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Specific Alterations of Extracellular Endocannabinoid Levels
in the Nucleus Accumbens by Ethanol, Heroin, and Cocaine
Self-Administration
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Ethanol and opiate self-administration are sensitive to manipulations of cannabinoid CB, receptor function and, from this, a role for the
endogenous cannabinoid system in the modulation of drug reward has been hypothesized. However, direct in vivo evidence of drug-
induced alterations in brain endocannabinoid (eCB) formation has been lacking. To address this issue, we explored the effect of drug
self-administration on interstitial eCB levels in the nucleus accumbens (NAc) shell using in vivo microdialysis. Ethanol, heroin, and
cocaine were compared because the rewarding properties of ethanol and heroin are reduced by CB, receptor inactivation, whereas
cocaine reward is less sensitive to these manipulations. Ethanol self-administration significantly increased dialysate
2-arachidonoylglycerol (2-AG) levels with no concomitant change in dialysate anandamide (AEA) concentrations. Conversely, heroin
self-administration significantly increased dialysate AEA levels, and induced a subtle but significant decrease in dialysate 2-AG levels. In
each case, the relative change in dialysate eCB content was significantly correlated with the amount of drug consumed. In contrast,
cocaine self-administration did not alter dialysate levels of either AEA or 2-AG. Local infusion of the CB, antagonist SR 141716A into the
NAc significantly reduced ethanol, but not cocaine, self-administration. Together with our previous observation that intra-NAc SR
141716A reduces heroin self-administration, these data provide novel in vivo support for an eCB involvement in the motivational
properties of ethanol and heroin but not cocaine. Furthermore, the selective effects of ethanol and heroin on interstitial 2-AG and AEA

provide new insight into the distinct neurochemical profiles produced by these two abused substances.
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Introduction

Converging evidence from human and animal studies implicates
the endogenous cannabinoid system in the etiology of drug ad-
diction. Endocannabinoids (eCBs) participate in long-term syn-
aptic plasticity in several neural circuits that mediate the motiva-
tional effects of abused drugs, and it has been hypothesized that
these neural adaptations participate in the development of com-
pulsive drug use (Berke and Hyman, 2000; Gerdeman et al.,
2002), as supported by the correlation between a genetic disrup-
tion of eCB clearance mechanisms and problem drug and alcohol
use by humans (Sipe et al., 2002). Genetic deletion of cannabi-
noid CB, receptors in mice results in reduced ethanol and mor-
phine self-administration and attenuated ethanol- and opiate-
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induced place conditioning (Ledent et al., 1999; Hungund et al.,
2003; Houchi et al., 2005). Similarly, in rats, the CB, receptor
antagonist SR 141716A (rimonabant) reduces ethanol and opiate
self-administration (Caille and Parsons, 2003; Solinas et al., 2003;
Colombo et al., 2005). Based on these observations, it has been
suggested that drug-induced increases in eCB formation partici-
pate in the mediation of drug reward.

Consistent with this theory is evidence that repeated noncon-
tingent drug administration results in altered levels of the endog-
enous cannabinoids N-arachidonoylethanolamide (anandam-
ide, AEA) and 2-arachidonoylglycerol (2-AG) in postmortem rat
brain tissue (Gonzalez et al., 2004; Vigano et al., 2004). However,
it is not clear whether these findings reflect sustained changes in
brain eCB levels induced by chronic drug administration, or
whether ongoing drug intake acutely alters eCB formation.
Moreover, noncontingent drug administration can produce neu-
rochemical, proteomic, and genomic effects that are substantially
different from those induced by free-choice self-administration
(Jacobs et al., 2003), and brain tissue eCB levels are robustly
affected by rapid postmortem increases in eCB formation (Bazi-
net et al., 2005; Patel et al., 2005). Thus, although repeated non-
contingent drug administration results in altered eCB levels in
postmortem brain tissue, it remains unclear whether drug self-
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administration induces acute changes in interstitial eCB content
that are consistent with an eCB involvement in mediating drug-
related behaviors.

