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The progressive predominance of rewarding effects of addictive drugs over their aversive properties likely contributes to the transition
from drug use to drug dependence. By inhibiting the activity of DA neurons in the VTA, GABA projections from the rostromedial
tegmental nucleus (RMTg) are well suited to shift the balance between drug-induced reward and aversion. Since cannabinoids suppress
RMTg inputs to DA cells and CB1 receptors affect alcohol intake in rodents, we hypothesized that the endocannabinoid system, by
modulating this pathway, might contribute to alcohol preference. Here we found that RMTg afferents onto VTA DA neurons express CB1
receptors and display a 2-arachidonoylglycerol (2-AG)-dependent form of short-term plasticity, that is, depolarization-induced suppres-
sion of inhibition (DSI). Next, we compared rodents with innate opposite alcohol preference, the Sardinian alcohol-preferring (sP) and
alcohol-nonpreferring (sNP) rats. We found that DA cells from alcohol-naive sP rats displayed a decreased probability of GABA release
and a larger DSI. This difference was due to the rate of 2-AG degradation. In vivo, we found a reduced RMTg-induced inhibition of putative
DA neurons in sP rats that negatively correlated with an increased firing. Finally, alcohol failed to enhance RMTg spontaneous activity
and to prolong RMTg-induced silencing of putative DA neurons in sP rats. Our results indicate functional modifications of RMTg
projections to DA neurons that might impact the reward/aversion balance of alcohol attributes, which may contribute to the innate
preference observed in sP rats and to their elevated alcohol intake.
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Introduction
Drug addiction is a psychiatric disease caused by interactions
between genetic predisposition and environmental factors. Dif-
ferent theories propose varying mechanisms for this disorder.
However, regardless of the theory, a change in activity of mid-
brain DA neurons appears to be key in the diverse phases of the
drug addiction cycle (Piazza and Deroche-Gamonet, 2013). Drug

exposure of midbrain DA neurons switches them from an initial
physiological state to a new allostatic state (Koob and Le Moal,
2001). These adaptations constitute the basis for the hedonic
homeostatic dysregulation theory (Koob and Le Moal, 2001).
Thus, disruption of those brain circuits mediating the balance
between reward and aversion are considered as “brain signa-
tures” of clinical states characterizing the different stages of the
drug addiction cycle (Koob and Le Moal, 2001; Koob and
Volkow, 2010).

GABA neurons of the rostromedial tegmental nucleus
(RMTg) regulate activity of DA cells of the VTA (Hong et al.,
2011; Lecca et al., 2012). Notably, opioids and cannabinoids de-
crease firing rate of RMTg GABA neurons, thereby disinhibiting
VTA DA cells (Jalabert et al., 2011; Matsui and Williams, 2011;
Lecca et al., 2012). However, while RMTg GABA neurons are
immunopositive for �-opioid receptors (Jhou et al., 2009a), only
indirect evidence supports the expression of cannabinoid CB1
receptors on these neurons (Lecca et al., 2011, 2012; Melis et al.,
2013a). Indeed, upon CB1 receptor activation, RMTg tonic neu-
ronal activity decreases (Lecca et al., 2011), thereby reducing
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GABA release onto VTA DA cells (Lecca et al., 2012) and likely
contributing to their excitation (Gessa et al., 1998). Altogether,
these observations suggest that the RMTg to VTA GABA pathway
might be under physiological retrograde control by endocan-
nabinoids to modulate precisely DA cell activity. Thus, endocan-
nabinoids might ultimately contribute to an enhanced activity of
DA cells, involved in the onset of drug addiction, susceptibility to
relapse (Marinelli et al., 2003; Melis and Pistis, 2012), and indi-
vidual vulnerability to drug-seeking behavior (Marinelli and
White, 2000; Marinelli et al., 2003; Melis et al., 2009).

An unanswered question in alcohol research is whether differ-
ences in selective brain network function (e.g., mesocorticolim-
bic circuit) represent a biological predisposition toward alcohol
abuse, a consequence of it, or both. One strategy to address this is
to examine individuals biologically at risk for alcohol abuse, who
themselves are not alcohol abusers. We, therefore, took advan-
tage of innate differences in alcohol intake displayed by Sardinian
alcohol-preferring (sP) or alcohol-nonpreferring (sNP) rats,
which have been selectively bred for their alcohol preference or
aversion, respectively (Colombo et al., 2006).

