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Abstract

Endogenous cannabinoids play important roles in a variety of functions in the mammalian brain,
including the regulation reward-related information processing. The primary mechanism through
which this achieved is the presynaptic modulation of synaptic transmission. During reward- and
reinforcement-related behavior dopamine levels increase in forebrain areas and this has recently
been shown to be modulated by the endocannabinoid system. Therefore, understanding how
endocannabinoids are mobilized to modulate synaptic inputs impinging on midbrain dopamine
neurons is crucial to a complete understanding of the roles that these molecules play in reward
behavior, drug abuse and addiction. Here we summarize the literature describing short-term and
long-term regulation of afferent connections on dopamine neurons in the ventral tegmental area
via endocannabinoid activation of cannabinoid CB1 receptors, and describe the mechanisms
through which these molecules are released during reward-based behavior and exposure to abused
drugs.
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1. Introduction

Midbrain dopamine (DA) neurons are central components of the brain reward system. DA
neurons fire in tonic pacemaker or phasic/burst modes, the latter of which signals reward
prediction error; the discrepancy between expected and actual reward (Cohen et al., 2012;
Schultz et al., 1997). This reward-related phasic activity of DA neurons is sufficient to
support reinforcement learning, most likely by triggering long-term modification of synaptic
connections (Glimcher, 2011; Steinberg et al., 2013). All addictive drugs affect the brain’s
reward circuitry by enhancing DA levels in the nucleus accumbens (NAc), which is a
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primary target of DA neurons in ventral tegmental area (VTA) (Gardner, 2011). The
endogenous cannabinoid (eCB) system is increasingly seen to play an important role in
modulating reward-related changes of DA levels in the NAc and other forebrain targets to
thereby regulate addictive behaviors (Melis and Pistis, 2012; Oleson et al., 2012).

1.1 Endocannabinoid function in the CNS

All eCBs identified to date are lipid molecules. Although there are many eCBs that have
been identified, in the context of the present review we refer to only those that act as
agonists at the cannabinoid receptor type 1 (CB1R) cloned by Matsuda et al. (1990).
Endocannabinoids are released by neurons during heightened activity and interact with
CB1Rs expressed throughout the CNS, where they inhibit the release of neurotransmitters
such as GABA or glutamate (Alger, 2002; Melis et al., 2004b; Riegel and Lupica, 2004).
This form of eCB release is said to be “on demand” because it occurs when neuronal activity
is high, and depends upon the influx of Ca2* (Bisogno et al., 1997; Di Marzo et al., 1994).
Furthermore, activity-dependent release of eCBs generally occurs in postsynaptic neurons
whereas CB1Rs are most-often located on axon terminals. Therefore, eCBs are said to act in
a “retrograde” manner to regulate neurotransmitter release. The transient eCB-mediated
inhibition of neurotransmitter release has been labeled depolarization-induced suppression
of “inhibition” (DSI) (Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001) or “excitation”
(DSE) (Kreitzer and Regehr, 2001), depending on the nature of the neurotransmitter whose
release is inhibited by the eCB. CB1R activation by eCBs can also initiate long-term
synaptic plasticity, including long-term depression (LTD), or can modify the strength of
long-term potentiation (LTP) (Carlson et al., 2002; Kortleven et al., 2011). Several excellent
reviews exist to describe these long-term actions of eCBs (Alger, 2002; Chevaleyre et al.,
2006; Gerdeman and Lovinger, 2003; Kano et al., 2009).

1.2 Metabolism of 2-arachidonoylglycerol

As most of the transient, activity-dependent, physiological actions of eCBs are mediated by
2-arachidonoylglycerol (2-AG), and this is the eCB involved in regulating VTA DA neuron
function, we will focus on this particular molecule. Activity-dependent increases in
intracellular Ca2* is thought to trigger the synthesis and release of 2-AG by activation of the
enzyme phospholipase C-p (PLC-B), which converts membrane bound phosphatidylinositol
phosphates to diacylglycerol (DAG). The enzyme, diacylglycerol lipase-a (DGLa) then
hydrolyzes DAG to 2-AG, which is a full agonist at CB1Rs. The metabolic degradation of 2-
AG is thought to primarily occur via the enzyme, monoacylglycerol lipase (MAGL), which
hydrolyzes 2-AG to arachidonic acid and glycerol, both of which are inactive at CB1Rs
(Sugiura et al., 2002; Ueda et al., 2011).