In this study, we explored the effect of operant drug self-
administration on interstitial eCB levels in the shell subregion of
the nucleus accumbens (NAc) using in vivo microdialysis in rats.
The effects of ethanol, heroin, and cocaine self-administration
were compared because the rewarding properties of ethanol and
heroin are reduced by CB, receptor inactivation, whereas cocaine
reward is less sensitive to these manipulations (Martin et al.,
2000; Cossu et al., 2001; Lesscher et al., 2005). The NAc shell was
chosen because it is critically involved in mediating the rewarding
properties of each of these drugs (Di Chiara, 2002, 2004). Previ-
ous work has shown that local CB, antagonist administration
into the NAc reduces heroin self-administration (Caille and Par-
sons, 2006). To extend these findings, we evaluated the effects of
intra-NAc SR 141716A infusion on ethanol and cocaine self-
administration. We report here that 2-AG and AEA levels are
differentially altered in the NAc during ethanol and heroin self-
administration, respectively, whereas neither eCB is altered dur-
ing cocaine self-administration. Moreover, we found that intra-
NAc CB, antagonist administration alters ethanol and heroin
self-administration but not cocaine self-administration.

Materials and Methods

Subjects

Fifty-two male Wistar rats (225-250 g; Charles River Laboratories, Wil-
mington, MA) were used. For the microdialysis tests, the group sizes for
each self-administered drug were as follows: ethanol (n = 9), heroin (n =
7), and cocaine (n = 8). For the intra-NAc drug infusion tests, the group
sizes for each self-administered drug were as follows: ethanol (n = 11)
and cocaine (n = 10). Microdialysates were collected from seven drug-
naive control rats for evaluation of potential alterations in baseline eCB
levels induced by drug self-administration training. All animals were
housed in groups of three in a temperature-controlled vivarium (22°C)
with a 12 h light/dark cycle (lights off at 6 A.M.) and given ad libitum
access to food and water. The studies were conducted in accordance with
the Guide for Care and Use of Laboratory Animals provided by the Na-
tional Institutes of Health.

Drugs and reagents

Heroin hydrochloride and cocaine hydrochloride were obtained from
the National Institute on Drug Abuse (Bethesda, MD) and were dissolved
in a vehicle of sterile 0.9% saline. Ethanol (10% w/v) was prepared with
95% ethyl alcohol and water. Saccharin (Sigma, St. Louis, MO) was dis-
solved in water and used for the sweet solution fading procedure used to
establish operant ethanol self-administration (Samson, 1986). SR
141716A was generously provided by the National Institute of Mental
Health Chemical Synthesis and Drug Supply Program (Washington,
DC) and was dissolved in a vehicle of ethanol:emulphor:saline (1:1:18).
AEA, 2-AG, 1(3)-arachidonoylglycerol (1-AG), and (S)-(+)-
arachidonyl-2'-hydroxy-1'-propylamide (S-2 methanandamide) were
used as chromatographic standards and were from Cayman Chemical
(Ann Arbor, MI). All other reagents were of the highest obtainable grade
from Sigma-Aldrich (St. Louis, MO).

Surgery

Intravenous catheterization. Rats to be trained to self-administer heroin
or cocaine were prepared with chronic indwelling SILASTIC jugular
catheters under isoflurane anesthesia (1.5-2.0%) as described previously
(Caille and Parsons, 2004). Catheters were flushed daily with sterile hep-
arinized saline (30 USP units/ml), and the animals were allowed a 7 d
minimum of postoperative recovery before the initiation of self-
administration training.

Intracerebral microdialysis cannulas
After operant self-administration training (see below), animals in the
ethanol and cocaine groups were anesthetized (isoflurane 1.5-2.0% va-
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por) and implanted with a microdialysis guide cannula (SciPro, Sanborn,
NY) aimed at the NAc shell [from bregma: anteroposterior (AP), +1.6
mm; mediolateral (ML), 0.8 mm; and dorsoventral (DV), —6.0 mm
from dura] (Paxinos and Watson, 1998). Because animals in the heroin
self-administration group had skull-mounted catheter ports to minimize
chewing (Caille and Parsons, 2004), these animals received NAc shell
microdialysis guide cannulas at the time of the jugular catheter implan-
tation. All animals received a minimum 5 d of postoperative recovery
before experimentation.