Herein we explored four major aims. (1) Are CB1 receptors
expressed onto RMTg terminals impinging on VTA DA cells? (2)
Are endocannabinoids retrograde modulators of synaptic
strength at this synapse? (3) Is this synapse differently regulated
in sP and sNP rats? (4) Does this synapse show different respon-
siveness to alcohol in sP and sNP rats? To address these issues we
used a multidisciplinary approach that involved anatomical, bio-
chemical, and electrophysiological techniques in rodents.

Materials and Methods
Animals
All procedures were performed in accordance with the Guidelines for the
Care and Use of Mammals in Neuroscience and Behavioral Research
(National Research Council, 2004 ) and EEC Council Directive (219/
1990 and 220/1990). We made all efforts to minimize pain and suffering
and to reduce the number of animals used. Animals were housed in
groups of three to six in standard conditions of temperature (21 � 1°C)
and humidity (60%) under a 12 h light/dark cycle (lights on at 7:00 A.M.)
with food and water available ad libitum. CB1 �/� mice were obtained,
bred, and genotyped as previously described (Marsicano et al., 2002).
Alcohol-naive sP and sNP rats were from the 84th generation, and their
selective breeding program was previously described (Colombo, 1997).

Immunohistochemistry
The anterograde tracer dextran-tetramethylrhodamine (Fluoro-Ruby,
FR; MW 10,000; 10% in 0.1 M PBS, pH 7.4; Invitrogen) was bilaterally
injected by iontophoresis (5 �A, 7 s on/off cycles for 30 min) with glass
micropipettes (tip diameter, 10 – 40 �m) into rat RMTg nucleus (AP,
�6.6 to �7.2 mm from bregma; L, 0.8 –1.0 mm from midline; V, 6.5–7.5
mm; n � 6; Paxinos and Watson, 2007).

Brain tissue preparation. One week following tracer injection, rats were
deeply anesthetized with chloral hydrate (400 mg/kg, i.p.) and transcar-
dially perfused with 4% paraformaldehyde in 0.1 M PBS, pH 7.4. Coronal
sections (40 –50 �m thick) of brain were prepared with a cryostat at levels
containing the VTA and the RMTg nucleus, and immunostaining was
performed on free-floating sections. Adjacent sections were collected and
stained with Neutral Red to facilitate the identification of the VTA and
the RMTg nucleus. The brains were rapidly removed and postfixed in the
same fixative for 3 h. After repeated washing in 0.1 M PBS, brains were
cryoprotected in 30% sucrose in PBS for 48 h.

Immunofluorescent staining. Preblocking of tissue sections was per-
formed with 5% normal donkey serum (NDS) and 5% NGS, 1% BSA,
and 0.2% Triton X-100 in PBS for 1 h at room temperature. Then, after
being washed in PBS/0.2% Triton X-100, sections were incubated
with biotinylated goat anti-rabbit IgG (1:200; Vector Laboratories)
and Cy5-labeled donkey anti-mouse IgG (1:300; Jackson ImmunoRe-

search) for 1 h in the dark at room temperature. Subsequently, sec-
tions were incubated with Avidin Alexa Fluor 488 for 1 h in the dark
at room temperature, then rinsed and mounted on slides using
Vectashield with DAPI dilactate anti-fade, mounting media (Vector
Laboratories). Standard control experiments were performed by
omission of either the primary or secondary antibody and yielded no
cellular labeling.

For double labeling, sections were then incubated for 48 h at 4°C with
a mouse monoclonal anti-tyrosine hydroxylase antibody (1:400; Milli-
pore) and with rabbit anti-CB1 receptor polyclonal antibody (1:1000)
directed against the last 15 aa of rat CB1 receptor in PBS containing 0.2%
Triton X-100, 0.1% BSA, 0.5% NGS, and 0.5% NDS. Then, sections were
incubated with biotinylated goat anti-rabbit IgG (1:200; Vector Labora-
tories) and Cy5-labeled donkey anti-mouse IgG (1:300; Jackson Immu-
noResearch) for 1 h in the dark at room temperature. Subsequently,
sections were incubated with Avidin Alexa Fluor 488 for 1 h in the dark at
room temperature, rinsed, and mounted on slides using Vectashield with
DAPI dilactate anti-fade, mounting media (Vector Laboratories). Stan-
dard control experiments were performed by omission of either the pri-
mary or secondary antibody and yielded no cellular labeling. The
specificity of anti-CB1 receptor polyclonal antibody used in this study
has been previously demonstrated by showing the lack of immunostain-
ing in CB1 knock-out mice (Ledent et al., 1999; Bodor et al., 2005).

