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Astrocytes are emerging as integral functional components of synapses,

responding to synaptically released neurotransmitters and regulating synap-

tic transmission and plasticity. Thus, they functionally interact with neurons

establishing tripartite synapses: a functional concept that refers to the exist-

ence of communication between astrocytes and neurons and its crucial role

in synaptic function. Here, we discuss recent evidence showing that astro-

cytes are involved in the endocannabinoid (ECB) system, responding to

exogenous cannabinoids as well as ECBs through activation of type 1 canna-

binoid receptors, which increase intracellular calcium and stimulate the

release of glutamate that modulates synaptic transmission and plasticity.

We also discuss the consequences of ECB signalling in tripartite synapses

on the astrocyte-mediated regulation of synaptic function, which reveal

novel properties of synaptic regulation by ECBs, such as the spatially con-

trolled dual effect on synaptic strength and the lateral potentiation of

synaptic efficacy. Finally, we discuss the potential implications of ECB

signalling for astrocytes in brain pathology and animal behaviour.
1. Introduction
The endocannabinoid (ECB) system is an important intercellular signalling

system involved in a wide variety of physiological processes, including regulation

of cardiovascular, gastrointestinal, liver and brain functions. It comprises several

components: two types of seven transmembrane-domain G-protein coupled

receptors (CB1 and CB2 receptors) that can be activated by exogenous ligands,

such as D9-tetrahydrocannabinol (THC; the main psychoactive ingredient in mar-

ijuana), as well as endogenous transmitters called ECBs, such as anandamide and

2-arachidonoylglycerol, and a number of biosynthetic and degradative enzymes

and transporters (for general reviews, see [1–3]).

ECB signalling in the brain affects multiple biological functions such as pain

perception, food intake, learning and memory, anxiety and cognitive functions

[4,5], through the regulation of synaptic transmission and plasticity as the main

functional process. The canonical mechanism underlying ECB regulation of

synaptic function occurs through retrograde signalling, i.e. the activity of the

post-synaptic neuron leads to production and release of ECBs that diffuse in a ret-

rograde manner across the synapse, and subsequently activate type 1 cannabinoid

receptors (CB1Rs) present at the pre-synaptic terminal to inhibit neurotransmitter

release [6,7]. CB1Rs are expressed at high levels by different neuronal types

throughout the whole brain [3,8], which correlates with the wide implication of

ECB signalling in a plethora of physiological and pathological processes.

Besides this canonical mechanism of ECB signalling, recent evidence has

demonstrated a novel additional mechanism of modulation of synaptic function

by ECBs that involves the participation of astrocytes [9–11]. Astrocytes are the

most abundant glial cell type in the nervous system, and for years were con-

sidered to be passive elements providing structural and metabolic support

for neurons. However, a wealth of evidence supports the notion that astrocytes

are integral functional components of synapses, establishing functional tripar-

tite synapses in which astrocytes process synaptic information and regulate

synaptic function by reciprocally exchanging information with the neuronal

synaptic elements [12,13]. Indeed, astrocytes respond with intracellular calcium

elevations to neurotransmitters released from synaptic terminals [14–18]. These

calcium elevations have been shown to stimulate the release of gliotransmitters
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Figure 1. Endocannabinoids released by neurons elevate calcium and stimulate glutamate release in astrocytes. (a) Stimulating ECB release by neuronal depolarization
(ND; horizontal bar) of a CA1 hippocampal pyramidal neuron elevates astrocyte Ca2þ levels (red traces) and increase the number of slow inward currents (SICs; marked
with asterisks) in an adjacent neuron (black trace); a single SIC is expanded (blue trace). (b) The astrocyte Ca2þ spike probability (red) and the mean number of neuronal
SICs (blue) were enhanced after the neuronal depolarization (horizontal bar). (c) Schematic drawing representing the ECB-mediated neuron – astrocyte signalling and
the subsequent glutamate-mediated astrocyte – neuron communication. Adapted from [9].
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through different mechanisms [19–24], which still remain

debated (for recent reviews, see [25–27]).