Intracerebral infusion cannulas

Animals previously trained to self-administer either ethanol or cocaine
were anesthetized (isoflurane 1.5-2.0% vapor) and implanted with a
bilateral microinfusion guide cannula (22 gauge, 12 mm length, stainless
steel) that terminated 3 mm above the ventral surface of the NAc (from
bregma: AP, +1.6 mm; ML, 2.0 mm; and DV, —5.0 mm from dura)
(Paxinos and Watson, 1998). These coordinates are the same as those
used previously to evaluate the effects of intra-NAc SR 141716A on her-
oin self-administration (Caille and Parsons, 2006) and provide injector
placements at the interface between the shell and core (“shore”) of the
NAc thereby allowing drug delivery without producing substantial dam-
age to the region of interest after repeated infusions. A minimum 5 d of
postoperative recovery were allowed before experimentation.

Drug self-administration training

Self-administration training and testing was performed in standard op-
erant chambers housed in sound-attenuated and ventilated cubicles
(Coulbourn Instruments, Allentown, PA) (for an additional description,
see Caille and Parsons, 2006). Training sessions were conducted 5 d/week
during the dark phase of the light cycle. For each drug, training continued
until the total number of reinforcers per session stabilized to within *
10% of the mean for 3 consecutive days (baseline criterion).

Operant ethanol self-administration was established under a fixed-
ratio 1 (FR-1) timeout 20 s (TO-20 s) schedule of reinforcement using a
sweet solution fading procedure slightly modified from Samson (1986).
Lever pressing behavior was reinforced by delivery of 0.1 ml aliquots of
liquid to a sipper cup for oral consumption, and the final ethanol rein-
forcer concentration was 10% (w/v). Ethanol self-administration ses-
sions were 30 min in duration.

Animals in the heroin self-administration group were trained to intra-
venously self-administer unit doses of 20 ug/0.1 ml heroin under an FR-1
TO-20 s schedule of reinforcement. Animals in the cocaine group were
trained to self-administer cocaine (0.25 mg/0.1 ml) under an FR-5 TO-20
s schedule of reinforcement. The heroin and cocaine self-administration
sessions were each 2 h in duration.

In vivo microdialysis

On the morning of the microdialysis experiments, each animal was
lightly anesthetized (1-2% isofluorane), and a microdialysis probe (2
mm polyethyl sulfone membrane, 15 kDa MW cutoff; SciPro) was in-
serted and secured to the previously implanted guide cannula. The
probes were perfused with artificial CSF (0.6 ul/min) composed of the
following (in mm): 149 NaCl, 2.8 KCl, 1.2 CaCl,, 1.2 MgCl,, 0.25 ascorbic
acid, 5.4 p-glucose, and with 30% (w/v) hydroxypropyl-B-cyclodextrin
(HP-B-CD). Inclusion of HP-B-CD in the perfusate provides a substan-
tial increase in the dialysis recovery of eCBs [similar to findings by
Walker et al. (1999)]. Approximately 5 h after probe implantation, dia-
lysate samples were collected at 10 min intervals over a 60 min baseline
period and during subsequent operant drug self-administration.

Liquid chromatography/mass spectrometry analysis of dialysate
eCB content

Dialysate levels of AEA, 2-AG, and 1-AG were determined using liquid
chromatography coupled with electrospray ionization mass spectrome-
try. 2-AG is relatively unstable and readily converts to 1-AG during sam-
ple analysis (Rouzer et al., 2002). This was evident by a progressive de-
cline in 2-AG signal accompanied by a progressive increase in 1-AG
signal over time during the repeated analysis of 2-AG standards during
method development (data not shown). To control for this, 2-AG and
1-AG peak areas were summed for all analyses reported here. Five micro-
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liter microdialysate aliquots were spiked with 5 ul of 100 nm of S-2
methanandamide and loaded onto a precolumn [0.5 X 2.5 mm, Haisil
high load C18 column (HL C18), 5 uwm; Higgins Analytical, Mountain
View, CA) using a 30% MeOH (v/v) mobile phase delivered at 70 ul/min.
After a 2 min wash period, mobile phase flow through the precolumn was
reversed via a switching valve, and the eCBs were delivered to a 0.3 X 50
mm microbore analytical column (Haisil HL C18, 3 um; Higgins Ana-
lytical) using an isocratic mobile phase consisting of 70% MeOH (v/v)
delivered at 5 pl/min. The analytical column eluent was delivered via a
nanoelectrospray interface into the mass spectrometer (1100MSD; Agi-
lent Technologies, Santa Clara, CA) that was run in positive selected ion
monitoring mode to maximize sensitivity. Similar to findings by others
(Giuffrida et al., 2000), we find that sodium adducts of these molecules
provide greater sensitivity than do their protonated forms. The following
mass/charge ratios were used: AEA, 370.3 [molecular ion (M) + 1 Na];
2-AG and 1-AG, 401.3 (M + 1 Na); S-2 methanandamide, 384.3 (M + 1
Na). External calibration curves were constructed from a minimum of
three standard concentrations (each run in duplicate) and were gener-
ated daily. Under these conditions, the limits of quantitation were ~0.1
nM for each analyte.