In addition to the Ca2*-dependent mobilization of 2-AG, the activation of several Ggi11
protein-coupled neurotransmitter receptors (GPCRS), such as group | metabotropic
glutamate receptors (mGIuRI), muscarinic acetylcholine receptors (MAChR), type 1
neurotensin receptors (NT1R), and orexin receptors, can stimulate 2-AG synthesis
independently of Ca2* (Maejima et al., 2001; Kim et al., 2002; Haj-Dahmane and Shen,
2005; Kortleven et al., 2012). These GPCRs, through coupling to G/11 proteins, directly
stimulate PLC-B, which then hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP,) to
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DAG and inositol triphosphate (IP3). DAG is then hydrolyzed by DGLa to form 2-AG.
Calcium-dependent, and GPCR-dependent 2-AG synthesis can also occur together, and the
elevation of intracellular Ca2* during Ggy11 activation can synergistically increase 2-AG
production (Hashimotodani et al., 2005; Maejima et al., 2005; Kano et al., 2009).

2. eCBs released from DA neurons modulate synaptic transmission in the

VTA

2.1 The eCB system in the VTA

Similar to other brain areas (Wilson and Nicoll, 2002), synthetic CB1R agonists inhibit both
excitatory postsynaptic currents (EPSCs) mediated by glutamate, and inhibitory postsynaptic
current (IPSCs) mediated by GABA through the inhibition of synaptic transmission in VTA
(Szabo et al., 2002; Melis et al., 2004b; Riegel and Lupica, 2004; Pan et al., 2008b). The 2-
AG biosynthetic enzyme, DGLa, has been found on the plasma membranes of both
dopaminergic and non-dopaminergic neurons in the VTA, where it can be located adjacent
to postsynaptic membrane specializations, and opposite CB1R-expressing glutamate and
GABA axon terminals (Matyas et al., 2008). This suggests that both DA and non-DA
neurons in the VTA may synthesize and release 2-AG, and that this eCB is likely involved
in regulating VTA function by modulating neurotransmitter release (Melis et al., 2004b; Pan
et al., 2008b; Riegel and Lupica, 2004). During whole-cell recordings in brain slices, the
depolarization of VTA DA neurons from =70 to +40 mV for 5-10 s elicits brief depression
of EPSCs (Melis et al., 2004b; Melis et al., 2004a). This transient inhibition of glutamate
synaptic transmission was shown to be dependent upon the retrograde action of an eCB
because it was blocked by antagonism of CB1Rs, by intracellular chelation of Ca2* with 1,2-
bis(2-aminophenoxy)ethane-N,N,N”,N’-tetraacetic acid (BAPTA) (which presumably
prevents activation of PLC-B), or by mGIuRI antagonism (Melis et al., 2004a).

2.2 eCBs are released from DA neurons during burst activity

A defining property of midbrain DA neurons is their ability to fire action potentials in a
tonic pacemaker pattern, as well as in bursts (Hyland et al., 2002). In addition, DA neuron
burst firing is associated with the availability of salient appetitive stimuli (reward
expectancy), with the presentation of unexpected rewards, or the removal of expected
rewards (reward prediction error; Schultz et al., 1997; Cohen et al., 2012). Burst firing also
releases greater amounts of DA in the target areas of these neurons (Gonon, 1988), which is
essential to the reinforcing properties of most abused drugs. Since heightened neuronal
activity facilitates eCB release in many brain regions, we sought to determine whether
bursting in VTA DA neurons augments endocannabinoid modulation of synaptic inputs to
these cells (Riegel and Lupica, 2004). Blockade of small conductance calcium-sensitive
potassium channels (S) with the bee venom constituent, apamin, is known to facilitate
bursting invitro, as is an increase in glutamate neurotransmission (Johnson et al., 1992;
Seutin et al., 1993; Kitai et al., 1999). We found that either Sy channel blockade, or
facilitation of glutamate release through blockade of autoreceptors on glutamatergic
afferents (with mGIluRIIl antagonists) could initiate bursting in VTA DA neurons in vitro,
and this was associated with a large increase in eCB release from these neurons (Riegel and
Lupica, 2004). Based on these data, it is likely that behaviorally-relevant DA neuron

