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Endocannabinoids serve as retrograde signaling molecules at many synapses within
the CNS, particularly GABAergic and glutamatergic synapses. Synapses onto midbrain
dopamine (DA) neurons in the ventral tegmental area (VTA) make no exception to this rule.
In fact, the effects of cannabinoids on dopamine transmission as well as DA-related behav-
iors are generally exerted through the modulation of inhibitory and excitatory afferents
impinging onto DA neurons. Endocannabinoids, by regulating different forms of synaptic
plasticity in theVTA, provide a critical modulation of the DA neuron output and, ultimately, of
the systems driving and regulating motivated behaviors. Because DA cells exhibit diverse
states of activity, which crucially depend on their intrinsic properties and afferent drive, the
understanding of the role played by endocannabinoids in synaptic modulations is critical
for their overall functions. Particularly, endocannabinoids by selectively inhibiting afferent
activity may alter the functional states of DA neurons and potentiate the responsiveness
of the reward system to phasic DA.

Keywords: dopamine neurons, electrophysiology, LTD, LTP, 2-arachidonoylglycerol, oleoylethanolamide, PPAR-α

Survival of individuals and conservation of the species strictly
depend on the drive by which animals seek natural reinforcers
such as food, water, sex, and maternal care. Dopamine (DA) neu-
rons in the ventral tegmental area (VTA), lying centrally amidst
the limbic circuit and the basal ganglia, have adapted to organize
several aspects of motivated behaviors (Ungless, 2004; Fields et al.,
2007) and to provide the behavioral flexibility necessary for the
organism to adjust itself into a constantly changing environment.

To carry out this task, midbrain DA neurons exhibit diverse
states of activity that crucially depend on their intrinsic properties,
afferent drive, and retrograde messengers (reviewed in Marinelli
et al., 2006a; Sesack and Grace, 2010; Morikawa and Paladini,
2011).

In vivo, along with a regular, rhythmic discharge similar to that
observed in vitro (Grace and Onn, 1989; Khaliq and Bean, 2010),
spontaneously active DA neurons exhibit an irregular, single-spike
firing mode, and a bursting pattern. It is the switch between these
activity states that is believed to differentially regulate DA output in
downstream structures, with single-spiking determining extracel-
lular,“tonic”DA levels and burst firing leading to transient synaptic
“phasic” DA levels (reviewed in Grace et al., 2007). Notably, “pha-
sic” DA release is thought to represent the behaviorally relevant
signal sent to postsynaptic targets to indicate reward-related cues
and facilitate goal-directed action (see Grace et al., 2007 for a
review and references therein).

Firing pattern of DA neurons is correlated with specific behav-
ioral stimuli: these cells fire in bursts and release high DA levels
especially when a reward is unexpected or larger than expected
(Schultz, 1998, 2002, 2006; Schultz and Dickinson, 2000). After
training, when reward delivery is reliably preceded by a sensory

cue, DA neurons fire in bursts in response to the conditioned stim-
ulus (Schultz, 1998). On the other hand, these cells pause their fir-
ing when no reward or punishment are delivered (Schultz, 1998).
Under this aspect, DA neurons have been postulated to encode
reward prediction error (Bayer and Glimcher, 2005; Schultz, 2006)
and DA to be a powerful learning signal, evolutionary adapted to
energize the organism toward natural reinforcers. Phasic depres-
sion of firing rate and DA release, on the other hand, can be
interpreted as a signal for reversal learning (Schultz, 1998; Rob-
bins and Arnsten, 2009; Kehagia et al., 2010), essential for the
animal to attain that degree of behavioral plasticity necessary in
an ever-changing environment. Deficits in reversal learning impair
the ability of the animal to devaluate reward-related cues when
they no longer predict reward and to avoid idle perseveration into
unproductive behaviors (Kehagia et al., 2010). This neural cir-
cuit can be hijacked by drugs of abuse, which are able to become
major reinforcers and overcome the natural ones. Additionally,
addicting drugs strongly impair reversal learning and maintain
perseveration of drug taking despite of negative and unpleasant
consequences of drug use (Dagher and Robbins, 2009).

This dynamic behaviorally driven regulation of DA neuron
activity must rely on efferent inputs arising from other brain
regions directly involved by sensory, motor, and cognitive infor-
mation. Hence, both burst firing and pauses depend on the
balance between excitatory and inhibitory inputs impinging on
DA neurons and interacting with the intrinsic pacemaker cur-
rents observed in vitro (Lobb et al., 2010; Morikawa and Paladini,
2011). Excitatory projections arise mainly from the glutamater-
gic prefrontal cortex and bed nucleus of the stria terminalis, and
the glutamatergic–cholinergic pedunculopontine and laterodorsal

www.frontiersin.org February 2012 | Volume 3 | Article 7 | 1

http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org/Pharmacology/editorialboard
http://www.frontiersin.org/Pharmacology/editorialboard
http://www.frontiersin.org/Pharmacology/editorialboard
http://www.frontiersin.org/Pharmacology/about
http://www.frontiersin.org/Neuropharmacology/10.3389/fphar.2012.00007/abstract
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=23374&d=1&sname=MiriamMelis&name=Science
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=45000&d=1&sname=Anna_LisaMuntoni&name=Science
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=36707&d=1&sname=MarcoPistis&name=Science
mailto:mpistis@unica.it
http://www.frontiersin.org
http://www.frontiersin.org/Neuropharmacology/archive


Melis et al. Dopamine neurons and endocannabinoids

tegmental nuclei. Inhibitory inputs to the VTA arise from neigh-
boring GABAergic interneurons (Grace and Onn, 1989; Bayer and
Pickel, 1991; Omelchenko and Sesack, 2009) and from the basal
ganglia (Marinelli et al., 2006a; Sesack and Grace, 2010; Morikawa
and Paladini, 2011), but not from the nucleus accumbens, whose
GABA neurons target non-DA VTA neurons (Xia et al., 2011). A
major GABAergic inputs to DA neurons arises also from a region
located at the caudal tail of the VTA, termed rostromedial tegmen-
tal nucleus (RMTg). The RMTg has been recently discovered as an
important source of GABAergic projections to midbrain DA neu-
rons (Jhou et al., 2009; Kaufling et al., 2009; Lecca et al., 2011a,b;
Figure 1).