Intra-NAc SR 141716A testing

The effects of local administration of SR 141716A on ethanol and cocaine
self-administration were evaluated in separate groups of animals. After
establishment of stable self-administration behavior, the animals re-
ceived an initial microinjector insertion (no liquid infusion) immedi-
ately before self-administration to acclimate them to the procedure and
to produce the initial tissue damage from injector insertion. Subse-
quently, vehicle and SR 141716A infusions were made via bilateral 33
gauge microinjectors that extended 2 mm beyond the tip of the guide
cannulas. Infusions of 1 ul per side were made over a 2 min period,
followed by an additional 1 min to allow drug diffusion before injector
removal. Stylets were then replaced in the guide cannulas, and the rats
were allowed immediate access to drug self-administration. The effects
produced by vehicle, 1.0, or 3.0 ug per side SR 141716A were evaluated,
and the dose presentation was randomized between animals. Drug tests
were performed at weekly intervals, and each animal was tested once with
each dose.

Statistical analyses

Group differences in baseline dialysate AEA and 2-AG concentrations
were evaluated by ANOVA with drug history as the between-subjects
factor. Subsequently, dialysate AEA and 2-AG levels were transformed to
percentages of average baseline dialysate concentration for evaluation of
changes in dialysate eCB content during drug self-administration as per-
formed by ANOVA with repeated measures over time. To investigate
correlations between total drug intake and relative change in dialysate
eCB content, the area under the curve (AUC) for AEA and 2-AG was
calculated for each animal by subtracting 100 from each percentage of
baseline data points and summing all data points collected during the
experimental period (¢ = 0—120 min) (see Fig. 1). The relationship be-
tween self-administered drug intake and the AUC value for AEA or 2-AG
was then determined using Pearson’s parametric correlation. The effects
of intra-NAc SR 141716A administration on ethanol and cocaine self-
administration were evaluated using a within-subjects design with re-
peated measures ANOVA.

Results
Drug history before microdialysis
Animals in the ethanol group received 65 *= 0.9 30 min self-
administration training sessions to establish stable intake pat-
terns before dialysis testing. The average daily ethanol intake dur-
ing this training period was 0.40 = 0.03 mg/kg, resulting in an
average blood alcohol concentration of 28.6 * 4.9 mg/dl, as de-
termined during the self-administration training period. The av-
erage total ethanol intake for animals in this group was 26.3 = 2.2
mg/kg before the dialysis test.

Animals in the heroin group received 22 * 1.0 2 h training
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sessions with an average daily intake of 715 = 79 ug/kg heroin
and a total intake of 16 * 1.6 mg/kg before the dialysis test.
Animals in the cocaine group received 21 * 0.2 2 h training
sessions with an average daily intake of 19.5 = 1.7 mg/kg and a
total cocaine intake of 447 = 18 mg/kg before the dialysis test.

