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Abstract

Glutamate transmission between prefrontal cortex (PFC) and accumbens (NAc) plays a crucial role in the establishment and expression of
addictive behaviors. At these synapses exogenous cannabinoid receptor 1 (CB1R) agonists reversibly inhibit excitatory transmission, and the sus-
tained release of endogenous cannabinoids (eCB) following prolonged cortical stimulation leads to long-term depression (LTD). Activation of
presynaptic Kþ channels mediates the effects of exocannabinoids, but the transduction pathway underlying the protracted phase of eCB-LTD
is unknown. Here we report that the maintenance of eCB-LTD does not involve presynaptic Kþ channels: eCB-LTD was not affected by blockade
of Kþ channels with 4-AP (100 mM) and BaCl2 (300 mM) (fEPSP ¼ 78.9 � 5.4% of baseline 58e60 min after tetanus, compared to 78.9 � 5.9%
in control slices). In contrast, eCB-LTD was blocked by treatment of the slices with the adenylyl cyclase (AC) activator forskolin (10 mM), and
with the protein kinase A (PKA) inhibitor KT5720 (1 mM) (fEPSP ¼ 108.9 � 5.7% in forskolin and 110.5 � 7.7% in KT5720, compared to
80.6 � 3.9% in control conditions). Additionally, selective blockade of P/Q-type Ca2þ channels with u-agatoxin-IVA (200 nM) occluded the
expression of eCB-LTD (fEPSP ¼ 113.4 � 15.9% compared to 78.6 � 4.4% in control slices), while blockade of N- with u-conotoxin-GVIA
(1 mM) or L-type Ca2þ channels with nimodipine (1 mM), was without effect (fEPSP was 83.7 � 5.3% and 87 � 8.9% respectively). These
data show that protracted inhibition of AC/PKA activity and P/Q-type Ca2þ channels are necessary for expression of eCB-LTD at NAc synapses.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The nucleus accumbens (NAc) is a primary component of
the mesocorticolimbic dopaminergic system that participates
to the rewarding and reinforcing properties of most abused
drugs (Kelley, 2004). It is thought that homeostatic deficits
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in glutamate transmission at prefrontal cortex (PFC)-NAc syn-
apses underlie the motivation to seek drugs that classically
characterizes addiction (Kalivas and Volkow, 2005). Adapta-
tions in PFC-NAc excitatory transmission following chronic
cocaine administration include reduced levels of extracellular
glutamate in the NAc (Pierce et al., 1996) and augmented glu-
tamate release from PFC projections, associated with cocaine-
primed reinstatement of drug seeking (McFarland et al., 2003).
Furthermore, reinstatement responding can be either elicited
or blocked by administration of AMPA glutamate receptor ag-
onists or antagonists, respectively, into the NAc (Cornish and
Kalivas, 2000). Thus, clarifying the cellular mechanisms that
regulate glutamate release at PFC-NAc pathway is important
to the understanding of the neurobiological basis of addiction.
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Synaptic strength at PFC excitatory inputs onto NAc me-
dium spiny neurons can be bidirectionally modulated, as these
synapses express both long-term potentiation (LTP) and
depression (LTD). LTP of glutamatergic transmission in the
NAc depends on postsynaptic NMDA receptors (Pennartz
et al., 1993), whereas LTD can be triggered by different mech-
anisms, involving postsynaptic NMDA receptors (Thomas and
Malenka, 2003), presynaptic glutamate mGlu2/3 receptors
(mGluR2/3) (Robbe et al., 2002a,b,c) or presynaptic CB1R
(Robbe et al., 2002a,b,c). Interestingly, converging data indi-
cate that acute and/or chronic exposure to drugs of abuse mod-
ulate both mGluR2/3- and/or CB1R-dependent regulation of
glutamate release and synaptic plasticity in the NAc, suggest-
ing that alteration of the functionality of both presynaptic
receptors is involved in the development of addictive behav-
iors (Mato et al., 2005; Robbe et al., 2002a,b,c; Xi et al.,
2002,2006). Whereas mGluR2/3-dependent LTD in the NAc
is mediated by a selective reduction in the contribution of P/
Q-type Ca2þ channels to glutamate release (Robbe et al.,
2002a,b,c), the mechanisms of eCB-LTD at these synapses
are unknown. We recently reported that in response to chronic
D9-Tetrahydrocannabinol (D9-THC), homeostatic processes
involving mGluR2/3 rescue LTD and that mGluR2/3-LTD
and eCB-LTD mutually occlude, suggesting that these two
forms of presynaptic plasticity have at least one common point
in their transduction pathways (Mato et al., 2005). Here we
searched for the mechanism responsible for eCB/CB1R-medi-
ated LTD in the NAc. We found that eCB-LTD shares the ex-
pression mechanism of mGluR2/3-LTD: a selective reduction
in the contribution of P/Q-type Ca2þ channels to glutamate
release.

