receptors and deserves additional study), causing release of glutamate from the as-
trocyte, which activated (presynaptic) mGIluR1 receptors to increase glutamate re-
lease and synaptic efficacy (Navarrete and Araque 2010). Therefore, in classic DSE,
glutamatergic transmission onto the depolarized cell is inhibited by activation of
presynaptic CB, receptors, but when astrocytic CB, receptors are activated, gluta-
matergic transmission is enhanced. Thus, eCB production could either stimulate or
inhibit glutamatergic transmission, leading to the question of what happens in vivo.
These investigators found that whether eCB production enhanced or suppressed
glutamatergic transmission had strong spatial dependency. If glutamatergic termi-
nals were close to the site (<40 microns) (using the location of the neuron’s soma)
of eCB production, then inhibition dominated, whereas at more distant sites (be-
tween 60 and 100 microns), enhancement was seen (Navarrete and Araque 2008).
Interestingly, if presynaptic CB, inhibition was prevented (by treatment of the slice
with pertussis toxin), then activation of astrocytic CB, led to more pronounced syn-
aptic enhancement (Navarrete and Araque 2008), suggesting that under basal condi-
tions, production of eCBs in this system (CA1) leads to a suppression of proximal
glutamatergic transmission and an enhancement of more distal glutamatergic trans-
mission. This provides an additional mechanism for a network to “tune” synaptic
strength, where neuronal activation strong enough to produce eCBs will decrease
subsequent glutamatergic input onto those neurons, yet will strengthen glutamater-
gic inputs onto more distant, presumably less-stimulated, neurons.

A second form of astrocyte-mediated cannabinoid synaptic plasticity has been
described more recently (Han et al. 2012). In this study, it was shown that activation
of astrocyte CB, receptors by exogenous cannabinoids (systemically administered)
led to LTD of CA3 to CA1 glutamatergic synapses. In addition to requiring astrocyte
CB, receptors, this cannabinoid-dependent form of LTD (CB-LTD) also required ac-
tivation of N-methyl d-aspartic acid (NMDA) receptors and was mediated by the loss
of cell surface a-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA) recep-
tors. Interestingly, the authors of this study were able to show a strong correlation
between CB-LTD and THC-induced impairment of spatial working memory (Han
et al. 2012), suggesting that the deleterious effects of THC on spatial working mem-
ory may be due to astrocyte-mediated synaptic depression at CA3>CA1 synapses.
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The observation that CB, receptors on astrocytes can mediate opposing forms of
synaptic plasticity (that is, LTD or long-term potentiation) deserves further consid-
eration. In both cases the common mediator appears to be glutamate release from
astrocytes. Drawing from the extensive literature of glutamate-mediating diverse
forms of synaptic plasticity (Citri and Malenka 2008), it is conceivable that the
discrepancy in the two studies discussed earlier may be due to the different time
courses of synaptic stimulation (that is, brief and punctate in the first study and
prolonged with the second study). The first form of astrocytic CB, stimulation may
lead to brief, high local levels of glutamate, whereas the second will lead to more
diffuse and prolonged elevations of extracellular glutamate. (This possibility is
strengthened by the observation that blockade of extracellular glutamate uptake by
threo-beta-benzyloxyaspartate (TBOA) induces a mechanistically similar form of
LTD (Han et al. 2012).) There may also be experimental differences that explain
the discrepancy. In the first study, experiments were conducted in slices prepared
from hippocampus, which, while effectively preserving laminar neuronal connec-
tivity, may disrupt the extensive network of interconnected astrocytes. In addition,
the first study used minimal stimulation to investigate a small number of synaptic
connections. The second study examined field potentials in anesthetized animals,
so astrocyte connectivity would be maintained. (However, most of the experiments
were conducted in anesthetized animals, which brings in the potential complicating
factors of anesthesia.) Despite some uncertainties in interpretation, the above ex-
periments establish that astrocytes can participate in cannabinoid-mediated synaptic
plasticity and in cannabinoid-mediated behaviors. It is probable that future studies
will more completely establish the precise mechanisms involved, which are likely
varied depending on the form of stimulation and the precise behaviors involved.