ENDOCANNABINOIDS AND SYNAPTIC PLASTICITY IN THE
VTA
How incoming inputs are integrated and reverberate into specific
firing patterns also depends on retrograde transmitters such as
endocannabinoids (Melis and Pistis, 2007).

Endocannabinoids are unconventional lipid neurotransmit-
ters/neuromodulators – synthesized on demand from membrane
phospholipids – whose functions include retrograde signaling
in the brain by modulating and/or mediating several types of
synaptic plasticity (Kano et al., 2009). The best characterized
endocannabinoids are anandamide (Devane et al., 1992) and
2-arachidonoylglycerol (2-AG; Mechoulam et al., 1995; Sug-
iura et al., 1995). Once released, they activate presynaptic type
1 cannabinoid receptors (CB1) and inhibit neurotransmitter
release influencing both short- and long-term forms of synaptic
plasticity.

Similarly to other neurons, DA neurons use endocannabinoids
as retrograde neurotransmitters (Melis and Pistis, 2007). These
molecules, with particular regard to 2-AG, and endocannabinoid-
like N -acylethanolamines (NAEs; see below), have been demon-
strated to be efficient means to dampen the activity of external
afferents and permit DA neurons to fine tune their own function
(Melis et al., 2004a,b, 2010; Melis and Pistis, 2007) to optimally
respond to behavioral stimuli.

Regarding endocannabinoid-mediated synaptic plasticity, the
best studied synapse in the VTA is the excitatory afferent aris-
ing from rostral/cortical regions. Hence, VTA DA neurons have
been shown to release endocannabinoids to decreased glu-
tamate release (Melis et al., 2004a,b, 2006; Marinelli et al.,
2006b; Haj-Dahmane and Shen, 2010; Kortleven et al., 2011).
Particularly, to date, the endocannabinoids that have been
identified as fine modulators of excitatory synaptic transmis-
sion within the VTA are mainly 2-AG and N -arachidonoyl-
dopamine (NADA; Melis et al., 2004a; Marinelli et al., 2006b;
Haj-Dahmane and Shen, 2010; Kortleven et al., 2011). Notably,
anandamide – though present within the midbrain (Marinelli
et al., 2003; Melis et al., 2006) – plays a role as endovanil-
loid on ionotropic transient receptor potential vanilloid type 1
(TRPV1; Marinelli et al., 2003) rather than as an endocannabi-
noid on CB1 (Melis et al., 2006). In contrast, the endocannabinoid
NADA, which can act depending on the conditions on either
CB1 or TRPV1 at both inhibitory and excitatory synapses, can
only be detected upon K+-induced depolarization (Marinelli
et al., 2006b), thus raising issues on its role under physiological
conditions.

FIGURE 1 |The rostromedial tegmental nucleus (RMTg)–VTA pathway

in aversion and reward mechanisms: possible role of

endocannabinoids. (A) γ-Aminobutyric (GABA) neurons in the RMTg
receive a major glutamatergic (GLU) input from lateral habenula (LHb),
show phasic activation after aversive stimuli and inhibit ventral tegmental
area (VTA) dopamine (DA) neurons. The inset displays oscilloscope traces
recorded from a DA neuron inhibited for ∼ 100 ms following RMTg
stimulation. The graphs represent rate histograms recorded from RMTg and
DA neurons and show increase or decrease in firing rate, respectively,
following a painful stimulus (paw pinch). Rate histograms and oscilloscope
traces are adapted from Lecca et al. (2011a,b). We hypothesize that pauses
in DA neuron firing rate, which are known to encode reward omission and
punishment, might be mediated by the RMTg and regulated by
endocannabinoids (i.e., 2-arachidonoylglycerol, 2-AG) activating presynaptic
CB1 receptors. DA neurons receive also important glutamatergic afferents
arising from various brain regions. Glutamatergic terminals are also
endowed with presynaptic CB1 receptors. (B) Acute drug administration or
reinstatement of drug self-administration excite DA neurons and DA release
in terminal regions. On the other hand, addicting drugs also inhibit RMTg
neurons (Lecca et al., 2011a) and/or suppress RMTg-induced inhibition of
DA neurons (Lecca et al., 2011b), contributing to their excitation via a
disinhibition mechanism. The oscilloscope traces in the inset show that
RMTg-induced inhibition of the same DA neuron as in (A) is attenuated
following cannabinoid administration (from Lecca et al., 2011b). Hence, we
hypothesize that endocannabinoids might modulate the strength of these
inhibitory afferents via long- or short-term forms of synaptic plasticity (such
as depolarization-induced suppression of inhibition, DSI or long-term
depression of GABA afferents, LTDGABA, respectively). The picture is further
complicated, however, by the fact that endocannabinoids also modulate
glutamatergic afferents, inducing functionally opposite forms of synaptic
plasticity (such as depolarization-induced suppression of excitation, DSE or
long-term depression of glutamatergic afferents, LTD).
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Conversely, 2-AG appears as the key signaling molecule
released on demand by VTA DA neurons. Hence, 2-AG medi-
ates depolarization-induced suppression of excitation (Melis
et al., 2006), a form of short-term plasticity that might serve
to limit pathological excitation of VTA DA neurons, such as
under ischemic–reperfusion injury (Melis et al., 2006). Addi-
tionally, behaviorally relevant patterns of synaptic activity such
as a brief burst (2 s, 5 Hz) of excitatory synaptic activity onto
DA neurons activate mGluR1 and increase intracellular Ca2+
levels, thus leading to 2-AG release, which transiently and selec-
tively reduces excitatory inputs and DA neuron spike and burst
probability (Melis et al., 2004a; Pillolla et al., 2007). Hence, it
was suggested that 2-AG operates locally within the VTA as a
device for DA neurons to switch their firing pattern and activ-
ity in response to stimuli (Melis et al., 2004a). Consistently, 2-
AG synthetic enzyme sn-1-diacylglycerol lipase-α has been found
to be widely expressed in the VTA on DA neurons in prox-
imity of both glutamatergic and GABAergic synapses (Mátyás
et al., 2008). Accordingly, different groups have shown that 2-
AG plays a role in diverse forms of long-term synaptic plas-
ticity expressed by VTA DA neurons (Pan et al., 2008a; Haj-
Dahmane and Shen, 2010; Kortleven et al., 2011). Remarkably,
2-AG mediates long-term depression (LTD; Haj-Dahmane and
Shen, 2010), and inhibits long-term potentiation (LTP; Kortleven
et al., 2011) at excitatory synapses, consistently with its role in short
forms of plasticity at these synapses. Additionally, 2-AG medi-
ates LTD at GABAergic synapses (LTDGABA; Pan et al., 2008a,b,
2011).