2. Methods

2.1. Animal treatment

Animal experiments accomplished the criteria of the European Communi-

ties Council Directive (86/609/EEC) and the United States National Institutes

of Health Guide for the Care and Use of Laboratory Animals. Mice (4e

6 weeks old male, C57B1/6 strain) were housed, grouped and acclimatized

to laboratory conditions (12 h light/dark cycles) 1 week before the experiment

and had ad libitum food and water access.

2.2. Slice preparation and electrophysiology

Extracellular field recordings and whole cell patch clamp recordings were

made from medium spiny neurons in parasagittal slices of mouse NAc. These

methods have been described in detail previously (Robbe et al., 2001). In brief,

mouse (male C57BL6, 4e6 weeks housed, grouped and acclimatized to labo-

ratory conditions 1 week before the experiment) were anesthetized with iso-

flurane and decapitated according to institutional regulations. The brain was

sliced (300 mm) in the parasagittal plane using a vibratome (Integraslice,

Campden Instruments, UK) and maintained in physiological saline at 4 �C.

Slices containing the NAc were stored at least one hour at room temperature

before being placed in the recording chamber and superfused (2 ml/min) with

artificial cerebrospinal fluid (ACSF) that contained (in mM): 126 NaCl, 2.5

KCl, 1.2 MgCl2, 2.4 CaCl2, 18 NaHCO3, 1.2 NaH2PO4, and 11 Glucose,

and was equilibrated with 95% O2/5% CO2. All experiments were done at

room temperature. The superfusion medium contained picrotoxin (100 mM)

to block GABA-A receptors. All drugs were added at the final concentration

to the superfusion medium. The recording pipette was filled with ACSF.
For extracellular field experiments, the recording pipette was filled with

ACSF. Both the field excitatory postsynaptic potential (fEPSP) area and ampli-

tude were measured (graphs depict area). The glutamatergic nature of the ex-

tracellular fEPSP was confirmed at the end of the experiments through the

application of the non-NMDA ionotropic glutamate receptor antagonist

DNQX (20 mM), which completely blocked the synaptic N2 component with-

out altering the non-synaptic N1 component (not shown) (Mato et al., 2005).

For whole cell patch-clamp experiments, medium spiny neurons were vi-

sualized using an upright microscope with infrared illumination. Recordings

were made with electrodes containing the following (mM): Cesium Meth-

ane-Sulfonate (CH3O3SCs) or Kþ Gluconate 128, NaCl 20, MgCl2 1, EGTA

1, CaCl2 0.3, Na2þ-ATP 2, Naþ-GTP 0.3, Glucose 10 buffered with Hepes

10, pH 7.3, osmolarity 290 mOsm. Electrode resistance was 4e6 MOhms.

An Axopatch-1D (Molecular Devices, Sunnyvale, CA, USA) was used to re-

cord the data, which were filtered at 1e2 KHz, digitized at 5 KHz on a Digi-

Data 1200 interface (Molecular Devices, Sunnyvale, CA, USA) and collected

on a PC using pClamp9.2 (Molecular Devices, Sunnyvale, CA, USA). To

evoke synaptic currents, stimuli (100e150 ms duration) were delivered at

0.033 Hz through bipolar tungsten electrodes placed at the PFC-NAc border.

Recordings were made in the rostral-medial dorsal accumbens close to the an-

terior commissure. The magnitude of LTD was calculated by comparing aver-

aged responses (55e60 min) after induction to baseline-averaged responses

before induction protocol.