Imaging. All observations were made using an Olympus IX 61 micro-
scope equipped with 2.5, 4, 10, 20, and 60� plan apochromatic oil-
immersion objectives and images were taken with a 12-bit cooled F View
II camera (Olympus). The digital resolution of images taken with the
60� objective was 0.1 mm/pixel. Excitation light was attenuated with a
6% transmittance neutral density filter. After being captured on the com-
puter, images were analyzed using the Cell P AnalySIS1 software module.
Color compositions were made using images of single antibodies as RGB
channels.

Confocal laser scanning microscopy and image processing. Confocal
analysis was performed using a Leica TCS SP5 laser scanning microscope
equipped with white light laser super continuum. Images were generated
using PL Fluotar 40� oil (NA 1.25) and 100� oil (NA 1.4) objectives.
Scans were performed in sequence using, separately, channels for fluo-
rescein, rhodamine, and CY5. Resulting datasets were combined, frame
by frame, for simultaneous rendering. Maximum intensity, Extended
focus, and simulated fluorescence process algorithms (Imaris 7.0) were
used. Surface rendering (Imaris 7.0) was used to display and analyze the
structures creating shaded solid bodies. Rendered surfaces were interac-
tively displayed and analyzed for global structure properties and interac-
tion between fluorescence.

Quantitative colocalization was performed using dual-color (red and
green) confocal images and a specialized software (Imaris 7.6. 1) to cal-
culate the colocalization coefficients. The background was corrected
manually using ImageJ software to avoid the bias induced by large noise,
background areas in the calculation of the coefficients. The amount of
CB1 receptors localized in RMTg fibers was expressed as the ratio be-
tween the volume of colocalized CB1 receptors and the volume of RMTg-
traced fibers in the VTA. The degree of overlapping between the two
channels (red and green) was evaluated considering the Mander’s and
Pearson’s coefficients in volume datasets.

Autoradiography
Brain tissue preparation. sP and sNP (n � 6 rats per rat line) were killed by
rapid decapitation, and brains were promptly removed, immediately im-
mersed in isopentane, and then stored at �80°C until sectioning for
[ 3H](�)-CP55940 autoradiography.

[3H](�)-CP55940 binding autoradiography. Coronal sections 12–16
�m thick were prepared with a cryostat at �20°C, thaw mounted onto
SuperFrost Plus slides (BDH), and stored with desiccant at �20°C until
use. Tissue sections corresponding to plates 37–39, according to the atlas
of Paxinos and Watson (2007), were chosen and adjacent sections to
those used for autoradiography were stained with Neutral Red to identify
the VTA. [ 3H](�)-CP55940 binding autoradiography was performed as
previously described (Castelli et al., 2007). Briefly, tissue slides were in-
cubated at 37°C for 2.5 h in 50 mM Tris-HCl, pH 7.4, containing 5% BSA
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and 10 nM [ 3H]CP55940 (specific activity,
139.6 Ci/mmol; PerkinElmer). Nonspecific
binding was determined in adjacent brain sec-
tions in the presence of 10 �M unlabeled
CP55940. Following incubation, tissue slides
were rinsed twice at 4°C for 2 h in ice-cold
Tris-HCl buffer (50 mM, pH 7.4) with 1% BSA,
once (5 min) with 50 mM Tris-HCl, dipped in
ice-cold deionized water, and then air dried.
Dried tissue sections and slide-mounted [ 3H]
microscales standards (RPA 501 and 505; GE
Healthcare) were placed in a Fujifilm BAS cas-
sette with a BAS-5000 imaging plate. The re-
sulting images were analyzed with the Fujifilm
BAS-5000 imaging system (AIDA; Raytest),
and optical densities were transformed into
levels of bound radioactivity (femtomoles per
milligram of protein) with gray values gener-
ated by coexposed [ 3H]standards.

Immunocytochemical detection of tyrosine hy-
droxylase. After voltage-clamp recordings ex
vivo, slices containing biocytin fills were fixed
in 4% paraformaldehyde in 0.1 M PBS, pH 7.4,
for 3 h and washed three times with PBS, pH
7.4. Preblocking of tissue sections was per-
formed with 10% NDS, 1% BSA, and 0.2% Tri-
ton X-100 in PBS for 1 h at room temperature.
Sections were then incubated for 24 h at 4°C
with a mouse monoclonal anti-TH antibody
(1:400; Millipore) in PBS containing 0.2% Tri-
ton X-100, 0.1% BSA, and 1% NDS. Then, after
being washed in PBS/0.2% Triton X-100, sec-
tions were incubated for 2 h at room tempera-
ture with Alexa Fluor 488-labeled donkey
anti-mouse IgG (1:500; Invitrogen) and
Streptavidin Alexa Fluor 594 (1:1000; Invitro-
gen) for 2 h in the dark at room temperature.
Sections were then rinsed and mounted on
slides using VectaShield antifade mounting
media (Vector Laboratories) and visualized using an Olympus IX 61
microscope. Images were taken with a 12-bit, cooled F View II camera
(Olympus). Color compositions were made using images of single anti-
bodies as RGB channels. After being captured on the computer, images
were analyzed using the Cell P AnalySIS software module.