NEW ENDOCANNABINOID-LIKE PLAYERS IN THE VTA: OEA
AND PEA
Along with anandamide, the enzyme N -acylphosphatidylethanola
mine-hydrolyzing phospholipase D (NAPE-PLD) also generates
other NAEs, such as the anorectic and lipolytic oleoylethanolamide
(OEA) and the anti-inflammatory palmitoylethanolamide (PEA).
Although OEA and PEA are not endocannabinoids, but ligands
of peroxisome proliferator-activated receptors (PPAR), they are
considered endocannabinoid-related molecules (Pistis and Melis,
2010). In fact, they share with anandamide both the anabolic and
degradative pathway (Lambert and Di Marzo, 1999), and they also
compete with anandamide for its hydrolysis by the enzyme fatty
acid amide hydrolase (FAAH), thereby causing an indirect acti-
vation of other receptors and the so called “entourage effect” (De
Petrocellis et al., 2001; Di Marzo et al., 2001; Jonsson et al., 2001;
Smart et al., 2002).

Emerging evidence suggests that OEA and PEA exert their
actions in the VTA (Melis et al., 2008, 2010). Particularly, they
decrease spontaneous activity of VTA DA cells and the num-
ber of spontaneously active DA neurons through a rapid non-
genomic mechanism downstream to activation of type alpha-
PPAR (PPARα; Melis et al., 2010). In 2008, the discovery that
OEA and PEA block nicotine-induced excitation of VTA DA neu-
rons both in vivo and in vitro (Melis et al., 2008) shed light
into their physiological role as negative modulators on nico-
tinic acetylcholine receptors containingβ2 subunits (β2∗-nAChRs;
Melis et al., 2010). These effects are blocked by the tyrosine
kinase inhibitor genistein (Melis et al., 2008), thus suggesting

the phosphorylation of β2∗-nAChRs as a plausible underlying
mechanism of NAE actions (Melis et al., 2010; Pistis and Melis,
2010).

Despite the interest, the potential physiological significance,
and the implications for NAE actions on VTA DA neurons, many
questions remain unanswered. First, OEA and PEA levels have
neither been measured in the VTA nor compared with other
related lipid molecules. Second, it is not known whether these
molecules are released on demand by VTA DA neurons during
physiological or pathological circumstances. Third, it is not clear
whether they help in controlling the state of β2∗-nAChRs or
the number of functional surface expressed β2∗-nAChRs. Since
NAEs are found in all mammalian tissues (Hansen et al., 2001;
Hansen and Diep, 2009), one could expect OEA and PEA to
be constitutively present in the VTA. Additionally, it could be
speculated that their synthesis and/or release occurs on demand
upon cholinergic receptor activation, given their role as impor-
tant negative modulators of β2∗-nAChRs. In a similar fashion,
NAEs are produced by cortical neurons in primary cultures (Stella
and Piomelli, 2001). If so, under these conditions, in the VTA
acetylcholine and NAEs might control each other in a negative
feedback mechanism, where OEA and PEA negatively modu-
late β2∗-nAChRs downstream to PPARα activation, and their
biosynthesis is increased by cholinergic agonists (Pistis and Melis,
2010).

Given that β2∗-nAChRs play a crucial role in mediating
the switch from “basal” to “excited” states of VTA DA neu-
rons (Mameli-Engvall et al., 2006), we currently hypothesize that
engagement of PPARα by NAEs, by making DA neurons less sen-
sitive to external information, might translate into prevention of
an erroneous attribution of saliency to otherwise irrelevant stim-
uli. Thus, engagement of PPARα by NAEs may have protective
effects and confer VTA DA neurons with the exquisite resilience
from excitotoxicity, which – together with individual differences
in ion channel makeup – might grant them less vulnerability to
metabolic dysfunction.

ROLE OF ENDOCANNABINOID-MEDIATED SYNAPTIC
MODULATION ON DA NEURONS IN GOAL-DIRECTED
BEHAVIOR/REWARD SEEKING
Despite a great deal of research, how – and if – endocannabinoid-
mediated modulation of DA neurons translates into behavior is
still to be established. Among neurotransmitters/neuromodulators
involved in the different phases of compulsive seeking of nat-
ural or drug-induced reward, the endocannabinoid system has
gained particular attention. Indeed, pharmacological manipula-
tion of endocannabinoids can influence reward-seeking behav-
ior, but if the DA system is directly involved is less clear. For
example, blockade of CB1 receptors with rimonabant inhibits
nicotine-, alcohol-, and cocaine-induced phasic DA release in
the ventral striatum measured with in vivo fast-scan voltamme-
try (Cheer et al., 2007). Earlier work by Cohen et al. (2002)
showed that rimonabant inhibits nicotine-induced DA release in
the nucleus accumbens, as measured by brain microdialysis, and
nicotine self-administration. Despite evidence on drug-induced
DA release, electrophysiological studies failed to demonstrate
effects of CB1 antagonists on drug-induced excitation of DA

www.frontiersin.org February 2012 | Volume 3 | Article 7 | 3

http://www.frontiersin.org
http://www.frontiersin.org/Neuropharmacology/archive


Melis et al. Dopamine neurons and endocannabinoids

neurons (Melis et al., 2000, 2008), with the exception of alcohol
(Perra et al., 2005). Thus, it can be inferred that endocannabi-
noids modulate drug-induced DA release at the synaptic level,
without affecting firing rate of DA cells. This piece of evidence
is at odds with the important modulatory role of endocannabi-
noids on synaptic afferents to DA neurons. One explanation
is that endocannabinoids might be primarily involved in the
effects of chronic drug administration, by modulating multi-
ple long-term, rather than short-term, forms of synaptic plas-
ticity, i.e., facilitating LTDGABA (Pan et al., 2008a,b, 2011) or
LTD on DA neurons (Haj-Dahmane and Shen, 2010), or inhibit-
ing LTP (Kortleven et al., 2011). How these functional oppos-
ing effects of endocannabinoids on long-term synaptic plastic-
ity combine with each other, and, more importantly, in which
phase of the addiction process they are engaged remains to be
established.