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2015 July 03.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wang and Lupica

Page 4

bursting is associated with eCB release from these cells, and we hypothesize that the
activation of CB1Rs by eCBs modulates afferents impinging upon these cells to further
sculpt neuronal activity in the VTA (Lupica and Riegel, 2005). In support of this hypothesis,
more recent work has shown that the ability of abused drugs to increase the release of DA in
the NAc is partly dependent upon eCB activity in vivo (Cheer et al., 2007; Oleson et al.,
2012). This suggests that eCBs released in the VTA can shape DA signals in the NAc during
exposure to several abused drugs, and that these molecules likely play roles in reward and
addiction.

2.3 eCBs and Long-term synaptic plasticity in VTA

In addition to short-term forms of plasticity such as DSI and DSE, eCBs are also involved in
several forms of long-term synaptic plasticity (Heifets and Castillo, 2009; Kano et al., 2009).
LTD is characterized by a long-lasting suppression of synaptic transmission. In VTA DA
neurons in rat brain slices, cocaine application, paired with electrical stimulation that is
normally sub-threshold for synaptic plasticity, results in LTD of GABA, receptor-mediated
IPSCs (Pan et al., 2008b). The reliance upon eCB function for this inhibitory LTD (I-LTD)
was shown by blocking 2-AG synthesis with the DGLa inhibitor, tetrahydrolipostatin
(THL), or by CB1R antagonism (Pan et al., 2008b). Additional studies suggested that
activation of mGIuRI mobilized 2-AG in postsynaptic DA neurons, and that DA-D2 receptor
activation facilitated I-LTD induction via inhibition of cCAMP-dependent protein kinase A
(PKA) at presynaptic terminals (Pan et al., 2008a; Yu et al., 2013). The cyclic AMP/PKA
and extracellular signal-regulated kinase (ERK) signaling pathways also served as the
downstream effectors for CB1Rs and were required for eCB-mediated I-LTD induction (Pan
et al., 2008a; Pan et al., 2011). Finally, the treatments that were effective in blocking
cocaine-induced 2-AG-dependent I-LTD in vitro also impaired the acquisition of cocaine
conditioned place preference (Pan et al., 2011; Zhong et al., 2012; Yu et al., 2013).
Together, these data suggest that repetitive activation of afferents to DA neurons during
cocaine exposure induces a 2-AG-dependent form of synaptic plasticity of inhibitory
afferents that may be involved in mediating the behavioral effects of the drug.

Endocannabinoid-mediated LTD of glutamatergic transmission has also been observed in
VTA DA neurons. Thus, pairing DA neuron depolarization with low-frequency (2 Hz)
stimulation of afferents for 5-6 min caused a long-term reduction in glutamate EPSCs (Haj-
Dahmane and Shen, 2010). This form of LTD was blocked by CB1R antagonism and by
inhibition of 2-AG synthesis, and was independent of NMDA receptor activation.
Furthermore, unlike the studies described above for I-LTD, eCB-dependent LTD of
glutamatergic neurotransmission was independent of mGIuRI activation (Haj-Dahmane and
Shen, 2010). However, like I-LTD, the cAMP/PKA pathway was involved in this form of
LTD, since activation of CB1 receptors by 2-AG inhibited cCAMP/PKA and decreased the
probability of glutamate release from axon terminals (Haj-Dahmane and Shen, 2010).