Baseline dialysate AEA and 2-AG levels are unaltered as a
function of previous drug self-administration history

Baseline AEA levels were 2.36 = 0.5,2.03 = 0.4, and 2.6 = 0.5 nM,
and 2-AG levels in these same samples were 5.41 * 1.0, 5.02 =
0.9, and 6.02 = 1.0 nM for the ethanol, heroin, and cocaine
groups, respectively. In drug-naive animals, baseline AEA levels
were 1.83 = 0.22 nM, and 2-AG levels were 4.82 = 0.51 nM.
Baseline levels of either anandamide (F(;,,) = 0.613) or 2-AG
(F(5,26) = 0.821) did not differ between any of the groups (includ-
ing drug-naive controls) despite substantial drug exposure dur-
ing self-administration training. This contrasts with reports of
relatively sustained changes in brain tissue eCB content induced
by repeated ethanol, morphine, and cocaine administration
(Gonzalez et al., 2002, 2004; Vigano et al., 2004). These differen-
tial findings suggest either that repeated noncontingent bolus
drug administration induces effects on brain eCB levels that are
distinct from those induced by daily limited-access drug self-
administration or that chronic drug exposure affects processes
influencing postmortem eCB accumulation inherently reflected
in analyses of brain tissue eCB content (Bazinet et al., 2005; Patel
et al., 2005).

Ethanol, heroin, and cocaine self-administration induce
specific alterations in NAc shell eCB levels

Animals in the ethanol group consumed 0.39 * 0.03 g/kg ethanol
during the microdialysis test session (Fig. 1), and this produced
asignificant increase in dialysate 2-AGlevels (F(g ;) = 4.836; p <
0.0001) with no concomitant alteration in AEA (Fg ¢ = 1.129;
NS) (Fig. 1a). The rise and fall of 2-AG levels followed a temporal
pattern similar to the profile of blood alcohol concentrations
after oral administration (Pastino and Conolly, 2000). The rela-
tive change in dialysate 2-AG levels was positively correlated with
the amount of ethanol consumed (Fig. 2A).

In contrast to ethanol, heroin self-administration (443 * 61
png/kg total intake) (Fig. 1d) was associated with a significant
increase in dialysate AEA levels (F s ,5) = 3.465; p < 0.0001) and
aslight but significant decrease in dialysate 2-AG levels (Fs ;5 =
3.042; p < 0.0005) (Fig. 1c). The relative change in dialysate AEA
levels was positively correlated with the amount of heroin con-
sumed, and a significant negative correlation was found between
heroin intake and changes in dialysate 2-AG (Fig. 2B).

There was no significant effect of cocaine self-administration
(18 = 0.9 mg/kg total intake) (Fig. 1f) on dialysate levels of either
AEA (F; 5, = 0.649; NS) or 2-AG (F(; 5, = 1.201; NS) (Fig. le)
and no significant correlations between cocaine intake and rela-
tive changes in either AEA or 2-AG (Fig. 2C). Dialysis probe
placements for each drug group are shown in Figure 3.

Intra-NAc infusion of the CB, antagonist SR 141716A reduces
ethanol self-administration but not cocaine
self-administration

During the final three self-administration sessions before the pre-
treatment tests, animals in the ethanol group obtained an average
of 27.6 = 2.9 ethanol reinforcers per session (corresponding to
0.38 = 0.04 g/kg and resulting in 29.9 * 4.6 mg/dl blood alcohol),
and there was no significant effect of intra-NAc vehicle adminis-
tration on ethanol intake. Subsequently, it was found that intra-
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Figure 1.  Selective effects of ethanol, heroin, and cocaine self-administration on e(B levels in NAc shell microdialysates. Top, The effects of ethanol (EtOH; a), heroin (c), and cocaine (e)

self-administration on dialysate AEA (open circles) and 2-AG (filled circles) levels expressed as the percentage of change from predrug baseline. Bottom, Cumulative drug intake during the
self-administration sessions (b, ethanol 10% (w/v) oral intake; n = 9) (d, heroin 20 p.q per infusion, i.v.; n = 7) (f, cocaine 0.25 mg per infusion, i.v.; n = 8). Error bars indicate SEM. *p << 0.05;

relative to baseline.
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Figure2. Correlation between total drug intake and the relative change in dialysate AEA (open circles) and 2-AG (filled circles)

during self-administration. Relative change in e(B levels calculated as the total AUC of the percentage of baseline data shown in
Figure 1a, ¢, and e. A, Relative increases in dialysate 2-AG were significantly correlated with ethanol intake (r> = 0.7683; p <
0.005) whereas changes in dialysate AFA were not (r2 = 0.2499). B, Relative increases in dialysate AFA (r* = 0.7870; p < 0.01)
and decreases in dialysate 2-AG (r* = 0.6317; p < 0.05) were significantly correlated with heroin intake. C, There were no
correlations between changes in either AEA (r2 = 0.0042) or 2-AG (> = 0.1166) and cocaine intake.