One possibility is that a persistent LTP at excitatory synapses
onto DA cells such as that induced by cocaine (Chen et al., 2008)
would lead to 2-AG-mediated LTD at the same synapses to protect
DA cells from overexcitation. However, under these conditions,
2-AG rather mediates LTDGABA (Pan et al., 2008b), thus raising
questions on its own role. Hence, it seems unlikely that 2-AG would
act simultaneously at both inhibitory and excitatory synapses,
although most of these latter are equipped with the key mole-
cular players required for 2-AG signaling (Mátyás et al., 2008;
Kortleven et al., 2011). Alternatively, one can suggest that cocaine-
induced released 2-AG, by removing the inhibitory inputs, can
induce DA cells to burst (F. Georges, personal communication),
consistent with the disinhibition bursts produced by removal of
GABA (Lobb et al., 2010). With this in mind, one would expect that
only VTA DA neurons encoding strong reward salience may use 2-
AG to escape from GABAergic inhibition and enhance their burst
firing (Riegel and Lupica, 2005; Mátyás et al., 2008; Figure 1B).
Given that GABAergic afferents onto DA neurons arise from dif-
ferent districts, the precise distribution pattern of key molecular
players needed for 2-AG actions can provide the correct frame-
work to understand 2-AG contribution in the context of drug
addiction.

Among behaviors related to natural or drug-induced rein-
forcement, reinstatement (equivalent to relapse in humans) is
most sensitive to CB1 receptor activation/blockade. Indeed, fol-
lowing extinction of drug-seeking behaviors such as drug self-
administration, CB1 receptor antagonists have been reported
to reliably block cue-induced or drug-induced reinstatement of
drug-seeking behavior (Fattore et al., 2003, 2005, 2007, 2011;
Le Foll and Goldberg, 2005; Ward et al., 2009; Schindler et al.,
2011; Yu et al., 2011). Vice versa, CB1 agonists reinstate drug-
seeking behaviors (Justinova et al., 2008; Scherma et al., 2008;
Gamaleddin et al., 2012). One hypothesis is that supramaximal
stimulation of CB1 receptors, such as that attained by exoge-
nous cannabinoid agonists, might desensitize or occlude 2-AG-
mediated short- or long-term forms of synaptic plasticity pri-
marily on glutamatergic afferents to DA neurons (such as short-
lasting suppression of excitation or LTD) by which DA cells
might be sensitized to priming with drugs or with drug-associated
cues.

Despite the remarkable effect on reinstatement, consen-
sus is emerging in the literature on the lack of effect of
(endo)cannabinoids on extinction of learned appetitively moti-
vated tasks (Hernandez and Cheer, 2011). On the other hand,
endocannabinoid mechanisms are strongly engaged in extinc-
tion of negatively motivated behavior (Marsicano et al., 2002;
Lutz, 2007). These pieces of evidence lead us to theorize that
endocannabinoids might also participate in the modulation of
neural circuits underlying behavioral responses to aversive stim-
uli. Although amygdala and hippocampus play a major role in
aversion mechanisms, DA neurons or their afferents might be also
involved. Among afferents to DA neurons, the RMTg plays a piv-
otal role in processing aversive and appetitive stimuli (Jhou et al.,
2009). In fact, RMTg neurons are excited by noxious stimuli and
inhibited by rewarding stimuli (Jhou et al., 2009; Hong et al., 2011).
These cells form inhibitory synapses with DA neurons (Kaufling
et al., 2010; Balcita-Pedicino et al., 2011) and activation of the
RMTg inhibits DA neurons both in the rat (Lecca et al., 2011a,b)
and in the monkey (Hong et al., 2011). Pauses in DA neuron firing,
which encode lack of reward or punishment, might be mediated
by the RMTg (Figure 1A) and be regulated by endocannabinoids.
In support to this idea, cannabinoids were shown to depress fir-
ing rate of RMTg neurons by reducing the strength of excitatory
postsynaptic currents (Lecca et al., 2011a; Figure 1B). Moreover,
they depress inhibitory inputs on DA neurons arising from RMTg
stimulation (Lecca et al., 2011b). Although the expression of CB1
receptors either in the RMTg neurons’ cell body or terminals
remains to be demonstrated, electrophysiological evidence sup-
ports the notion that the endocannabinoid system might modulate
these afferents and finely adjust DA neuron responses to punish-
ment/aversion or reward omission (Figures 1A,B). Consistently,
cannabinoids disrupt reversal learning by conferring behavioral
inflexibility and increasing perseveration errors (Egerton et al.,
2005; Hill et al., 2006; Harte and Dow-Edwards, 2011; Sokolic et al.,
2011). On the other hand, RMTg terminals might be a major tar-
get for endocannabinoid-mediated short- and long-term forms of
synaptic plasticity (depolarization-induced suppression of inhibi-
tion, DSI, or LTDGABA, respectively). Hence, by depressing these
important inhibitory afferents, endocannabinoids might indi-
rectly excite DA neurons and/or sensitize them toward behavioral
or drug-related stimuli, this mechanism resulting into an enhanced
stimulus-evoked firing activity and DA release in terminal regions
(Figure 1B).

CONCLUDING REMARKS
Further studies on the knowledge of the anatomy, physiology, bio-
chemistry, and pharmacology of these circuits might contribute to
new therapeutic strategies for treatment of psychiatric disorders
characterized by a dysregulation of the endocannabinoid system
in the reward DA circuitry.

It appears, therefore, compelling to investigate whether diverse
sets of synapses, most likely arising from extrinsic sources, are
differently equipped/enriched with the discrete players of 2-AG
signaling machinery. One interesting possibility could be that in
the VTA, similarly to the amygdala (Yoshida et al., 2011), a unique
molecular convergence of 2-AG signaling molecules would occur
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at specific synapses, resulting in a targeted control of the excitabil-
ity of DA neurons. If this is the case, many of the unraveled issues
regarding (endo)cannabinoid-mediated effects on DA neurons
and the dependent behavior would be solved.

ACKNOWLEDGMENTS
This research was sponsored by the Italian Ministry of University
(MIUR) to Marco Pistis (grant PRIN 2009: 200928EEX4) and to
Anna Lisa Muntoni (grant PRIN 2009: 2009HST9YF).