2.4 Peptide-eCB interaction during long-term plasticity in the VTA

More recently, eCB-mediated long-term regulation of glutamatergic transmission in DA
neurons involving the activation of G/11-coupled neuropeptide receptors has been reported
(Kortleven et al., 2012). In this study, neurotensin application to VTA slices caused a
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decrease in glutamatergic EPSCs in DA neurons, via activation of neurotensin 1 (NT1)
receptors. This inhibition persisted long after neurotensin washout from the VTA brain
slices, and antagonism of CB1Rs, but not NT1Rs, reversed this long-term effect. This
suggests that neurotensin triggered the long-term release of an eCB that acted at CB1Rs to
inhibit glutamate release (Kortleven et al., 2012). The neurotensin-induced depression was
independent of postsynaptic calcium, as it was not blocked by loading DA neurons with the
calcium chelator BAPTA, but it was blocked by inhibitors of G proteins, PLC-B, or DGLa.
Therefore, the neurotensin-induced LTD was mediated by 2-AG that was released via
activation of a Gg/11-linked NT1Rs and the PLC/DGLa pathway (Kortleven et al., 2012).
Since NT1 receptors and neurotensin are found at relatively high concentrations in the VTA
(Dana et al., 1989; Hokfelt et al., 1984), these data suggest that this neuropeptide system
may be involved in regulating the activity of this nucleus, at least partly through the
mobilization of 2-AG.

Peptide-related eCB release has also been observed for insulin, a circulating catabolic
peptide (Labouebe et al., 2013). In this study, insulin caused LTD of glutamatergic
transmission in the DA neurons of the VTA when it was applied directly in vitro. The
insulin-induced LTD was blocked by DGLa inhibitor, indicating a role for 2-AG. The
activation of CB1Rs was only required for the induction of this form of LTD, but once
established LTD was not reversed by CB1R antagonism. The insulin receptor belongs to the
family of tyrosine kinase receptors (Ward and Lawrence, 2009), and this study demonstrated
that the PI3K/Akt/mTOR pathway was the downstream signaling pathway involved in the
insulin-induced LTD (Labouebe et al., 2013). However, the mechanism through which
receptor tyrosine kinase activation lead to mobilization of 2-AG was not established
(Labouebe et al., 2013).

3. Conclusion

Evidence obtained in the preceding decade strongly implicates the eCB system in the
modulation of the behavioral effects of abused drugs (Linsenbardt and Boehm, 2009; Oleson
et al., 2012; Melis and Pistis, 2012). Furthermore, the key observations that midbrain
neurons possess the machinery for the synthesis and degradation of the eCB, 2-AG (Matyas
et al., 2008), and the localization of CB1Rs on axon terminals impinging upon these neurons
(Szabo et al., 2002; Melis et al., 2004b; Riegel and Lupica, 2004; Matyas et al., 2008),
provide the likely substrates upon which these molecules act to modify reward behavior
through actions in the VTA. We hypothesize that the modulation of ongoing synaptic
activity by eCBs will impact the firing activity of VTA dopamine neurons to thereby alter
behavioral output. Future work will seek to determine the mechanisms through which
abused drugs may alter eCB function in brain reward pathways, and the ways in which the
eCB system is involved in reward-based learning.
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2-Arachidonoylglycerol
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cyclic adenosine monophosphate
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central nervous system
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endogenous cannabinoid/endocannabinoid
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extracellular signal regulated kinase
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G protein-coupled receptors
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inositol triphosphate
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long-term depression
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muscarinic acetylcholine receptors
monoacylglycerol lipase

group | metabotropic glutamate receptors
nucleus accumbens
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protein kinase A
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small conductance calcium-sensitive potassium channels
tetrahydroli postatin

ventral tegmental area

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2015 July 03.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wang and Lupica

Page 7

Reference List

Alger BE. Retrograde signaling in the regulation of synaptic transmission: focus on endocannabinoids.
Prog Neurobiol. 2002; 68:247-286. [PubMed: 12498988]

Bisogno T, Sepe N, Melck D, Maurelli S, De PL, Di MV. Biosynthesis, release and degradation of the
novel endogenous cannabimimetic metabolite 2-arachidonoylglycerol in mouse neuroblastoma
cells. Biochem J. 1997; 322 ( Pt 2):671-677. [PubMed: 9065792]

Carlson G, Wang Y, Alger BE. Endocannabinoids facilitate the induction of LTP in the hippocampus.
Nat Neurosci. 2002; 5:723-724. [PubMed: 12080342]

Cheer JF, Wassum KM, Sombers LA, Heien ML, Ariansen JL, Aragona BJ, Phillips PE, Wightman
RM. Phasic dopamine release evoked by abused substances requires cannabinoid receptor
activation. J Neurosci. 2007; 27:791-795. [PubMed: 17251418]