ECB signalling between neurons and astrocytes has been

shown to have consequences relevant for tripartite synapse

function, having contributed to the establishment of this

novel concept in synaptic physiology. While direct modulation

of synaptic activity by ECB signalling has been recently dis-

cussed by thorough and excellent reviews [6,28,29], this

review will highlight the emerging role of astrocytes in ECB

signalling, and will discuss how astrocyte–neuron interaction

mediated by ECB signalling in tripartite synapses provides

novel mechanisms of synaptic modulation and adds further

complexity to the ECB signalling effects.
2. Endocannabinoid signalling in neuron –
astrocyte communication

For years, the existence and role of CB1Rs in astrocytes has

been a controversial issue. Earlier studies showed discre-

pancies in the expression of CB1Rs by astrocytes in culture

(see [30]), which could arise from the well-known pheno-

typic changes in astrocytes in different culture conditions.

Indeed, several studies indicated the presence of such changes

in astrocytes in culture and in situ [30–35]. The extremely low

levels of CB1R expression in this cell type questioned their

functional relevance in ECB signalling. However, recent

evidence has demonstrated that hippocampal and cortical

astrocytes in situ express functional CB1Rs that mediate

relevant effects on astrocyte–neuron communication and

synaptic modulation.

In 2008, our group demonstrated that CB1Rs expressed in

hippocampal astrocytes in situ could be activated by exogenous

cannabinoid ligands as well as by ECBs released by neurons.

This activation increased astrocyte Ca2þ levels through the

mobilization of Ca2þ from internal stores [9]. The intracellular
signalling pathway underlying this effect exhibited specific

characteristics. While it is well known that CB1Rs are preferen-

tially coupled to pertussis toxin-sensitive Gi/o proteins that

regulate cAMP levels [3], ECB-induced astrocyte Ca2þ elevations

were mediated by CB1Rs coupled to Gq/11 proteins that activate

phospholipase C and produce inositol triphosphate [9].

This study also provided evidence that the increased astro-

cyte Ca2þ levels evoked by ECBs released from pyramidal

neurons stimulated the release of glutamate from astrocytes.

This gliotransmitter activated NMDA receptors (NMDARs),

evoking slow inward currents (SICs) in adjacent CA1 pyramidal

neurons [9]. These results indicate that neurons and astrocytes

communicate via ECB signalling and suggest the existence of

intercellular communication pathways mediated by ECB–

glutamate signalling in which astrocytes serve as a bridge for

non-synaptic interneuronal communication (figure 1).

The presence of functional CB1Rs that, upon activation,

evoke astrocyte Ca2þ elevations in situ has also been recently

demonstrated in human brain tissue [36], suggesting that

ECB-mediated neuron–astrocyte signalling and its functional

consequences, originally observed in rodents, are also present

in human brain. The fact that astrocytes express functional

CB1Rs has important implications for our current under-

standing of the cellular basis of the behavioural effects of

exogenous cannabinoids and ECBs.
3. Role of astrocytes in the regulation of synaptic
transmission by endocannabinoids