2.3. Data analysis and materials

Data were analyzed using pClamp9.2 (Molecular Devices, Sunnyvale, CA,

USA). Spontaneous miniature excitatory postsynaptic currents (sEPSCs) were

recorded in the whole cell voltage-clamp configuration using Axoscope 9.2

(Molecular Device, Sunnyvale, USA). sEPSC amplitude and inter-interval

time were detected and analyzed using Clampfit 9.2 (Molecular Device, Sun-

nyvale, USA). For this analysis, a template of sEPSCs generated from averag-

ing several typical synaptic events was slid along the data trace one point at

a time. At each position, this template is optimally scaled and offset to fit

the data and a detection criterion is calculated. The detection criterion is the

template-scaling factor divided by the goodness-of-fit at each position. An

event is detected when this criterion exceeds a threshold and reaches a sharp

maximum.

All values are given as mean � SEM. The data from all the slices assayed

under the same experimental condition were averaged and statistical signifi-

cance tested with the ManneWhitney U-test ( p < 0.05 was taken as indicating

statistical significance) using Kyplotb13 (Koichi Yoshioka).

2.3.1. Drugs used
Picrotoxin, forskolin, BaCl2 and nimodipine were purchased from Sigma

(St. Quentin Fallavier, France); 4-aminopyridine (4-AP) and KT5720 were

from Alexis Corporation (San Diego, CA, USA); u-Agatoxin-IVA and u-

Conotoxin-GVIA were from Alomone Lab (Israel). SR141716A was a gener-

ous gift from Sanofi Recherche (Montpellier, France). Other chemicals were

from the highest commercial grade available. All drugs were bath-applied fol-

lowing dilution into the external solution from concentrated stock solutions.

3. Results

We have previously reported that the effects of cannabinoid
agonists and synaptic plasticity can be observed either when
recording in the whole-cell patch-clamp mode or when per-
forming extracellular field recordings (Mato et al., 2004,
2005; Robbe et al., 2001, 2002a,b,c). Thus, in the present
study extracellular field recordings were preferred to whole-
cell patch-clamp recordings because of their non-invasive
nature and because they permit stable recordings over length-
ened period of times (typically 1e2 h).
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3.1. eCB-LTD does not require CB1R-mediated
modulation of Kþ conductances

In NAc slices, perfusion of cannabinoid agonists induces
a robust and partially reversible presynaptic inhibition of gluta-
matergic transmission at PFC-NAc synapses that requires
CB1R-mediated modulation of Kþ conductances (Robbe
et al., 2001). We first tested the involvement of presynaptic
Kþ channels in eCB-LTD. As previously described (Robbe
et al., 2001), bath application of 4-amino-pyridine (4-AP,
100 mM) in combination with BaCl2 (300 mM) caused a large
increase in the fEPSP size and duration (218 � 18% of baseline,
n ¼ 17) (Fig. 1A), due to the blockade of both voltage-
dependent and G protein-gated inwardly rectifying Kþ chan-
nels. Extracellular calcium was then lowered (from 2.4 mM to
0.5 mM) in the presence of 4-AP and BaCl2 to reduce the size
of the evoked fEPSP and correct for the effects of Kþ channel
blockers on Ca2þ-dependent processes (Hoffman and Lupica,
2000; Lupica and Riegel, 2005; Robbe et al., 2001) (Fig. 1A).
Tetanic stimulation of PFC afferences (for 10 min at 13 Hz)
reliably induced LTD in slices perfused with 4-AP, BaCl2 and
low extracellular Ca2þ. The size of the fEPSP measured 58e
60 min after tetanus was 78.9 � 5.4% of baseline under these
conditions (n ¼ 17), compared to 78.9 � 5.9% in interleaved
control slices perfused with standard ACSF (n ¼ 10)
(Fig. 1A,B). The CB1R antagonist SR141716A (SR-1, 3 mM)
completely prevented LTD in the presence of 4-AP, BaCl2
and low extracellular Ca2þ (fEPSP was 104.9 � 7.3% of base-
line, n ¼ 7; p < 0.05 versus control) (Fig. 1B), showing that in
the presence of Kþ channel blockers and low extracellular
Ca2þ, LTD still depends on CB1R. Collectively, these findings
show that CB1R mediate activity-dependent LTD in the NAc in-
dependently of the modulation of presynaptic Kþ conductances.