Chevaleyre V, Takahashi KA, Castillo PE. Endocannabinoid-mediated synaptic plasticity in the CNS.
Annu Rev Neurosci. 2006; 29:37-76. [PubMed: 16776579]

Cohen JY, Haesler S, Vong L, Lowell BB, Uchida N. Neuron-type-specific signals for reward and
punishment in the ventral tegmental area. Nature. 2012; 482:85-88. [PubMed: 22258508]

Dana C, Vial M, Leonard K, Beauregard A, Kitabgi P, Vincent JP, Rostene W, Beaudet A. Electron
microscopic localization of neurotensin binding sites in the midbrain tegmentum of the rat. I.
Ventral tegmental area and the interfascicular nucleus. J Neurosci. 1989; 9:2247-2257. [PubMed:
2746327]

Di Marzo V, Fontana A, Cadas H, Schinelli S, Cimino G, Schwartz JC, Piomelli D. Formation and
inactivation of endogenous cannabinoid anandamide in central neurons. Nature. 1994; 372:686—
691. [PubMed: 7990962]

Gardner EL. Addiction and brain reward and antireward pathways. Adv Psychosom Med. 2011;
30:22-60. [PubMed: 21508625]

Gerdeman GL, Lovinger DM. Emerging roles for endocannabinoids in long-term synaptic plasticity.
Br J Pharmacol. 2003; 140:781-789. [PubMed: 14504143]

Glimcher PW. Understanding dopamine and reinforcement learning: the dopamine reward prediction
error hypothesis. Proc Natl Acad Sci U S A. 2011; 108(Suppl 3):15647-15654. [PubMed:
21389268]

Gonon FG. Nonlinear relationship between impulse flow and dopamine released by rat midbrain
dopaminergic neurons as studied by in vivo electrochemistry. Neuroscience. 1988; 24:19-28.
[PubMed: 3368048]

Haj-Dahmane S, Shen RY. The wake-promoting peptide orexin-B inhibits glutamatergic transmission
to dorsal raphe nucleus serotonin neurons through retrograde endocannabinoid signaling. J
Neurosci. 2005; 25:896-905. [PubMed: 15673670]

Haj-Dahmane S, Shen RY. Regulation of plasticity of glutamate synapses by endocannabinoids and
the cyclic-AMP/protein kinase A pathway in midbrain dopamine neurons. J Physiol. 2010;
588:2589-2604. [PubMed: 20498231]

Hashimotodani Y, Ohno-Shosaku T, Tsubokawa H, Ogata H, Emoto K, Maejima T, Araishi K, Shin
HS, Kano M. Phospholipase Cheta serves as a coincidence detector through its Ca2+ dependency
for triggering retrograde endocannabinoid signal. Neuron. 2005; 45:257-268. [PubMed:
15664177]

Heifets BD, Castillo PE. Endocannabinoid signaling and long-term synaptic plasticity. Annu Rev
Physiol. 2009; 71:283-306. [PubMed: 19575681]

Hokfelt T, Everitt BJ, Theodorsson-Norheim E, Goldstein M. Occurrence of neurotensinlike
immunoreactivity in subpopulations of hypothalamic, mesencephalic, and medullary
catecholamine neurons. J Comp Neurol. 1984; 222:543-559. [PubMed: 6365985]

Hyland BI, Reynolds JN, Hay J, Perk CG, Miller R. Firing modes of midbrain dopamine cells in the
freely moving rat. Neuroscience. 2002; 114:475-492. [PubMed: 12204216]

Johnson SW, Seutin V, North RA. Burst firing in dopamine neurons induced by N-methyl-D-aspartate:
role of electrogenic sodium pump. Science. 1992; 258:665-667. [PubMed: 1329209]

Kano M, Ohno-Shosaku T, Hashimotodani Y, Uchigashima M, Watanabe M. Endocannabinoid-
mediated control of synaptic transmission. Physiol Rev. 2009; 89:309-380. [PubMed: 19126760]

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2015 July 03.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wang and Lupica

Page 8

Kim J, Isokawa M, Ledent C, Alger BE. Activation of muscarinic acetylcholine receptors enhances the
release of endogenous cannabinoids in the hippocampus. J Neurosci. 2002; 22:10182-10191.
[PubMed: 12451119]