REFERENCES
Balcita-Pedicino, J. J., Omelchenko,

N., Bell, R., and Sesack, S. R.
(2011). The inhibitory influence of
the lateral habenula on midbrain
dopamine cells: ultrastructural evi-
dence for indirect mediation via the
rostromedial mesopontine tegmen-
tal nucleus. J. Comp. Neurol. 519,
1143–1164.

Bayer, H. M., and Glimcher, P. W.
(2005). Midbrain dopamine neu-
rons encode a quantitative reward
prediction error signal. Neuron 47,
129–141.

Bayer, V. E., and Pickel, V. M.
(1991). GABA-labeled terminals
form proportionally more synapses
with dopaminergic neurons con-
taining low densities of tyro-
sine hydroxylase-immunoreactivity
in rat ventral tegmental area. Brain
Res. 559, 44–55.

Cheer, J. F., Wassum, K. M., Sombers,
L. A., Heien, M. L. a. V., Ariansen,
J. L., Aragona, B. J., Phillips, P. E.
M., and Wightman, R. M. (2007).
Phasic dopamine release evoked by
abused substances requires cannabi-
noid receptor activation. J. Neurosci.
27, 791–795.

Chen, B. T., Bowers, M. S., Martin,
M., Hopf, F. W., Guillory, A. M.,
Carelli, R. M., Chou, J. K., and Bonci,
A. (2008). Cocaine but not natural
reward self-administration nor pas-
sive cocaine infusion produces per-
sistent LTP in the VTA. Neuron 59,
288–297.

Cohen, C., Perrault, G., Voltz, C., Stein-
berg, R., and Soubrie, P. (2002).
SR141716, a central cannabinoid
(CB(1)) receptor antagonist, blocks
the motivational and dopamine-
releasing effects of nicotine in rats.
Behav. Pharmacol. 13, 451–463.

Dagher, A., and Robbins, T. W. (2009).
Personality, addiction, dopamine:
insights from Parkinson’s disease.
Neuron 61, 502–510.

De Petrocellis, L., Davis, J. B., and
Di Marzo, V. (2001). Palmi-
toylethanolamide enhances
anandamide stimulation of human
vanilloid VR1 receptors. FEBS Lett.
506, 253–256.

Devane, W. A., Hanus, L., Breuer, A.,
Pertwee, R. G., Stevenson, L. A., Grif-
fin, G., Gibson, D., Mandelbaum,
A., Etinger, A., and Mechoulam, R.
(1992). Isolation and structure of a
brain constituent that binds to the

cannabinoid receptor. Science 258,
1946–1949.

Di Marzo, V., Melck, D., Orlando, P.,
Bisogno, T., Zagoory, O., Bifulco,
M., Vogel, Z., and De Petrocellis,
L. (2001). Palmitoylethanolamide
inhibits the expression of fatty acid
amide hydrolase and enhances the
anti-proliferative effect of anan-
damide in human breast cancer cells.
Biochem. J. 358, 249–255.

Egerton, A., Brett, R. R., and Pratt,
J. A. (2005). Acute delta9-tetra
hydrocannabinol-induced deficits in
reversal learning: neural correlates
of affective inflexibility. Neuropsy-
chopharmacology 30, 1895–1905.

Fattore, L., Spano, M., Melis, V., Fadda,
P., and Fratta, W. (2011). Differen-
tial effect of opioid and cannabinoid
receptor blockade on heroin-seeking
reinstatement and cannabinoid sub-
stitution in heroin-abstinent rats. Br.
J. Pharmacol. 163, 1550–1562.

Fattore, L., Spano, M. S., Cossu, G.,
Deiana, S., and Fratta, W. (2003).
Cannabinoid mechanism in rein-
statement of heroin-seeking after a
long period of abstinence in rats.
Eur. J. Neurosci. 17, 1723–1726.

Fattore, L., Spano, M. S., Deiana, S.,
Melis, V., Cossu, G., Fadda, P., and
Fratta, W. (2007). An endocannabi-
noid mechanism in relapse to drug
seeking: a review of animal studies
and clinical perspectives. Brain Res.
Rev. 53, 1–16.

Fattore, L., Spano, S., Cossu, G., Deiana,
S., Fadda, P., and Fratta, W. (2005).
Cannabinoid CB(1) antagonist SR
141716A attenuates reinstatement
of heroin self-administration in
heroin-abstinent rats. Neurophar-
macology 48, 1097–1104.

Fields, H. L., Hjelmstad, G. O., Margo-
lis, E. B., and Nicola, S. M. (2007).
Ventral tegmental area neurons in
learned appetitive behavior and pos-
itive reinforcement. Annu. Rev. Neu-
rosci. 30, 289–316.

Gamaleddin, I., Wertheim, C., Zhu,
A. Z., Coen, K. M., Vemuri, K.,
Makryannis, A., Goldberg, S. R.,
and Le Foll, B. (2012). Cannabi-
noid receptor stimulation increases
motivation for nicotine and nicotine
seeking. Addict. Biol. 17, 47–61.

Grace, A. A., Floresco, S. B., Goto,Y., and
Lodge, D. J. (2007). Regulation of
firing of dopaminergic neurons and
control of goal-directed behaviors.
Trends Neurosci. 30, 220–227.

Grace, A. A., and Onn, S. P. (1989).
Morphology and electrophysiologi-
cal properties of immunocytochem-
ically identified rat dopamine neu-
rons recorded in vitro. J. Neurosci. 9,
3463–3481.

Haj-Dahmane, S., and Shen, R. Y.
(2010). Regulation of plasticity of
glutamate synapses by endocannabi-
noids and the cyclic-AMP/protein
kinase A pathway in midbrain
dopamine neurons. J. Physiol.
(Lond.) 588, 2589–2604.

Hansen, H. H., Ikonomidou, C., Bitti-
gau, P., Hansen, S. H., and Hansen,
H. S. (2001). Accumulation of the
anandamide precursor and other N-
acylethanolamine phospholipids in
infant rat models of in vivo necrotic
and apoptotic neuronal death. J.
Neurochem. 76, 39–46.

Hansen, H. S., and Diep, T. A. (2009). N-
acylethanolamines, anandamide and
food intake. Biochem. Pharmacol. 78,
553–560.

Harte, L. C., and Dow-Edwards,
D. (2011). Sexually dimorphic
alterations in locomotion and
reversal learning after adolescent
tetrahydrocannabinol exposure in
the rat. Neurotoxicol. Teratol. 32,
515–524.