3.2. Role of the cAMP/PKA-signaling cascade in
eCB-LTD

One of the major transduction pathways activated by agonist
stimulation of CB1R is the inhibition of adenylyl cyclase (AC)
via Gi/o proteins (Howlett, 2002). We and other previously re-
ported that activation of CB1R or mGluR2/3 Gi/o-coupled re-
ceptors can decrease intracellular cAMP levels and reduce
the activity of protein kinase A (PKA), which causes the
inhibition of presynaptic voltage-sensitive calcium channels
(VSCCs), and the subsequent reduction of evoked synaptic
transmission (Hoffman and Lupica, 2000). Moreover,
mGluR2/3- and eCB-LTD mutually occlude (Mato et al.,
2005). Thus, the involvement of this pathway in eCB-LTD
was tested. Bath application of the AC activator forskolin
(10 mM) increased of the fEPSP (189 � 25% of baseline,
n ¼ 8; Fig. 2A) (Robbe et al., 2002a,b,c) and completely pre-
vented the expression of eCB-LTD (fEPSP ¼ 108.9 � 5.7%
of baseline n ¼ 8, vs 80.6 � 3.9% in control slices, n ¼ 8;
p < 0.01; Fig. 2A, B). Whole cell patch clamp recordings
were performed to confirm that the AC activator forskolin
acts at a presynaptic site in our preparation as classically
described in other neuronal preparations (Chavez-Noriega
and Stevens, 1994; Chavis et al., 1998; Tzounopoulos et al.,
1998). Similarly to what we observed in our extracellular field
recordings (Fig. 2A), forskolin (10 mM) enhanced evoked ex-
citatory post synaptic currents (EPSCs, 174 � 25% of baseline,
n ¼ 8; Supplementary Fig. 1A). The forskolin-induced en-
hancement of EPSCs was accompanied by a clear and statisti-
cally significant ( p < 0.05, paired t-test), reduction of the
paired pulse ratio, a classical indicator of presynaptic modifica-
tions (Supplementary Fig. 1A, upper panel). Moreover, we also
quantified forskolin’s effects on spontaneous miniature EPSCs
(sEPSCs) and observed that forskolin increased the frequency
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but not the amplitude of sEPSCs (Supplementary Fig. 1A, B).
Together, these data show that forskolin increased transmitter
release at the excitatory synapses of the accumbens.

Finally, in further support of a role of PKA in eCB-LTD, it
was found that preincubation of the slices with the PKA in-
hibitor KT5720 (1 mM) also abolished eCB-LTD (fEPSP was
110.5 � 7.7% of baseline, n ¼ 8 vs 80.6 � 3.9%, n ¼ 8;
p < 0.01; Fig. 2C) (Robbe et al., 2002a,b,c). Together, these
data show that the cAMP/PKA transduction pathway is neces-
sary to eCB-mediated LTD expressed at PFC-NAc. Keeping in
mind that CB1R are normally negatively coupled the AC/PKA
pathway and based on our previous data showing that bath
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perfusion of a PKA inhibitor reduced excitatory transmission
at NAc synapses (Robbe et al., 2002a,b,c) and on the seminal
work of Tzonopoulos and colleagues (Tzounopoulos et al.,
1998), our interpretation is that PKA inhibition mimicked
and occluded eCB-LTD induction while on the contrary, max-
imal activation of the AC/PKA pathway by forskolin pre-
vented eCB-LTD.

3.3. Role of the VSCCs in eCB-LTD

The inhibition of presynaptic VSCCs is a well documented
pathway involved in the CB1R-mediated inhibition of transmit-
ter release (Howlett, 2002). Of particular interest, endocannabi-
noid-mediated LTD in the amygdala involves the inhibition of
P/Q-type Ca2þ channels (Huang et al., 2003), whereas in the
hippocampus, Wilson and collaborators have shown that can-
nabinoid-sensitive connections use exclusively N-type Ca2þ