Electrophysiological studies
Ex vivo electrophysiology. The preparation of VTA slices was as described
previously (Melis et al., 2004b, 2009, Melis et al., 2013b). Briefly, male
Sprague Dawley rats (12–30 d; Harlan), sP and sNP rats (12–30 d, from
84th generation), and CBN wild-type and knock-out mice (21–30 d)
were anesthetized with isoflurane and killed by guillotine. A block of
tissue containing the midbrain was rapidly dissected and sliced in the
horizontal plane (300 and 230 �m for rat and mouse slices, respectively)
with a vibratome (Leica) in ice-cold low-Ca 2� solution containing the
following (in mM): 126 NaCl, 1.6 KCl, 1.2 NaH2PO4, 1.2 MgCl2, 0.625
CaCl2, 18 NaHCO3, and 11 glucose. Slices were transferred to a holding
chamber with ACSF (37°C) saturated with 95% O2 and 5% CO2 contain-
ing the following (in mM): 126 NaCl, 1.6 KCl, 1.2 NaH2PO4, 1.2 MgCl2,
2.4 CaCl2, 18 NaHCO3, and 11 glucose. Slices were allowed to recover for
at least 1 h before being placed, as hemislices, in the recording chamber
and superfused with the ACSF (34�36°C) saturated with 95% O2 and
5% CO2. Cells were visualized with an upright microscope with infrared
illumination (Axioskop FS 2 plus; Zeiss), and whole-cell patch-clamp
recordings were made by using an Axopatch 200B amplifier (Molecular
Devices). Voltage-clamp recordings were made with electrodes filled
with a solution containing the following (in mM): 144 KCl, 10 HEPES,
3.45 BAPTA, 1 CaCl2, 2.5 Mg2ATP, and 0.25 Mg2GTP, pH 7.2–7.4, 275–
285 mOsm. In addition, random experiments were performed with a
K-gluconate internal solution added with biocytin (0.2%) to allow for

subsequent immunocytochemical detection of TH (Melis et al., 2013b). The
K-gluconate internal solution contained the following (in mM): 133.5
K-gluconate, 1.8 NaCl, 10 HEPES, 0.05 EGTA, 1.7 MgCl2, 2 Mg2ATP,
and 0.4 Mg2GTP, pH 7.2–7.4, 275–285 mOsm. Experiments were begun
only after series resistance had stabilized (typically 10 –30 M�). Series
and input resistance were monitored continuously on-line with a 5 mV
depolarizing step (25 ms). Data were filtered at 2 kHz, digitized at 10 kHz,
and collected on-line with acquisition software ( pClamp 8.2; Molecular
Devices). DA neurons from the posterior VTA were identified according
to the already published criteria (Melis et al., 2013b): cell morphology
and anatomical location (i.e., medial to the medial terminal nucleus of
the accessory optic tract), slow pacemaker-like firing rate (�5 Hz), long
action potential duration (	2 ms), and the presence of a large Ih current
(	100 pA; Johnson and North, 1992), which was assayed immediately
after break-in, using 13 incremental 10 mV hyperpolarizing steps (250
ms) from a holding potential of �70 mV. A bipolar, stainless steel stim-
ulating electrode (FHC) was placed 
500 �m caudal to the recording
electrode and was used to stimulate at a frequency of 0.1 Hz. Paired
stimuli were given with an interstimulus interval of 50 ms, and the ratio
between the second and the first IPSCs (IPSC2/IPSC1) was calculated
and averaged for a 5 min baseline (Melis et al., 2002). The depolarizing
pulse used to evoke depolarization-induced suppression of inhibition
(DSI; Vincent et al., 1992; Pitler and Alger, 1994) was a 500 ms to 5 s step
to �40 mV from holding potential (�70 mV; (Melis et al., 2004a). This
protocol was chosen on the evidence of an endocannabinoid tone when DA
cells are held at �40 mV (Melis et al., 2004a). The magnitude of DSI was
measured as a percentage of the mean amplitude of consecutive IPSCs after
depolarization (acquired between 5 and 15 s after the end of the pulse)
relative to that of 5 IPSCs before the depolarization.