Hernandez, G., and Cheer, J. F. (2011).
Extinction learning of rewards in the
rat: is there a role for CB1 recep-
tors? Psychopharmacology (Berl.)
217, 189–197.

Hill, M. N., Froese, L. M., Morrish,A. C.,
Sun, J. C., and Floresco, S. B. (2006).
Alterations in behavioral flexibility
by cannabinoid CB1 receptor ago-
nists and antagonists. Psychophar-
macology (Berl.) 187, 245–259.

Hong, S., Jhou, T. C., Smith, M., Saleem,
K. S., and Hikosaka, O. (2011). Neg-
ative reward signals from the lateral
habenula to dopamine neurons are
mediated by rostromedial tegmental
nucleus in primates. J. Neurosci. 31,
11457–11471.

Jhou, T. C., Fields, H. L., Baxter, M.
G., Saper, C. B., and Holland, P. C.
(2009). The rostromedial tegmen-
tal nucleus (RMTg), a GABAergic
afferent to midbrain dopamine neu-
rons, encodes aversive stimuli and
inhibits motor responses. Neuron 61,
786–800.

Jonsson, K. O., Vandevoorde, S., Lam-
bert, D. M., Tiger, G., and Fowler, C.
J. (2001). Effects of homologues and
analogues of palmitoylethanolamide

upon the inactivation of the endo-
cannabinoid anandamide. Br. J.
Pharmacol. 133, 1263–1275.

Justinova, Z., Mangieri, R. A., Borto-
lato, M., Chefer, S. I., Mukhin, A.
G., Clapper, J. R., King, A. R., Redhi,
G. H., Yasar, S., Piomelli, D., and
Goldberg, S. R. (2008). Fatty acid
amide hydrolase inhibition height-
ens anandamide signaling without
producing reinforcing effects in pri-
mates. Biol. Psychiatry 64, 930–937.

Kano, M., Ohno-Shosaku, T., Hashimo-
todani, Y., Uchigashima, M.,
and Watanabe, M. (2009).
Endocannabinoid-mediated control
of synaptic transmission. Physiol.
Rev. 89, 309–380.

Kaufling, J., Veinante, P., Pawlowski,
S. A., Freund-Mercier, M. J., and
Barrot, M. (2009). Afferents to
the GABAergic tail of the ventral
tegmental area in the rat. J. Comp.
Neurol. 513, 597–621.

Kaufling, J., Veinante, P., Pawlowski,
S. A., Freund-Mercier, M. J.,
and Barrot, M. (2010). gamma-
Aminobutyric acid cells with
cocaine-induced DeltaFosB in
the ventral tegmental area inner-
vate mesolimbic neurons. Biol.
Psychiatry 67, 88–92.

Kehagia, A. A., Murray, G. K., and
Robbins, T. W. (2010). Learning
and cognitive flexibility: frontostri-
atal function and monoaminergic
modulation. Curr. Opin. Neurobiol.
20, 199–204.

Khaliq, Z. M., and Bean, B. P. (2010).
Pacemaking in dopaminergic ven-
tral tegmental area neurons: depo-
larizing drive from background and
voltage-dependent sodium conduc-
tances. J. Neurosci. 30, 7401–7413.

Kortleven, C., Fasano, C., Thibault,
D., Lacaille, J. C., and Trudeau, L.
E. (2011). The endocannabinoid 2-
arachidonoylglycerol inhibits long-
term potentiation of glutamatergic
synapses onto ventral tegmental area
dopamine neurons in mice. Eur. J.
Neurosci. 33, 1751–1760.

Lambert, D. M., and Di Marzo, V.
(1999). The palmitoylethanolamide
and oleamide enigmas: are these two
fatty acid amides cannabimimetic?
Curr. Med. Chem. 6, 757–773.

Le Foll, B., and Goldberg, S. R. (2005).
Cannabinoid CB1 receptor antago-
nists as promising new medications
for drug dependence. J. Pharmacol.
Exp. Ther. 312, 875–883.

www.frontiersin.org February 2012 | Volume 3 | Article 7 | 5

http://www.frontiersin.org
http://www.frontiersin.org/Neuropharmacology/archive


Melis et al. Dopamine neurons and endocannabinoids

Lecca, S., Melis, M., Luchicchi,A., Ennas,
M. G., Castelli, M. P., Muntoni, A.
L., and Pistis, M. (2011a). Effects of
drugs of abuse on putative rostrome-
dial tegmental neurons, inhibitory
afferents to midbrain dopamine
cells. Neuropsychopharmacology 36,
589–602.

Lecca, S., Melis, M., Luchicchi, A.,
Muntoni, A. L., and Pistis, M.
(2011b). Inhibitory inputs from
rostromedial tegmental neurons
regulate spontaneous activity of
midbrain dopamine cells and their
responses to drugs of abuse. Neuro-
psychopharmacology. doi: 10.1038/
npp.2011.302.[Epubaheadof print].

Lobb, C. J.,Wilson, C. J., and Paladini, C.
A. (2010). A dynamic role for GABA
receptors on the firing pattern of
midbrain dopaminergic neurons. J.
Neurophysiol. 104, 403–413.

Lutz, B. (2007). The endocannabinoid
system and extinction learning. Mol.
Neurobiol. 36, 92–101.

Mameli-Engvall, M., Evrard, A., Pons,
S., Maskos, U., Svensson, T. H.,
Changeux, J. P., and Faure, P. (2006).
Hierarchical control of dopamine
neuron-firing patterns by nicotinic
receptors. Neuron 50, 911–921.

Marinelli, M., Rudick, C. N., Hu, X. T.,
and White, F. J. (2006a). Excitabil-
ity of dopamine neurons: mod-
ulation and physiological conse-
quences. CNS Neurol. Disord. Drug
Targets 5, 79–97.

Marinelli, S., Di Marzo, V., Florenzano,
F., Fezza, F., Viscomi, M. T., Van Der
Stelt, M., Bernardi, G., Molinari, M.,
Maccarrone, M., and Mercuri, N. B.
(2006b). N-arachidonoyl-dopamine
tunes synaptic transmission onto
dopaminergic neurons by activat-
ing both cannabinoid and vanil-
loid receptors. Neuropsychopharma-
cology 32, 298–308.