The canonical mechanism by which ECBs regulate synaptic

transmission is through retrograde signalling from the post-

synaptic neuron to the pre-synaptic terminal. ECBs produced

and released during the activity of the post-synaptic cell acti-

vate pre-synaptic CB1Rs that suppress neurotransmitter

release, leading to short- and long-term synaptic plasticity
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Figure 2. Astrocytes spatially control the synaptic regulation induced by neuron released endocannabinoids. (a) Recording from two CA1 hippocampal pyramidal
neurons while simultaneously monitoring astrocyte calcium levels and synaptic transmission properties in single synapses and adjacent neuron (heteroneuronal
synapses). ECBs released after depolarization of one neuron depressed or enhanced the probability of neurotransmitter release depending on the distance to
the ECB source. (b) While ECBs released by neuronal depolarization (ND) depressed excitatory synaptic currents into the depolarized neuron (homoneuronal synapses;
green traces), they enhanced synaptic transmission in adjacent neruons (heteroneuronal synapses; blue traces). (c) Scheme representing the ECB signalling processes
that regulates hippocampal synaptic transmission. ECBs released by the post-synaptic neuron directly activate CB1Rs in the pre-synaptic terminal, which leads to
synaptic depression in homoneuronal synapses (DSE). In addition, they activate CB1Rs in astrocytes, elevate their intracellular Ca2þ and stimulate the release of
glutamate that potentiates neurotransmitter release in heteroneuronal synapses (e-SP). Adapted from [10].
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[6,8,29,37–39]. Nevertheless, recent studies in goldfish [40],

lamprey spinal cord [41] and mouse hippocampal slices

[10] have reported that CB1R activation can also transiently

enhance neurotransmission. Cannabinoid and ECB effects in

brain physiology have been largely thought to be exclusively

mediated by CB1Rs present in neurons. However, recent

evidence has challenged this idea, proposing additional mech-

anisms based on the role of astrocytes as intermediary cells

between post-synaptic neurons and pre-synaptic terminals

that provide distinct and indirect mechanisms for ECB-induced

synaptic transmission regulation.

In a recent study, Navarrete & Araque [10] revealed that

ECB signalling modulates synaptic transmission in a dual

manner. They showed that depolarizing a single hippocam-

pal pyramidal neuron stimulated the release of ECBs that,

by directly activating pre-synaptic CB1Rs, induced a transient

depression of synaptic transmission in synapses onto that

neuron: a process known as depolarization-induced suppres-

sion of excitation (DSE) [37,42–44]. Concomitantly, ECBs
released by the stimulated neuron activated CB1Rs in

nearby astrocytes, which led to the Ca2þ-dependent release

of glutamate and subsequent activation of pre-synaptic type I

metabotropic glutamate receptors, and to a transient poten-

tiation of synaptic transmission in relatively distant synapses

in adjacent neurons [10] (figure 2). Therefore, ECBs may have

opposite and complementary neuromodulatory effects: classi-

cal depression of synaptic transmission (e.g. DSE) and lateral

potentiation of neurotransmission through the activation

of astrocytes.

Interestingly, this dual effect is spatially controlled, depend-

ing on the intercellular signalling pathways activated. While

ECBs are known to exert their direct effects at short distances

from their sources (less than 20 mm; see [3,10,29,42,45,46]),

astrocyte signalling stimulated by ECBs may spread intra-

and intercellularly, having far-reaching neuromodulatory

effects by releasing gliotransmitters in distal regions, leading

to the lateral potentiation of synapses distant from the ECB

source [16,47] (figure 2). The exact functional significance of
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Figure 3. Signalling mechanisms underlying synaptic regulation by endocannbinoids through stimulation of astrocytes. (a) In the hippocampus, ECBs released by
one active pyramidal neuron act directly on pre-synaptic CB1Rs of the synaptic terminals received leading to DSE in homoneuronal synapses. In addition, ECBs
activate CB1Rs in astrocytes (1), elevating their intracellular Ca2þ and stimulating the relase of glutamate (2), which potentiates neurotransmitter release in hetero-
neuronal synapses (3). (b) In the cortex, the coincidence of post-synaptic metabotropic glutamate receptor (mGluR) activation during synaptic activity and Ca2þ

influx evoked by back-propagating action potentials in the post-synaptic cell induces the release of ECBs that activate CB1 receptors in astrocytes (1), which stimu-
lates the release of glutamate (2) that activates pre-synaptic NMDA receptors and induces LTD (3). (c) Activation of astrocyte CB1Rs by exogenous cannabinoids (1)
stimulate the release of glutamate (2), which activates post-synaptic NMDA receptors (3) that induce the endocytosis of post-synaptic AMPA receptors that leads to
LTD. (a – c Adapted from [10,11,54], respectively.)
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this spatially controlled dual regulation of synaptic trans-