channels (Wilson et al., 2001). The role of VSCCs in eCB
LTD in the NAc was tested by selectively blocking N-, P/Q-
or L-type VSCCs with u-conotoxin-GVIA (1 mM), u-
agatoxin-IVA (200 nM) or nimodipine (1 mM), respectively
(Robbe et al., 2001, 2002a,b,c). Bath application of u-cono-
toxin-GVIA to selectively block N-type VSCCs strongly in-
hibited evoked excitatory transmission in the NAc (averaged
fEPSP measured after 20 min of u-conotoxin-GVIA was
52 � 3.4% of baseline, n ¼ 10; Fig. 3A) but did not prevent
the expression of eCB-LTD (fEPSP 58e60 min post-tetanus
measured 83.7 � 5.3% n ¼ 10, vs 78.6 � 4.3% in control,
n ¼ 6; Fig. 3A, B). By contrast, selective blockade of P/Q-
type channels with u-agatoxin-IVA reduced synaptic transmis-
sion to 58 � 7.7% of baseline (n ¼ 5; Fig. 3C) and completely
abolished the expression of eCB-LTD (113.4 � 15.9% n ¼ 5 vs
78.6 � 4.3%, n ¼ 6; p < 0.05; Fig. 3D). Perfusion of nimodi-
pine to selectively block L-type VSCCs slightly reduced the
size of the fEPSP (80.8 � 3.8% of baseline, n ¼ 4; Fig. 3E),
and had no effect on eCB-LTD (87 � 8.9% n ¼ 4, vs
78.6 � 4.3% in control, n ¼ 6; Fig. 3F). Taken together the
data strongly suggest that the maintenance of eCB-LTD in
the NAc is caused by the long-lasting inhibition of P/Q-type
Ca2þ channels.

4. Discussion

The specific purpose of this study was to unveil the mech-
anisms responsible for the expression of retrograde eCB-LTD
at PFC-NAc synapses. The data show that, similarly to
mGluR2/3-LTD (Robbe et al., 2002a,b,c), the expression of
eCB-LTD requires the inhibition of the cAMP/PKA cascade
and of P/Q-type Ca2þ channels. The present report is in agree-
ment with our previous report that eCB-LTD and mGluR2/3-
LTD mutually occlude (Mato et al., 2005), and supports the
idea that both presynaptic mGluR2/3 and CB1R use a common
pathway for the induction of LTD in the NAc.

An important finding of this study is that, in contrast to the
reversible initial phase of synaptic inhibition elicited by exog-
enous cannabinoid agonists (Robbe et al., 2001), eCB-LTD at
PFC-NAc synapses does not require the activation of Kþ
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conductances. Considering the fact that both the inhibition of
transmission mediated by CB1R-agonists and eCB-LTD
are absent in CB1R knockout mice (Robbe et al., 2002a,b,c),
the most plausible explanation for the present data is that
sustained activation of CB1R at PFC-NAc synapses triggers
two different transduction pathways: the first one involves ac-
tivation of Kþ conductances and is responsible for a reversible
inhibition of evoked transmission, while the second one impli-
cates the reduction of P/Q-Ca2þ currents and underlies eCB-
LTD. In agreement with this hypothesis, it is clear from our
previous study that the inhibitory effects of the cannabinoid
agonist WIN55,212-2 are only partially reversible upon perfu-
sion of the CB1R antagonist SR141716A and that the remain-
ing ‘‘irreversible’’ component is reminiscent of LTD (see
Fig. 2A in (Robbe et al., 2001)). Accordingly, we had also
observed that although blockade of Kþ channels completely
prevents the early/reversible inhibitory effect of exogenous
cannabinoid agonist, it does not prevent from a delayed inhi-
bition similar to LTD (see Fig. 7C in (Robbe et al., 2001)).
Taken together these data suggest that activation of CB1R
induces long-lasting inhibition of evoked transmission inde-
pendently of the modulation of Kþ currents.
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The inhibitory coupling of CB1R to presynaptic VSCCs is
well established (Howlett, 2002), and this mechanism has been
shown to be involved in eCB-mediated short-term plasticity at
both excitatory and inhibitory synapses (Wilson et al., 2001).
In the hippocampus, synaptic activation of CB1R mediates
short-term inhibition of GABAergic transmission via the direct
reduction of N-type Ca2þ currents (Wilson et al., 2001), but
the possibility that eCB-mediated long-term plasticity at excit-
atory synapses also involves the modulation of VGCCs has
been largely unexplored. Recent work suggest that activation
of post-synaptic L-type Ca2þ channels in medium spiny neurons
is necessary for the release of eCBs and subsequent expression of
LTD in the rat striatum (Kreitzer and Malenka, 2005). Our pres-
ent study shows that activation of L-type Ca2þ channels is not re-
quired to induce or express eCB-LTD at PFC-NAc inputs but
instead suggests the involvement of P/Q-type Ca2þ channels as
downstream targets of presynaptic CB1R. Thus, all evidences
so far point to a prominent role of Ca2þ channels in long-term
eCB-mediated plasticity, similar to what has been observed
with shorter-lasting eCB-mediated plasticities (i.e. Depolariza-
tion induced Suppression of Excitation or Inhibition, for
review (Chevaleyre et al., 2006)). Whether eCB-mediated LTD
observed at other central synapses (Chevaleyre et al., 2006)
also involves the long-lasting inhibition of P/Q-type Ca2þ chan-
nels remains to be determined. In support of this possibility, de-
pressed function of P/Q-type Ca2þ but not L- or N-type Ca2þ