Marinelli, S., Di Marzo, V., Berretta, N.,
Matias, I., Maccarrone, M., Bernardi,
G., and Mercuri, N. B. (2003). Presy-
naptic facilitation of glutamater-
gic synapses to dopaminergic neu-
rons of the rat substantia nigra by
endogenous stimulation of vanilloid
receptors. J. Neurosci. 23,3136–3144.

Marsicano, G., Wotjak, C. T., Azad, S. C.,
Bisogno, T., Rammes, G., Cascio, M.
G., Hermann, H., Tang, J., Hofmann,
C., Zieglgansberger,W., Di Marzo,V.,
and Lutz, B. (2002). The endogenous
cannabinoid system controls extinc-
tion of aversive memories. Nature
418, 530–534.

Mátyás, F., Urbán, G. M., Watanabe, M.,
Mackie, K., Zimmer,A., Freund, T. F.,
and Katona, I. (2008). Identification
of the sites of 2-arachidonoylglycerol
synthesis and action imply retro-

grade endocannabinoid signaling at
both GABAergic and glutamater-
gic synapses in the ventral tegmen-
tal area. Neuropharmacology 54,
95–107.

Mechoulam, R., Ben-Shabat, S., Hanus,
L., Ligumsky, M., Kaminski, N. E.,
Schatz, A. R., Gopher, A., Almog, S.,
Martin, B. R., Compton, D. R., Per-
twee, R. G., Griffin, G., Bayewitch,
M., Barg, J., and Vogel, Z. (1995).
Identification of an endogenous 2-
monoglyceride, present in canine
gut, that binds to cannabinoid recep-
tors. Biochem. Pharmacol. 50, 83–90.

Melis, M., Carta, S., Fattore, L., Tolu,
S., Yasar, S., Goldberg, S. R.,
Fratta, W., Maskos, U., and Pistis,
M. (2010). Peroxisome proliferator-
activated receptors-alpha modulate
dopamine cell activity through nico-
tinic receptors. Biol. Psychiatry 68,
256–264.

Melis, M., Gessa, G. L., and Diana, M.
(2000). Different mechanisms for
dopaminergic excitation induced by
opiates and cannabinoids in the rat
midbrain. Prog. Neuropsychophar-
macol. Biol. Psychiatry 24, 993–1006.

Melis, M., Perra, S., Muntoni, A. L., Pil-
lolla, G., Lutz, B., Marsicano, G., Di
Marzo, V., Gessa, G. L., and Pistis,
M. (2004a). Prefrontal cortex stim-
ulation induces 2-arachidonoyl-
glycerol-mediated suppression of
excitation in dopamine neurons. J.
Neurosci. 24, 10707–10715.

Melis, M., Pistis, M., Perra, S., Muntoni,
A. L., Pillolla, G., and Gessa, G. L.
(2004b). Endocannabinoids medi-
ate presynaptic inhibition of gluta-
matergic transmission in rat ventral
tegmental area dopamine neurons
through activation of CB1 receptors.
J. Neurosci. 24, 53–62.

Melis, M., Pillolla, G., Bisogno, T.,
Minassi, A., Petrosino, S., Perra, S.,
Muntoni, A. L., Lutz, B., Gessa, G. L.,
Marsicano, G., Di Marzo,V., and Pis-
tis, M. (2006). Protective activation
of the endocannabinoid system dur-
ing ischemia in dopamine neurons.
Neurobiol. Dis. 24, 15–27.

Melis, M., Pillolla, G., Luchicchi, A.,
Muntoni, A. L., Yasar, S., Goldberg,
S. R., and Pistis, M. (2008). Endoge-
nous Fatty Acid Ethanolamides Sup-
press Nicotine-Induced Activation
of Mesolimbic Dopamine Neurons
through Nuclear Receptors. J. Neu-
rosci. 28, 13985–13994.

Melis, M., and Pistis, M. (2007). Endo-
cannabinoid signaling in midbrain
dopamine neurons: more than phys-
iology? Curr. Neuropharmacol. 5,
268–277.

Morikawa, H., and Paladini, C. A.
(2011). Dynamic regulation of

midbrain dopamine neuron activ-
ity: intrinsic, synaptic, and plastic-
ity mechanisms. Neuroscience 198,
95–111.

Omelchenko, N., and Sesack, S. R.
(2009). Ultrastructural analysis of
local collaterals of rat ventral
tegmental area neurons: GABA phe-
notype and synapses onto dopamine
and GABA cells. Synapse 63,
895–906.

Pan, B., Hillard, C. J., and Liu,
Q. S. (2008a). D2 dopamine
receptor activation facilitates
endocannabinoid-mediated long-
term synaptic depression of
GABAergic synaptic transmission
in midbrain dopamine neurons via
cAMP-protein kinase A signaling. J.
Neurosci. 28, 14018–14030.

Pan, B., Hillard, C. J., and Liu, Q.
S. (2008b). Endocannabinoid sig-
naling mediates cocaine-induced
inhibitory synaptic plasticity in mid-
brain dopamine neurons. J. Neu-
rosci. 28, 1385–1397.

Pan, B., Zhong, P., Sun, D., and Liu,
Q. S. (2011). Extracellular signal-
regulated kinase signaling in the
ventral tegmental area mediates
cocaine-induced synaptic plasticity
and rewarding effects. J. Neurosci. 31,
11244–11255.

Perra, S., Pillolla, G., Melis, M.,
Muntoni, A. L., Gessa, G. L., and Pis-
tis, M. (2005). Involvement of the
endogenous cannabinoid system in
the effects of alcohol in the mesolim-
bic reward circuit: electrophysiolog-
ical evidence in vivo. Psychopharma-
cology (Berl.) 183, 368–377.

Pillolla, G., Melis, M., Perra, S.,
Muntoni, A. L., Gessa, G. L., and
Pistis, M. (2007). Medial fore-
brain bundle stimulation evokes
endocannabinoid-mediated mod-
ulation of ventral tegmental area
dopamine neuron firing in vivo.
Psychopharmacology (Berl.) 191,
843–853.

Pistis, M., and Melis, M. (2010).
From surface to nuclear receptors:
the endocannabinoid family extends
its assets. Curr. Med. Chem. 17,
1450–1467.