mission is unknown, but it may have important functional

implications as a homeostatic mechanism of synaptic trans-

mission. For example, highly active synapses onto a particular

neuron could induce the release of ECBs that depress the activity

of these synapses. Simultaneously, these ECBs, through the

activation of astrocytes, could potentiate less active nearby

synapses. The simultaneous depression of strong synapses

and the potentiation of weak synapses could produce homogen-

eity in the synaptic strength of inputs into certain areas. This

homeostatic and anti-contrast effect may serve important func-

tions in some areas, like the CA1 of hippocampus, whose

functional properties are based on the simultaneous coordinated

activity of ensembles of neurons.
4. Role of astrocytes in the regulation of
long-term synaptic plasticity mediated
by endocannabinoids

Besides the above-described transient regulatory effects of ECBs

on synaptic transmission through the stimulation of astrocytes,

more recent data indicate that the activation of CB1Rs in
astrocytes can control long-lasting synaptic changes in different

brain areas.

Plasticity of synapses between excitatory neurons of layer 4

and layer 2/3 in the barrel cortex has been studied for years as a

model of spike timing-dependent plasticity, in which the tem-

poral relation between pre- and post-synaptic action potentials

controls synaptic plasticity [48–50]. Spike timing-dependent

long-term depression (t-LTD) was known to require activation

of both CB1Rs and pre-synaptic NMDARs, but how both

receptor types cooperatively lead to t-LTD was unknown

[48,51–53]. A recent study by Thomas Nevian’s laboratory

has revealed that astrocytes are crucially involved in this

form of synaptic plasticity [11]. ECBs released during t-LTD

induction activated CB1Rs in astrocytes, which induced both

the release of glutamate in a calcium-dependent manner

from these cells and the subsequent activation of pre-synaptic

NMDARs that led to t-LTD. These results suggest that astro-

cytes play a critical role in ECB signalling underlying

important synaptic plasticity changes that occur in sensory

information processing at the sensory cortex (figure 3b).

The most common effects of ECBs on synaptic plasticity

result in the depression of synaptic transmission [28,29,55].

A recent report proposes that ECBs mediate the long-lasting

potentiation of cortical synapses onto the hippocampus [56].

The participation of astrocytes in this potentiation in cortico-
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hippocampal synapses is unknown. However, data from our

laboratory indicate that coincidence of ECB signalling and

post-synaptic activity leads to the ECB-induced long-term

enhancement of transmitter release at single CA3–CA1

hippocampal synapses through stimulation of astrocytes.

This ECB-induced astrocyte-mediated long-term potentiation

(LTP) occurs at single synapses in neurons relatively distant

from the ECB source (greater than 60 mm), suggesting that

ECBs, classically considered to act as retrograde signals

that evoke synaptic depression, may also serve as a lateral

signal through activation of astrocytes that leads to LTP of

synaptic transmission (M Gómez-Gonzalo, M Navarrete,

G Perea, A Covelo, M Martı́n-Fernández, R Shigemoto,

R Luján, A Araque 2014, Endocannabinoids induce lateral

LTP of transmitter release by stimulation of gliotransmission,

unpublished; figure 3a).
.B
369:20130599
5. Impact of astrocytes on the behavioural
effects of endocannabinoid signalling

Given the involvement of ECB signalling in a plethora of brain

functions and behavioural tasks, the participation of astrocytes

in some of these functions is an exciting possibility that largely

remains unexplored. A recent ground-breaking study has pro-

vided evidence for the necessary role of astroglial CB1Rs in

spatial working memory impairment induced by exogenous

cannabinoids. Using the powerful tools of recently generated

conditional transgenic mice lacking CB1Rs selectively in astro-

cytes, GABAergic or glutamatergic neurons, Han et al. [54]

have shown that the impairment of spatial working memory

and the LTD of hippocampal synaptic transmission induced

by administration of THC, the major psychoactive ingredient

of marijuana, required astrocyte CB1Rs. The mechanistic

events proposed for the exogenous cannabinoid effects are

that they activate astrocytic CB1Rs and stimulate the release

of glutamate that induces LTD by internalization of AMPA

receptors, resulting in working memory impairment. This

study demonstrates that one of the most common effects of can-

nabinoid intoxication, the impairment of spatial working

memory, is mediated by ECB signalling in astrocytes (figure 3c).
6. Involvement of astrocytes in endocannabinoid
signalling in the brain pathology