Kitai ST, Shepard PD, Callaway JC, Scroggs R. Afferent modulation of dopamine neuron firing
patterns. Curr Opin Neurobiol. 1999; 9:690-697. [PubMed: 10607649]

Kortleven C, Bruneau LC, Trudeau LE. Neurotensin inhibits glutamate-mediated synaptic inputs onto
ventral tegmental area dopamine neurons through the release of the endocannabinoid 2-AG.
Neuropharmacology. 2012; 63:983-991. [PubMed: 22884466]

Kortleven C, Fasano C, Thibault D, Lacaille JC, Trudeau LE. The endocannabinoid 2-
arachidonoylglycerol inhibits long-term potentiation of glutamatergic synapses onto ventral
tegmental area dopamine neurons in mice. Eur J Neurosci. 2011; 33:1751-1760. [PubMed:
21410793]

Kreitzer AC, Regehr WG. Retrograde inhibition of presynaptic calcium influx by endogenous
cannabinoids at excitatory synapses onto Purkinje cells. Neuron. 2001; 29:717-727. [PubMed:
11301030]

Labouebe G, Liu S, Dias C, Zou H, Wong JC, Karunakaran S, Clee SM, Phillips AG, Boutrel B,
Borgland SL. Insulin induces long-term depression of ventral tegmental area dopamine neurons
via endocannabinoids. Nat Neurosci. 2013; 16:300-308. [PubMed: 23354329]

Linsenbardt DN, Boehm SL. Agonism of the endocannabinoid system modulates binge-like alcohol
intake in male C57BL/6J mice: involvement of the posterior ventral tegmental area. Neuroscience.
2009; 164:424-434. [PubMed: 19665522]

Lupica CR, Riegel AC. Endocannabinoid release from midbrain dopamine neurons: a potential
substrate for cannabinoid receptor antagonist treatment of addiction. Neuropharmacology. 2005;
48:1105-1116. [PubMed: 15878779]

Maejima T, Hashimoto K, Yoshida T, Aiba A, Kano M. Presynaptic inhibition caused by retrograde
signal from metabotropic glutamate to cannabinoid receptors. Neuron. 2001; 31:463-475.
[PubMed: 11516402]

Maejima T, Oka S, Hashimotodani Y, Ohno-Shosaku T, Aiba A, Wu D, Waku K, Sugiura T, Kano M.
Synaptically driven endocannabinoid release requires Ca2+-assisted metabotropic glutamate
receptor subtype 1 to phospholipase Cheta4 signaling cascade in the cerebellum. J Neurosci. 2005;
25:6826-6835. [PubMed: 16033892]

Matsuda LA, Lolait SJ, Brownstein MJ, Young AC, Bonner TI. Structure of a cannabinoid receptor
and functional expression of the cloned cDNA. Nature. 1990; 346:561-564. [PubMed: 2165569]

Matyas F, Urban GM, Watanabe M, Mackie K, Zimmer A, Freund TF, Katona I. Identification of the
sites of 2-arachidonoylglycerol synthesis and action imply retrograde endocannabinoid signaling at
both GABAergic and glutamatergic synapses in the ventral tegmental area. Neuropharmacology.
2008; 54:95-107. [PubMed: 17655884]

Melis M, Perra S, Muntoni AL, Pillolla G, Lutz B, Marsicano G, Di MV, Gessa GL, Pistis M.
Prefrontal cortex stimulation induces 2-arachidonoyl-glycerol-mediated suppression of excitation
in dopamine neurons. J Neurosci. 2004a; 24:10707-10715. [PubMed: 15564588]

Melis M, Pistis M. Hub and switches: endocannabinoid signalling in midbrain dopamine neurons.
Philos Trans R Soc Lond B Biol Sci. 2012; 367:3276-3285. [PubMed: 23108546]

Melis M, Pistis M, Perra S, Muntoni AL, Pillolla G, Gessa GL. Endocannabinoids mediate presynaptic
inhibition of glutamatergic transmission in rat ventral tegmental area dopamine neurons through
activation of CB1 receptors. J Neurosci. 2004b; 24:53-62. [PubMed: 14715937]