Riegel, A. C., and Lupica, C. R. (2005).
Independent presynaptic and post-
synaptic mechanisms regulate endo-
cannabinoid signaling at multiple
synapses in the ventral tegmental
area. J. Neurosci. 24, 11070–11078.

Robbins, T. W., and Arnsten, A. F.
(2009). The neuropsychopharma-
cology of fronto-executive function:
monoaminergic modulation. Annu.
Rev. Neurosci. 32, 267–287.

Scherma, M., Panlilio, L. V., Fadda,
P., Fattore, L., Gamaleddin, I., Le

Foll, B., Justinova, Z., Mikics, E.,
Haller, J., Medalie, J., Stroik, J.,
Barnes, C., Yasar, S., Tanda, G.,
Piomelli, D., Fratta, W., and Gold-
berg, S. R. (2008). Inhibition of
anandamide hydrolysis by URB597
reverses abuse-related behavioral
and neurochemical effects of nico-
tine in rats. J. Pharmacol. Exp. Ther.
327, 482–490

Schindler, C. W., Panlilio, L. V., Gilman,
J. P., Justinova, Z., Vemuri, V.
K., Makriyannis, A., and Gold-
berg, S. R. (2011). Effects of
cannabinoid receptor antagonists
on maintenance and reinstate-
ment of methamphetamine self-
administration in rhesus monkeys.
Eur. J. Pharmacol. 633, 44–49.

Schultz, W. (1998). Predictive reward
signal of dopamine neurons. J. Neu-
rophysiol. 80, 1–27.

Schultz, W. (2002). Getting formal with
dopamine and reward. Neuron 36,
241–263.

Schultz, W. (2006). Behavioral theories
and the neurophysiology of reward.
Annu. Rev. Psychol. 57, 87–115.

Schultz, W., and Dickinson, A. (2000).
Neuronal coding of prediction
errors. Annu. Rev. Neurosci. 23,
473–500.

Sesack, S. R., and Grace, A. A.
(2010). Cortico-basal ganglia reward
network: microcircuitry. Neuropsy-
chopharmacology 35, 27–47.

Smart, D., Jonsson, K. O., Vandevo-
orde, S., Lambert, D. M., and Fowler,
C. J. (2002). ’Entourage’ effects
of N-acylethanolamines at human
vanilloid receptors. Comparison of
effects upon anandamide-induced
vanilloid receptor activation and
upon anandamide metabolism. Br.
J. Pharmacol. 136, 452–458.

Sokolic, L., Long, L. E., Hunt, G.
E., Arnold, J. C., and Mcgregor,
I. S. (2011). Disruptive effects of
the prototypical cannabinoid Delta-
tetrahydrocannabinol and the fatty
acid amide inhibitor URB-597 on
go/no-go auditory discrimination
performance and olfactory reversal
learning in rats. Behav. Pharmacol.
22, 191–202.

Stella, N., and Piomelli, D. (2001).
Receptor-dependent formation of
endogenous cannabinoids in corti-
cal neurons. Eur. J. Pharmacol. 425,
189–196.

Sugiura, T., Kondo, S., Sukagawa,
A., Nakane, S., Shinoda, A., Itoh,
K., Yamashita, A., and Waku, K.
(1995). 2-Arachidonoylglycerol: a
possible endogenous cannabinoid
receptor ligand in brain. Biochem.
Biophys. Res. Commun. 215,
89–97.

Frontiers in Pharmacology | Neuropharmacology February 2012 | Volume 3 | Article 7 | 6

http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org/Neuropharmacology
http://www.frontiersin.org/Neuropharmacology/archive


Melis et al. Dopamine neurons and endocannabinoids

Ungless, M. A. (2004). Dopamine: the
salient issue. Trends Neurosci. 27,
702–706.

Ward, S. J., Rosenberg, M., Dykstra, L.
A., and Walker, E. A. (2009). The CB1
antagonist rimonabant (SR141716)
blocks cue-induced reinstatement of
cocaine seeking and other context
and extinction phenomena predic-
tive of relapse. Drug Alcohol Depend.
105, 248–255.

Xia,Y., Driscoll, J. R.,Wilbrecht, L., Mar-
golis, E. B., Fields, H. L., and Hjelm-
stad, G. O. (2011). Nucleus accum-
bens medium spiny neurons target
non-dopaminergic neurons in the

ventral tegmental area. J. Neurosci.
31, 7811–7816.

Yoshida, T., Uchigashima, M., Yamasaki,
M., Katona, I., Yamazaki, M.,
Sakimura, K., Kano, M., Yosh-
ioka, M., and Watanabe, M. (2011).
Unique inhibitory synapse with par-
ticularly rich endocannabinoid sig-
naling machinery on pyramidal neu-
rons in basal amygdaloid nucleus.
Proc. Natl. Acad. Sci. U.S.A. 108,
3059–3064.

Yu, L. L., Zhou, S. J., Wang, X. Y., Liu,
J. F., Xue, Y. X., Jiang, W., and Lu,
L. (2011). Effects of cannabinoid
CB receptor antagonist rimonabant

on acquisition and reinstatement
of psychostimulant reward mem-
ory in mice. Behav. Brain Res. 217,
111–116.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 01 December 2011; paper
pending published: 12 December 2011;
accepted: 12 January 2012; published
online: 02 February 2012.

Citation: Melis M, Muntoni AL and
Pistis M (2012) Endocannabinoids
and the processing of value-related
signals. Front. Pharmacol. 3:7. doi:
10.3389/fphar.2012.00007
This article was submitted to Frontiers
in Neuropharmacology, a specialty of
Frontiers in Pharmacology.
Copyright © 2012 Melis, Muntoni and
Pistis. This is an open-access article dis-
tributed under the terms of the Cre-
ative Commons Attribution Non Com-
mercial License, which permits non-
commercial use, distribution, and repro-
duction in other forums, provided the
original authors and source are credited.

www.frontiersin.org February 2012 | Volume 3 | Article 7 | 7

View publication stats

http://dx.doi.org/10.3389/fphar.2012.00007
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Neuropharmacology/archive
https://www.researchgate.net/publication/221844589

	Endocannabinoids and the processing of value-related signals
	Endocannabinoids and synaptic plasticity in the VTA
	New endocannabinoid-like players in the VTA: OEA and PEA
	Role of endocannabinoid-mediated synaptic modulation on DA neurons in goal-directed behavior/reward seeking
	Concluding remarks
	Acknowledgments
	References