NAc SR 141716A administration significantly decreased ethanol
self-administration relative to the vehicle condition (F, o =
6.409; p < 0.01) with significant decreases observed after admin-
istration of both 1 and 3 g per side of SR 141716A (Fig. 4a).

In contrast, intra-NAc SR 141716A administration did not
alter cocaine self-administration. Under baseline conditions,
these animals obtained an average of 26.5 = 2.5 cocaine reinforc-
ers per session (corresponding to 16.3 * 2.0 mg/kg per session).
There was no significant effect of intra-NAc vehicle administra-
tion on cocaine intake, and intra-NAc administration of 1 and 3
pg per side SR 141716A did not alter cocaine self-administration
relative to the vehicle condition (F, 14y = 1.314; NS) (Fig. 4b).

Discussion

Interstitial eCB levels in the NAc shell are altered by ethanol
and heroin but not cocaine self-administration

The present data demonstrate that ethanol and heroin self-
administration each induce transient alterations in interstitial

eCB levels in the NAc shell, whereas co-

Cocaine caine self-administration does not. The in-
O AEA crease in NAc eCB levels during ethanol
® 2-AG and heroin self-administration suggests a

role for NAc eCB transmission in the rein-
forcing effects produced by these drugs.
This is also supported by the observation

that intra-NAc CB, antagonist adminis-
tration decreases both ethanol and heroin
self-administration (Caille and Parsons,
2006). These findings are consistent with
reports that CB, receptor-deficient mice
display reduced ethanol and morphine
self-administration compared with wild
types (Ledent et al., 1999; Cossu et al.,
2001; Hungund et al., 2003; Naassila et al.,
2004) and that pharmacologic blockade of
CB, receptors reduces both ethanol and
opiate self-administration by rats (Gallate and McGregor, 1999;
Caille and Parsons, 2003; De Vries et al., 2003; Solinas et al., 2003;
Colombo et al., 2005). CB, receptor inactivation also attenuates
ethanol- and opiate-induced neurochemical events involved in
the mediation of drug reward (Hungund et al., 2003; Caille and
Parsons, 2006). Moreover, high alcohol preference and excessive
alcohol intake are associated with altered expression and function
of CB, receptors and fatty acid amidohydrolase, a primary en-
zyme responsible for eCB degradation (Basavarajappa and Hun-
gund, 2001; Hansson et al., 2007). Collectively, these observa-
tions provide strong evidence for eCB involvement in the
rewarding effects of ethanol and opiate self-administration.

In contrast, there has been little evidence to suggest an influ-
ence of eCB neurotransmission in the mediation of psychostimu-
lant reward. CB, receptor deletion in mice does not alter cocaine-
induced place conditioning (Martin et al., 2000) and produces
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Figure 3.  Schematic representation of the dialysis probe placements for each of the drug
self-administration tests shownin Figure 1. Each section represents a coronal brain slice 1.6 mm
anterior to bregma (Paxinos and Watson, 1998), and each vertical bar corresponds to the loca-
tion of the active microdialysis membrane area within the medial NAc shell. Separate sections
are used to display the probe placementsin the ethanol (EtOH; n = 9), heroin (HER; n = 7), and
cocaine (COC; n = 8) self-administration groups, respectively.

equivocal effects on psychostimulant self-administration (Cossu
etal., 2001; Soria et al., 2005). CB, antagonist pretreatment does
not interfere with cocaine self-administration by rats (De Vries et
al., 2001; Lesscher et al., 2005; Caille and Parsons, 2006) and does
not alter cocaine-induced increases in NAc dopamine (Caille and
Parsons, 2006; Xi et al., 2006). Thus, our observations that co-
caine intake does not alter eCB levels in the NAc shell and that
intra-NAc CB, antagonist administration does not affect cocaine
self-administration are consistent with the extant literature.
Moreover, these findings provide an important negative control
for the effects observed with ethanol and heroin
self-administration.