Ohno-Shosaku T, Maejima T, Kano M. Endogenous cannabinoids mediate retrograde signals from
depolarized postsynaptic neurons to presynaptic terminals. Neuron. 2001; 29:729-738. [PubMed:
11301031]

Oleson EB, Beckert MV, Morra JT, Lansink CS, Cachope R, Abdullah RA, Loriaux AL, Schetters D,
Pattij T, Roitman MF, Lichtman AH, Cheer JF. Endocannabinoids shape accumbal encoding of
cue-motivated behavior via CB1 receptor activation in the ventral tegmentum. Neuron. 2012;
73:360-373. [PubMed: 22284189]

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2015 July 03.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wang and Lupica

Page 9

Pan B, Hillard CJ, Liu QS. 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. 2008a; 28:14018-14030. [PubMed: 19109485]

Pan B, Hillard CJ, Liu QS. Endocannabinoid signaling mediates cocaine-induced inhibitory synaptic
plasticity in midbrain dopamine neurons. J Neurosci. 2008b; 28:1385-1397. [PubMed: 18256258]

Pan B, Zhong P, Sun D, Liu QS. Extracellular signal-regulated kinase signaling in the ventral
tegmental area mediates cocaine-induced synaptic plasticity and rewarding effects. J Neurosci.
2011; 31:11244-11255. [PubMed: 21813685]

Riegel AC, Lupica CR. Independent presynaptic and postsynaptic mechanisms regulate
endocannabinoid signaling at multiple synapses in the ventral tegmental area. J Neurosci. 2004;
24:11070-11078. [PubMed: 15590923]

Schultz W, Dayan P, Montague PR. A neural substrate of prediction and reward. Science. 1997;
275:1593-1599. [PubMed: 9054347]

Seutin V, Johnson SW, North RA. Apamin increases NMDA-induced burst-firing of rat mesencephalic
dopamine neurons. Brain Res. 1993; 630:341-344. [PubMed: 8118703]

Steinberg EE, Keiflin R, Boivin JR, Witten IB, Deisseroth K, Janak PH. A causal link between
prediction errors, dopamine neurons and learning. Nat Neurosci. 2013; 16:966-973. [PubMed:
23708143]

Sugiura T, Kobayashi Y, Oka S, Waku K. Biosynthesis and degradation of anandamide and 2-
arachidonoylglycerol and their possible physiological significance. Prostaglandins Leukot Essent
Fatty Acids. 2002; 66:173-192. [PubMed: 12052034]

Szabo B, Siemes S, Wallmichrath I. Inhibition of GABAergic neurotransmission in the ventral
tegmental area by cannabinoids. Eur J Neurosci. 2002; 15:2057-2061. [PubMed: 12099913]

Ueda N, Tsuboi K, Uyama T, Ohnishi T. Biosynthesis and degradation of the endocannabinoid 2-
arachidonoylglycerol. Biofactors. 2011; 37:1-7. [PubMed: 21328621]

Ward CW, Lawrence MC. Ligand-induced activation of the insulin receptor: a multi-step process
involving structural changes in both the ligand and the receptor. Bioessays. 2009; 31:422-434.
[PubMed: 19274663]

Wilson RI, Nicoll RA. Endogenous cannabinoids mediate retrograde signalling at hippocampal
synapses. Nature. 2001; 410:588-592. [PubMed: 11279497]

Wilson RI, Nicoll RA. Endocannabinoid signaling in the brain. Science. 2002; 296:678-682.
[PubMed: 11976437]

Yu F, Zhong P, Liu X, Sun D, Gao HQ, Liu QS. Metabotropic glutamate receptor | (mGIuR1)
antagonism impairs cocaine-induced conditioned place preference via inhibition of protein
synthesis. Neuropsychopharmacology. 2013; 38:1308-1321. [PubMed: 23348064]

Zhong P, Wang W, Yu F, Nazari M, Liu X, Liu QS. Phosphodiesterase 4 inhibition impairs cocaine-
induced inhibitory synaptic plasticity and conditioned place preference.
Neuropsychopharmacology. 2012; 37:2377-2387. [PubMed: 22713909]

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2015 July 03.