In vivo electrophysiology. sP and sNP rats (300 –380 g) from 84th gen-
eration were anesthetized with urethane (1.3 g/kg, i.p.), their femoral
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Figure 1. Immunocytochemical localization of CB1 receptors on RMTg afferents impinging onto VTA DA neurons. A, Injection
site in the RMTg nucleus (arrow) is shown. B, The corresponding RMTg-traced fibers (red; arrows) are clearly visible within the VTA
where TH-positive neurons (blue) and CB1 receptors (green) are also shown. C, Colocalization analysis shows CB1 receptor puncta
in FR-labeled fibers (arrowheads and yellow dots). D, Surface rendering was used to display and analyze the spatial relationship
(yellow; arrowheads) between CB1 receptors and FR fibers creating shaded solid bodies in a topologically consistent way. AP
�6.80 mm from bregma. CLi, caudal linear nucleus of the raphe; IPN, interpeduncular nucleus; ml, medial lemniscus; SNc,
substantia nigra compacta; tgx, tegmental decussation.
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vein was cannulated for intravenous administration of alcohol, and
placed in the stereotaxic apparatus (Kopf) with their body temperature
maintained at 37 � 1°C by a heating pad. Thereafter, the scalp was
retracted and one burr hole was drilled above the VTA (AP, � 2.0 mm
from the tip of the lambda; L, 0.4 – 0.6 mm from midline; V, 7.0 – 8.0
mm) for the placement of a recording electrode. Extracellular single-unit
activity of putative DA neurons located in the VTA was recorded accord-
ing to the already published criteria (Lecca et al., 2012) and references

therein). VTA putative DA neurons were se-
lected when all criteria for identification were
fulfilled: firing rate � 10 Hz and duration of
action potential 	 2.5 ms as measured from
start to end. Bursts were defined as the occur-
rence of two spikes at interspike interval �80
ms, and terminated when the interspike inter-
val exceeded 160 ms (Grace and Bunney,
1983). Isolated putative DA neurons were fil-
tered (bandpass 0.1–10.000 Hz) and recorded
for 2 min to establish basal firing properties.
RMTg (AP, from �6.8 to �7.2 mm from breg-
ma; L, 0.7– 0.9 mm from midline; V, 6.5–7.5
mm) single-unit activity of putative GABA
cells was recorded extracellularly according to
previously described criteria (Jhou et al.,
2009b; Lecca et al., 2011). RMTg GABA-
containing neurons displayed a relatively high
spontaneous firing rate (	10 Hz) and a bipha-
sic and short (�1.5 ms) action potential.
Single-unit activity was filtered (bandpass, 0.3–
3.000 Hz), individual spikes were isolated by
means of a window discriminator (Digitimer),
and displayed on a digital storage oscilloscope
(TDS 3012; Tektronics). Experiments were
sampled on-line and off-line with Spike2
software (Cambridge Electronic Design) by a
computer connected to CED 1401 interface
(Cambridge Electronic Design).

To evaluate the inhibitory input arising
from the RMTg to the VTA, a Formvar-coated,
stimulating stainless steel bipolar electrode
(250 �m tip diameter) was aimed at the ipsilat-
eral RMTg (AP, �7.2 mm from bregma; L, 0.8
mm from midline; V 6.5 mm from cortical sur-
face) according to the stereotaxic atlas of Paxi-
nos and Watson (2007). The electrode was
inserted with an inclination of 20° anteropos-
terior on the coronal plane (V, 7 mm from cor-
tical surface). The stimulation protocol was as
described previously (Lecca et al., 2011): once a
cell was selected, electrical stimuli consisting of
single, monophasic rectangular pulses (0.5
mA, 0.3– 0.5 ms) were delivered to the RMTg at
1 Hz. Responses to electrical stimulation of the
RMTg were evaluated, and a peristimulus time
histogram (PSTH) was generated on-line for
each neuron. A cell was considered inhibited or
excited when the number of action potentials
per bin (bin length � 1 ms) in the 50 ms after
the stimulus was significantly lower or higher
(one-way ANOVA for repeated measures), re-
spectively, than baseline levels (the number of
action potentials per bin in the 50 ms period
before the stimulus). The duration of stimulus-
evoked inhibition was defined as the time of
complete cessation of firing after the stimulus
(Lecca et al., 2012).

In a separate set of experiments, alcohol
(20% w/v in saline) was administered intrave-
nously in a cumulative dose regimen (1.2–5.0
ml/kg body weight). Changes in firing rate and

duration of inhibition were calculated by averaging the effects of alco-
hol for the 2 min period following drug administration and compar-
ing them to the mean of predrug baseline. When alcohol was
administered, only one cell was recorded per rat.