Ethanol and heroin self-administration produce distinct
effects on NAc AEA and 2-AG levels

Although cannabinoids potently modulate neural transmission
in several brain regions involved in drug reward (Riegel and Lu-
pica, 2004; Perra et al., 2005; Xi et al., 2006), it has been unclear
which eCB mediators may be involved in modulating drug self-
administration behavior. The present data reveal that ethanol
self-administration increases interstitial 2-AG levels with no con-
current change in AEA levels, whereas heroin self-administration
increases AEA levels and simultaneously decreases 2-AG levels. In
each case, the relative change in dialysate eCB content was signif-
icantly correlated with the amount of drug consumed during
self-administration.

The importance of these drug-specific effects on 2-AG and
AEA formation remains to be elucidated. These two signaling
molecules are characterized by somewhat distinct pharmacologic
profiles at cannabinoid and noncannabinoid receptors and some
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Figure4. Effect of intra-NAcinfusion of the (B, receptor antagonist SR 141716A on ethanol
and cocaine self-administration. A, Bilateral SR 141716A infusions into the NAc significantly
reduced ethanol self-administration relative to vehicle infusions (F, ,,) = 6.409; p << 0.01),
and significant reductions were produced by both 1and 3 g per side SR 141716A (n = 11).
These results are comparable to the previously reported reduction in heroin self-administration
induced by intra-NAc SR 141716A (Caille and Parsons, 2006). Error bars indicate SEM. *p <
0.05. B, In contrast, intra-NAc administration of these same SR 141716A doses produced no
effect on cocaine self-administration (F, 15y = 1.314; n = 10). Error bars indicate SEM. (,
Placements of each NAc drug microinjector in the NAc. Each brain section represents a coronal
slice 1.6 mm anterior to bregma (Paxinos and Watson, 1998), and each circle corresponds to the
location of the microinjector tip within the NAc. Separate slices are shown for placements in the
ethanol and cocaine (COC) self-administration experiments, respectively.

ion channels (Sugiura et al., 2002; van der Stelt and Di Marzo,
2005). It is noteworthy that 2-AG is a full CB, agonist, whereas
AEA is a partial agonist at these receptors (Hillard, 2000). Ac-
cordingly, it is conceivable that the differential effects of ethanol
and heroin on 2-AG and AEA formation underlie recent obser-
vations that ethanol self-administration is relatively more sensi-
tive to manipulations of eCB clearance than is heroin self-
administration (Solinas et al., 2005; Hansson et al., 2007).

Potential mechanisms for an eCB involvement in addiction
The observation that intra-NAc SR 141716A infusion reduces
ethanol and heroin self-administration (Caille and Parsons,
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2006) suggests that drug-induced increases in NAc eCB levels
participate in ethanol and opiate reward through a CB, receptor-
mediated process. These receptors provide an inhibitory influ-
ence on GABAergic and glutamatergic neurotransmission in the
NAc (Hoffman and Lupica, 2001; Manzoni and Bockaert, 2001;
Robbe et al., 2001), and their activation is thought to reduce the
excitability of efferent GABAergic medium spiny neurons. As
such, drug-induced eCB formation in the NAc may decrease
GABA release in regions innervated by the NAc such as the ven-
tral tegmental area (VTA) and ventral pallidum. Decreased
GABAergic input to the VTA likely disinhibits mesolimbic dopa-
mine neurons, and thus activation of NAc CB, receptors may
contribute to ethanol reward by facilitating increases in mesolim-
bic dopamine release (Hungund et al., 2003; Perra et al., 2005).
However, CB; modulation of opiate reward appears to occur
through dopamine-independent mechanisms (Caille and Par-
sons, 2003, 2006). Rather, opiate-induced decreases in ventral
pallidal GABA levels are thought to contribute to the reinforcing
effects of heroin (Bardo, 1998; Xi and Stein, 2000, 2002; Caille
and Parsons, 2004 ), and recent evidence suggests that this effect is
mediated in part through NAc CB, receptors (Caille and Parsons,
2006). Interestingly, CB, receptor antagonism does not alter
cocaine-induced increases in NAc dopamine or cocaine-induced
decreases in ventral pallidal GABA (Caille and Parsons, 2006),
consistent with the presently reported lack of cocaine-induced
alterations in NAc eCB levels.