ECB signalling is altered in numerous neurological and neuro-

degenerative diseases, which has been proposed to result in the

exacerbation or amelioration of certain brain disorders such as

multiple sclerosis, post-traumatic stress disorder, traumatic

brain injury and Parkinson’s disease [57]. While brain disease

mechanisms are largely considered to have a neuronal origin,

increasing evidence suggests that disturbances of astrocyte–

neuron interactions are related to brain disorders [58,59].

Similar to what is indicated above regarding behaviour also

applies for pathology. Because alterations of ECB signalling

are associated with many brain diseases, the possible involve-

ment of astrocytes does not seem implausible, although it has

scarcely been studied. For example, cannabinoids have been

shown to influence epileptic activity, although results report-

ing the proconvulsive or anti-epileptic effects of CB1R

ligands are controversial [60,61]. On the other hand, astrocytes
have been shown to contribute to epileptiform activity [62–66].

A recent study has shown that pharmacological blockade of

CB1 receptors reduced the maintenance of epileptiform dis-

charge, an effect that was abolished when astrocyte calcium

elevations were prevented, suggesting that ECB signalling

from neurons to astrocytes is involved in the maintenance of

hippocampal epileptiform activity [67]. This work opens prom-

ising avenues towards defining the participation of ECB

signalling and astrocytes as novel joint factors affecting

epileptic activity.

Whether alterations of ECB signalling in tripartite synapse

properties are associated with other brain diseases requires

detailed attention because it may reveal novel mechanisms

contributing to brain dysfunctions and may serve to identify

new cellular targets in the development of therapeutic

strategies for the treatment of brain diseases.
7. Concluding remarks
Astrocytes are emerging as important regulatory elements

involved in synaptic function, responding to synaptically

released neurotransmitters and regulating synaptic trans-

mission and plasticity. This evidence indicates that astrocytes

functionally interact with neurons establishing tripartite

synapses and suggest that they play an active role in brain func-

tion. Recent studies discussed in this review show that ECB

signalling in tripartite synapses has novel consequences rel-

evant to the regulation of synaptic function. These studies

have not only decisively contributed to supporting the tripar-

tite synapse concept, but they also have revealed novel

properties of intercellular signalling in the nervous system,

by showing that astrocytes stimulated by endogenous stimuli

(i.e. ECBs physiologically released from neurons) have the

ability to mediate interneuronal non-synaptic communication

(i.e. releasing glutamate that activates NMDARs [9]), spatially

control the regulation of synapses (i.e. through the lateral

potentiation of synaptic transmission [10]), necessarily med-

iate relevant synaptic plasticity phenomena [11] and

transform the sign of the regulatory effects of transmitters

(i.e. while ECBs directly signalling to synapses induce synaptic

depression, astrocytes stimulated by ECBs induce synaptic

potentiation) [9,10].

While these studies are very recent and therefore still

limited, a more comprehensive characterization of the conse-

quences of ECB signalling in the properties of tripartite

synapses in different brain areas is required to fully under-

stand the potential relevant role in brain function. The

development of new transgenic animal models, particula-

rly those specifically affecting astrocyte signalling, will be

extremely useful to reveal and define that role. This is clearly

exemplified by the recent conditional mutant mice genera-

ted by Marsicano’s group that specifically lack CB1Rs in

astrocytes and that allowed the demonstration of the involve-

ment of astrocytes in ECB signalling mediating particular

behavioural tasks [54].
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