At the end of the recording sessions, DC current (15 mA for 5 min) was
passed through the recording micropipette to eject Pontamine sky blue
for marking the recording site. Brains were then rapidly removed and
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Figure 2. 2-AG activates presynaptic CB1 receptors and mediates DSI in the VTA. A, Application of a depolarizing pulse to VTA DA
cells reduces GABAA IPSCs evoked by stimulating RMTg afferents. The relationship between the depolarizing pulse duration and the
relative amplitude of GABAA IPSCs obtained after the end of depolarization is plotted. GABAA IPSC amplitude was normalized to the
averaged value (dotted line) before depolarization. Each symbol represents the averaged value obtained from seven different cells.
Representative traces before and after DSI (5 s) are shown in the inset. Gray traces represent the GABAA IPSCs after the depolarizing
step. B, DSI increases the paired-pulse ratio (IPSC2/IPSC1). The upper graph plots the paired-pulse ratio for each of the experiments
in A before (basal) and 5–15 s after (DSI) the depolarizing pulse (5 s), while the lower graph plots the averaged paired-pulse ratio
in a bar graph form. C, DSI requires 2-AG, which activates CB1 receptors. The left graph shows that induction of DSI was absent in
the presence of either the CB1 receptor antagonist AM281 (black circles, n � 6) or in CB1 �/� mice (gray circles, n � 8). The right
graph displays that DSI induction (5 s) was also absent in the presence of DAGL inhibitor (O6340, n�8), which was applied through
the patch pipette, but not by the MAGL inhibitor JZL184 (n � 9). D, Time course of DSI in the presence (filled symbols, n � 9) and
absence (white symbols, n � 11) of JZL184. Note that JZL184 prolonged DSI decay time. Each symbol represents the averaged
value (�SEM) obtained from different recorded cells. Data are expressed as mean � SEM, *p � 0.05, **p � 0.01, and ***p �
0.0001. E, Determination of the DA phenotype using immunohistochemistry. Examples of a rat VTA neuron. Post hoc
immunocytochemical detection revealed that example neuron was TH(�). Neurons that were whole-cell patch clamped
were backfilled by including biocytin in the recording pipette (red). TH immunohistochemistry routinely labeled the
TH-positive neurons (green). Scale bar, 20 �m.
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fixed in 4% paraformaldehyde solution. The
position of the electrodes was microscopically
identified on serial sections (60 �m) stained
with Neutral Red.

Statistical analysis
All the numerical data are given as mean �
SEM. Data were analyzed by using two-way
ANOVA for repeated measures (treatment �
time), or one-way ANOVA or Student’s t test
for repeated measures, when appropriate. Post
hoc multiple comparisons were made using ei-
ther the Dunnett’s test or Bonferroni’s test. The
significance level was established at p � 0.05.

Results
CB1 receptor localization on RMTg
GABA afferents onto VTA DA neurons
of Sprague Dawley rats
As shown in Figure 1, FR injections into
the RMTg resulted in anterogradely la-
beled axons within the VTA, which con-
firmed that the RMTg projects to the VTA
(Jhou et al., 2009a). Next, to investigate
whether RMTg neurons projecting to the
VTA contain CB1 receptors, we combined
FR tract-tracing and immunolabeling
techniques using highly specific anti-CB1
receptor polyclonal antibody with confo-
cal laser scanning microscope analysis in
the VTA. CB1 immunoreactivity was co-
localized within anterogradely labeled ax-
ons in the VTA (Fig. 1 C,D).

CB1-immunopositive puncta were de-
tected in 40.8 � 0.9% of RMTg fibers
within the VTA in standard confocal vol-
ume, whereas colocalization analysis (Fig-
ure 1C) showed that the average volume
of colocalized CB1 immunofluorescence
in traced fibers was 0.046 � 0.004 �m 3

(Mander’s coefficient � 0.04685) equal to
the 4.6% of fiber volume. Pearson’s coef-
ficient value for linear correlation, as a
measure of pixel overlapping, was 0.554
on average, showing a positive linear
relationship between the variables. 3D
rendering, reconstruction, and vectorial-
ization algorithms were used to better
understand the relationship among ana-
tomical elements studied (Figure 1D).