eCBs may also participate in the development of habitual be-
haviors that are supplementary to actual drug-taking behavior.
Several studies have reported a role for eCB signaling in activity-
dependent long-term synaptic plasticity in several brain regions
including the NAc (Robbe et al., 2002; Hoffman et al., 2003;
Fourgeaud et al., 2004), and it has been hypothesized that this
type of cellular adaptation contributes to the transition from ca-
sual drug use to the compulsive behavior that characterizes ad-
diction (Berke and Hyman, 2000; Gerdeman et al., 2002). Given
the proposed modulatory influence of eCBs on cortical input to
the NAc (Robbe et al., 2001), it is possible that ethanol- and
opiate-induced alterations in eCB formation contribute to this
aspect of drug dependence. In this regard, it is now recognized
that the core and shell subregions of the NAc participate in spe-
cific aspects of the addiction process, with the shell playing a
greater role in the mediation of drug reward and the core partic-
ipating in the conditioning and compulsive aspects of addiction
(Cardinal et al., 2002; Di Chiara, 2002; Kalivas and McFarland,
2003; Koya et al., 2006). It is presently unknown whether drug
intake induces a differential eCB response between the core and
shell, although the widely reported influence of CB, receptors in
drug- and cue-induced drug-seeking behavior (Fattore et al.,
2005; Xi et al., 2006) suggests possible eCB effects in the core
subregion.

Finally, a recent report from Hansson et al. (2007) demon-
strates a potential influence of frontal cortical eCB signaling in
the phenotype of high voluntary ethanol consumption. More-
over, eCB mechanisms in the VTA may play a modulatory role in
drug-induced activation of the mesolimbic reward circuit (Lu-
pica and Riegel, 2005; Perra et al., 2005). Thus, it is likely that eCB
mechanisms in a variety of brain regions influence the behavioral
effects produced by ethanol and opiates.

Mechanisms for drug-specific alterations in NAc

eCB formation

Several notable differences in the cellular effects produced by
ethanol, heroin, and cocaine may contribute to the presently ob-
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served drug-specific alterations in NAc eCB formation. Although
all three drugs increase NAc dopamine levels, they do so through
distinct mechanisms. Ethanol and opiates potentiate dopamine
release by increasing mesolimbic dopamine neuronal firing (Gys-
ling and Wang, 1983; Matthews and German, 1984; Brodie et al.,
1999), whereas cocaine inhibits dopamine reuptake mechanisms
resulting in a prolonged increase in extracellular dopamine that
decreases dopamine cell firing rates (Einhorn et al., 1988; Brodie
and Dunwiddie, 1990; Lacey et al., 1990). It is possible that these
distinct effects of ethanol and heroin versus cocaine on mesolim-
bic dopamine cell firing contribute to the drug-specific effects on
NAc eCB formation. In addition, cocaine self-administration
produces greater decreases in the firing rates of NAc medium
spiny neurons than does heroin self-administration (Changetal.,
1998), and it is possible this effect of cocaine reduces
depolarization-induced calcium currents necessary for eCB for-
mation (Zhuang et al., 2005). It is notable, however, that NAc cell
firing is increased during drug-free cocaine-seeking behavior
(Peoples et al., 2004), and this may result in increased eCB for-
mation that participates in the reinstatement of drug-seeking be-
havior (relapse) for a number of abused substances including
cocaine (Fattore et al., 2005; Le Foll and Golberg, 2005; Xi et al.,
2006). Finally, in light of the proposed involvement of metabo-
tropic glutamate receptors in eCB formation (Maejima et al.,
2001; Narushima et al., 2006), it is conceivable that cocaine-
induced decreases in cell surface mGluR5 (metabotropic gluta-
mate receptor-5) receptor expression (Swanson et al., 2001;
Fourgeaud et al., 2004) precludes an effect of cocaine self-
administration on NAc eCB formation.
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