channels has been involved in amphetamine-induced CB1R-
dependent LTD in the amygdala (Huang et al., 2003). Addition-
ally, metabotropic glutamate mGlu7 receptor-dependent LTD at
mossy fiber synapses onto stratum lucidum interneurons in the
hippocampus also requires inhibition of presynaptic P/Q-type
Ca2þ channels (Pelkey et al., 2006). At the light of previous
data (Huang et al., 2003; Pelkey et al., 2006; Robbe et al.,
2002a,b,c), the present report strengthens the idea that reduced
calcium entry through P/Q-type Ca2þ channels plays a prominent
role in presynaptically expressed LTD at excitatory synapses.

A possible limitation when interpreting our data showing
that both elevation of cAMP and inhibition of PKA abolish
eCB-LTD at NAc-PFC synapses is that, although forskolin ef-
fect in our preparation is mainly presynaptic (Supplementary
Fig. 1A), the PKA inhibitor KT5720 might inhibit eCB-LTD
by acting postsynaptically. Nevertheless, this possibility seems
unlikely for several reasons. First, consistent data suggest a pre-
synaptic locus of action for PKA inhibitors on glutamatergic
transmission. First, previous studies indicate that activation
of PKA enhances transmitter release (Chavez-Noriega and
Stevens, 1994; Chavis et al., 1998; Trudeau et al., 1996). Sec-
ond, the PKA inhibitor KT5720 reduces transmission at many
different central synapses, including those between PFC and
NAc (Robbe et al., 2002a,b,c; Tzounopoulos et al., 1998). Fi-
nally, to the best of our knowledge, PKA has not been impli-
cated in postsynaptic mechanisms mediating the synthesis
and release machinery of eCBs mediating synaptic plasticity
in central synapses. Therefore, the inability to generate eCB-
LTD in the presence of forskolin/KT5720 is entirely consistent
with the hypothesis that the triggering of LTD requires CB1R-
mediated inhibition of cAMP/PKA activity.
Inhibition of VSCCs by receptors coupled to Gi/o proteins
can occur via direct action of Gbg subunits (Herlitze et al.,
1996; Ikeda, 1996) or by a second messenger cascade involv-
ing reduction of AC activity (Fukuda et al., 1996; Huang
et al., 1998). Because eCB-LTD in the NAc is prevented by
blockade of the cAMP/PKA transduction pathway as well
as by inhibitors of P/Q-type Ca2þ channels, it is hypothesized
that CB1R-mediated inhibition of cAMP/PKA activity is in-
volved in the reduction of calcium entry through P/Q-type
Ca2þ channels that leads to LTD. Indeed, both the inhibitory
coupling of CB1R to the inhibition of cAMP/PKA cascade
(Howlett, 2002; Howlett et al., 2002) and the modulatory
role of this transduction pathway on VSCCs, are well estab-
lished (Arias-Montano et al., 2007; Kaneko et al., 1998; Yang
et al., 2001). It can be therefore speculated that CB1R-medi-
ated inhibition of the cAMP/PKA cascade leads to a reduction
in the activity of P/Q-type Ca2þ channels that triggers LTD.
This proposed mechanism is in apparent contrast with a previ-
ous report showing that, in the hippocampus, CB1R-mediated
DSI of GABAergic transmission involves a direct action of
Gbg subunits on N-type Ca2þ channels (Wilson et al.,
2001). Collectively, these data suggest that endogenous acti-
vation of CB1R can trigger different transduction pathways
that ultimately lead to synaptic plasticity via inhibition of
various subtypes of VSCCs. Preferential coupling to either
transduction pathway may reflect heterogeneity in the release
machinery of cannabinoid-sensitive terminals among cell
types (GABAergic versus glutamatergic neurons) and brain
areas (hippocampus versus NAc), or even a different sensitiv-
ity of VSCCs subtypes to the modulation by Gi/o protein-
coupled receptors. Indeed, a feature of cannabinoid-sensitive
GABAergic inputs in the hippocampus is that they use exclu-
sively N-type Ca2þ channels for neurotransmitter release
(Wilson et al., 2001), which have been reported to be less
susceptible to the cAMP/PKA modulation than Q-type chan-
nels (Kaneko et al., 1998). Additionally, different stimulation
protocols triggering short- versus long-term synaptic depres-
sion might lead to different transductional profiles in response
to CB1R activation.