Functional role of CB1 receptor
activation on RMTg GABA cells
projecting to Sprague Dawley rat VTA
DA neurons ex vivo
To investigate the functional role of CB1
receptor activation by endogenous canna-
binoids and to examine endocannabinoid
nature and integrity at this synapse, we
used the commonly applied electrophysi-
ological protocol of DSI (Diana and
Marty, 2004). We recorded IPSCs, in a
whole-cell configuration, from lateral
posterior VTA DA neurons. Although we
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cannot identify definitively the sources of inhibitory afferents, we
can assume that most of the caudal inputs electrically stimulated
in our preparation are presumably originating from the RMTg
(Matsui and Williams, 2011), given that it is one of the main
caudally located inhibitory sources to the VTA. When we applied
0.5, 1, 3, and 5 s depolarization, we found that VTA DA cells
expressed DSI at these synapses (n � 7 cells from four rats; one-
way ANOVA, F(3,18) � 0.31, p � 0.0001; Fig. 2A). DSI was accom-
panied by an increased paired-pulse ratio (paired t test, p � 0.01;
Fig. 2B) suggestive of a presynaptic locus of action. DSI required
activation of CB1 receptors, since it was blocked in the presence
of the CB1 receptor antagonist AM281 (0.5 �M; n � 6 cells from
four rats; two-way ANOVA, F(1,33) � 26.8, p � 0.001; Fig. 2C),
and absent in CB1�/� mice (n � 7 cells from five wild-type mice
and n � 8 from four knock-out mice; two-way ANOVA, F(1,36) �
7.76, p � 0.05; Fig. 2C).

Among the endocannabinoids, 2-AG has been found to play a
key role in shaping synaptic plasticity in the VTA (Melis and
Pistis, 2012). Therefore, to identify the molecular nature of the
endocannabinoid responsible for DSI, we first took advantage of
specific inhibitors of the key enzymes synthesizing and degrading
2-AG, diacylglycerol lipase (DAGL) and monoacylglycerol lipase
(MAGL; Blankman et al., 2007), respectively. In the presence of
DAGL inhibitor O6340 (5 �M applied through the patch pipette)
DSI was absent (n � 8 cells from five rats; two-way ANOVA,

F(1,45) � 11.41, p � 0.01; Fig. 2C). How-
ever, when midbrain slices were perfused
with the MAGL inhibitor JZL184 (100 nM;
Long et al., 2009), we found that the mag-
nitude of DSI was similar to vehicle-
treated slices (two-way ANOVA, F(1,42) �
0.94, p 	 0.05; Fig. 2C,D), although DSI
decay time was prolonged (n � 9 cells
from six rats; two-way ANOVA followed
by Bonferroni post hoc test, F(14,252) �
1.87, p � 0.05; Fig. 2D).

To determine whether the neurons
were indeed DA neurons, we randomly
filled them with biocytin while recording
GABAA-IPSCs and targeting the same
neuronal population. Subsequently the
slices were processed for TH (Fig. 2E).
Thus, 2-AG accounts for DSI at these af-
ferents onto VTA DA cells, and its signal
can be pharmacologically manipulated.

Difference in DSI at RMTg inhibitory
synapses onto VTA DA cells between sP
and sNP rats ex vivo
Converging evidence suggests that innate
differences in the endocannabinoid sys-
tem might be associated with opposite al-
cohol preference displayed by sP and sNP
rats (Colombo et al., 2005, 2006; Melis et
al., 2009; Vinod et al., 2012). Particularly,
we previously described a decreased proba-
bility of GABA release (i.e., a paired-pulse
facilitation of GABA IPSCs accompanied
by a decreased mIPSC frequency, with no
change in amplitude, in sP vs sNP rats) at
rostral afferents of sP rats when compared
with sNP rats (Melis et al., 2009). In addi-
tion, DSI at rostral afferents significantly

differed in sP versus sNP rats, being larger in sNP than sP rats
(Melis et al., 2009). Therefore, to investigate whether or not en-
docannabinoid system function and integrity at inhibitory syn-
apses presumably arising from the RMTg differed between the
two rat lines, we compared DSI in sP and sNP rat VTA DA neu-
rons. As shown in Figure 3, A and B, DSI was larger in sP rats
when compared with sNP rats (n � 9 cells from four and five rats
for sNP and sP rats, respectively; two-way ANOVA, F(1,48) � 29.5,
p � 0.0001). Importantly, the different magnitudes of DSI did
not depend upon the size of the first GABAA IPSC (IPSC1; Fig.
3B), being similar between sP and sNP rats. DSI was accompanied
by an increased paired-pulse ratio (two-way ANOVA, F(1,15) � 40.7,
p � 0.0001; Fig. 3C) suggestive of a presynaptic locus of action.
Notably, we also observed that the initial probability of GABA
release was different between sP and sNP rats. In fact, sP rat VTA
DA cells expressed a paired-pulse facilitation (two-way ANOVA,
F(1,15) � 5.3, p � 0.05; Fig. 3C), which is consistent with the
previously reported decreased mIPSC frequency observed in sP
rats (Melis et al., 2009). Hence, sP and sNP rat VTA DA cells
displayed a paired-pulse facilitation and depression, respectively.