A very recent study expanded the role of astrocytes in eCB-mediated synaptic
plasticity to LTD in spike-timing-dependent plasticity (STDP). STDP is a phenom-
enon where repeated pairing of presynaptic stimulation with postsynaptic depo-
larization leads to persistent changes in synaptic strength (Feldman 2012). A key
feature of most forms of STDP is that the order of stimulation is critically important,
where the sign of plasticity (LTP vs. LTD) depends on whether presynaptic or post-
synaptic stimulation occurs first. Some forms of STDP have been shown to involve
CB, receptors and eCBs (e.g., Sjostrom et al. 2003; Tzounopoulos et al. 2007; Fino
et al. 2010); however, a potential role for astrocytic CB, receptors was not investi-
gated. A recent study examining STDP in the neocortex during the development of
somatosensory barrel cortex found that STDP producing LTD at the glutamatergic
synapse from layer IV to layer II/III required astrocytic CB, receptors (Min and
Nevian 2012). This was established by using an LTD-producing STDP protocol
where the postsynaptic neuron was depolarized 25 ms before afferent fibers were
stimulated. The LTD produced under these circumstances was NMDA receptor de-
pendent, was occluded by clamping astrocyte calcium levels, and was mimicked
by inducing astrocytic calcium spikes together with afferent stimulation. Thus, the
model in this case appears to be that prolonged production of eCBs during the STDP
protocol coupled with glutamate release leads to activation of presynaptic NMDA
receptors and persistent enhancement of glutamate release. It is important to note
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that this model requires compartmentalization of the astrocyte glutamate release
(to the presynapse) and presynaptic glutamate release during the induction stage
(simply increasing astrocyte calcium levels was insufficient to cause this form of
LTD). However, the tight investiture of excitatory synapses by astrocyte processes
and highly active glutamate uptake by astrocytes provides the necessary anatomical
and functional substrates for compartmentalization of extracellular glutamate. It is
interesting to note the similarities between this form to STDP LTD and CB LTD
(Han et al. 2012) discussed previously.

The above brief overview of eCB-mediated synaptic plasticity highlights the rich
repertoire of eCB signaling in the brain. Despite the many forms of eCB-mediated
synaptic plasticity, several themes emerge: eCB plasticity is widespread and is in-
volved in many different circuits, from the spinal cord to the cortex. Because CB,-
mediated synaptic plasticity occurs on both inhibitory and excitatory terminals, ac-
tivation of these receptors and the various forms of synaptic plasticity that follow
will be very state dependent and can be expected to have quite unpredictable effects
at the network level, generally requiring experimentation to validate. The density of
CB, receptors correlates poorly to their functional importance. An example of this
is CB, receptors on astrocytes. While these receptors are very sparsely seen in im-
munocytochemical studies, synaptic plasticity elicited by these receptors appears to
exert significant effects at the network and behavioral levels (Navarrete and Araque
2010; Han et al. 2012; Min and Nevian 2012). While in many cases CB,-mediated
synaptic plasticity is elicited by 2-AG, anandamide also frequently participates. The
difficulties in demonstrating anandamide involvement primarily arise because of
the diverse synthetic pathways for this eCB and the lack of specific inhibitors for its
synthesis. Thus, more indirect approaches, such as inhibiting anandamide degrada-
tion by FAAH, must be used (keeping in mind the caveat that inhibition of anan-
damide degradation also affects other FAAH metabolites such as N-arachidonoyl
glycerol and the acyl amides. In conclusion, in the 12 years since eCB-mediated
synaptic plasticity was first demonstrated, it has been shown to involve an unex-
pectedly large number of types of synaptic plasticity as well as utilize numerous
intracellular signaling pathways. It is likely that additional forms of eCB-mediated
synaptic plasticity remain to be elucidated and our understanding of their roles in
behavior will increase over the coming years.
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