Although the role of protein synthesis participates to certain
types of LTD (Huang et al., 2005; Huber et al., 2000), the im-
portance of this process for the expression of eCB-LTD at
PFC-NAc synapses is currently unknown. At the rat cortico-
striatal synapse, the expression of eCB-LTD is independent
of transcription in the presynaptic cell but rather depends on
local protein translation (Yin et al., 2006). Although the path-
way from CB1R activation to local protein synthesis and the
identity of the newly-synthesized proteins remain to be clari-
fied, at the light of the present data, it can be hypothesized
that, at corticostriatal synapses, inhibition of the cAMP-PKA
cascade might be upstream or downstream of the induction
of protein synthesis required for eCB-LTD. In support of
this latest hypothesis, previous data indicate that inhibition
of neurotransmitter release from developing presynaptic termi-
nals may occur by mechanisms requiring ongoing protein syn-
thesis and leading to the inhibition of cAMP-dependent PKA
(Ghirardi et al., 2004).
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The present data, along with our previous demonstration
that mGluR2/3-LTD involves inhibition of both P/Q-type
Ca2þ channels and the cAMP/PKA cascade (Robbe et al.,
2002a,b,c) suggest a prominent role of this signaling pathway
in the long-term inhibitory regulation of PFC-NAc inputs.
Available data indicate that these two forms of LTD are not in-
duced in response to the same pattern of synaptic activity
(Mato et al., 2005; Robbe et al., 2002a,b,c). Thus, the coexis-
tence of both mGluR2/3 and CB1R coupled to the same effec-
tors on these terminals may allow the induction of LTD in
response to a wide range of cortical activity. Noteworthy, neu-
roadaptations affecting the regulation of glutamate release at
PFC-NAc inputs are believed to play an important role in the
development and expression of addictive behaviours. Changes
in PFC-NAc glutamate transmission following chronic cocaine
administration include reduced basal levels of extracellular
glutamate (Pierce et al., 1996), as well as increased release as-
sociated with the reinstatement of drug seeking (McFarland
et al., 2003). Additionally, both CB1R- and mGluR2/3-depen-
dent LTDs in the NAc seem to be affected by acute and/or
chronic administration of drugs of abuse: CB1R-dependent
LTD is blocked by a single in vivo exposure to D9-THC or to
cocaine (Fourgeaud et al., 2004; Mato et al., 2004), and
mGluR2/3-dependent LTD is abolished after one week with-
drawal from chronic morphine treatment (Robbe et al.,
2002a,b,c). Furthermore, experimental data suggest that both
CB1R and mGluR2/3 might be useful targets for the develop-
ment of anti-relapse medication. Restoration of mGluR2/
3-dependent inhibition of glutamate release at PFC-NAc syn-
apses inhibits the reinstatement of cocaine- and heroin-seeking
(Bossert et al., 2006; Moran et al., 2005). By contrast, both sys-
temic CB1R blockade and local antagonism of CB1R in the
NAc attenuate relapse to cocaine seeking (De Vries et al.,
2001; Moran et al., 2005). Thus, understanding the mecha-
nisms by which CB1R inhibit glutamate release at PFC-NAc
synapses and how these mechanisms are regulated by chronic
administration of abused drugs may help clarify the biological
basis of addiction, as well as the potential use of cannabinoid
antagonist for the prevention of relapse to drug seeking. In
this sense, recent data suggest that CB1R tonically inhibit glu-
tamate release at PFC-NAc synapses under cocaine-extinction
conditions (Moran et al., 2005). The increase in NAc glutamate
secondary to CB1R blockade is believed to activate presynaptic
mGluR2/3 that subsequently inhibit cocaine-enhanced gluta-
mate release and reinstatement of drug seeking. At the light
of the present data, it will be of interest to clarify if, reminiscent
of eCB- and mGluR2/3-dependent LTD, tonic CB1R-mediated
inhibition of glutamate release following chronic cocaine
administration also involves the reduction of the cAMP/PKA
cascade and P/Q-type Ca2þ channels function.
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