The larger DSI expressed by VTA DA cells in sP rats might
reflect either higher levels of 2-AG and/or an increased number
or activity of CB1 receptors. To assess whether differences in CB1
receptor activity/number occur at GABA synapses arising from
caudal afferents onto VTA DA neurons of sP and sNP rats, the
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CB1 receptor agonist WIN55,212-2
(WIN) was bath applied. WIN (0.01–3
�M, 5 min) similarly reduced caudal
GABAA IPSCs in sP and sNP rats (n � 4 –5
cells from four rats from both groups;
two-way ANOVA, F(1,32) � 0.01, p 	 0.05;
Fig. 3D). Accordingly, when autoradiog-
raphy was performed in the VTA, basal
[ 3H]CP55940 binding was found to be
similar in sP and sNP rats (unpaired t test,
n � 6, p 	 0.05; Fig. 3E). These results
suggest that differences in CB1 receptors
cannot account for the dichotomy in DSI
between sP and sNP rats.

Degradation of 2-AG by MAGL is of-
ten the rate-limiting step that determines
the time course of DSI in the brain (Pan et
al., 2009) including at these synapses (Me-
lis et al., 2013a). We therefore examined
the effects of JZL184 on DSI in both rat
lines. In the presence of JZL184 (100 nM, 5
min pre-incubation), which per se was in-
effective (Fig. 3F; unpaired t test, p 	
0.05), DSI no longer differed between sP
and sNP rats (n � 7 cells from four rats in
both groups; two-way ANOVA, F(1,36) �
0.9, p 	 0.05; Fig. 3F). Importantly, the
JZL184-induced effect on DSI magnitude
did not depend on the size of the first
GABAA IPSC (IPSC1; Fig. 3G), being sim-
ilar between sP and sNP rats.

Inhibition from RMTg GABA cells
projecting to VTA DA neurons of sP rats differs from sNP rats
in vivo
We previously reported that VTA DA neuron discharge rate of sP
rats in vivo is higher than sNP rats (Melis et al., 2009), and that in
Sprague Dawley rats firing activity of VTA DA cells negatively
correlates with duration of inhibition induced by stimulating the
RMTg (Lecca et al., 2012). We, therefore, further characterized
the inhibitory contribution from RMTg afferents to VTA puta-
tive DA neurons in sP and sNP rats in vivo. To accomplish this
aim, a sampling of posterior VTA putative DA neurons was per-
formed in sP (n � 12) and sNP (n � 9) rats while stimulating the
RMTg. The duration of inhibition evoked by RMTg stimulation
was shorter in sP than sNP rats (unpaired t test, p � 0.05; Fig.
4A,B). Additionally, we found a negative correlation between the
duration of inhibition and spontaneous firing rate in sP rats
(F(1,42) � 4.17; r 2 � 0.09, p � 0.05, Pearson’s test; Fig. 4C). The
averaged spontaneous firing rate of VTA putative DA cells of sP
and sNP rats was different, being 4.7 � 0.2 (n � 107) and 3.5 �
0.2 Hz (n � 83), respectively (unpaired t test, p � 0.0001). In
contrast, no difference in standard basal electrophysiological pa-
rameters was found when RMTg neuronal firing rates were com-
pared between sP and sNP rats, with a discharge frequency of
14.3 � 0.7 (n � 53) and 14.7 � 0.8 (n � 55) Hz for sP and sNP
rats, respectively (unpaired t test, p 	 0.05).

Given that sP and sNP rats show opposite alcohol preference,
we next examined alcohol effects on RMTg GABA cell-firing rate.
Alcohol (from 0.25 up to 2 g/kg, i.v.) produced a dose-dependent
increase in the firing rate of RMTg GABA neurons in sNP rats
(one-way ANOVA for repeated measures, F(4,16) � 4.35, p �
0.01; Fig. 5A,B), whereas its effect was absent in sP rats (one-way

ANOVA for repeated measures, F(4,28) � 2.78, p 	 0.05; Fig.
5A,B), thus unveiling another difference between the two rat
lines (two-way ANOVA, F(1,44) � 11.33, p � 0.01).Together,
these results suggest that while basal spontaneous activity of
RMTg GABA cells does not differ between the rat lines, their
response to alcohol is dramatically different. We next examined
whether or not this is reflected in VTA activity by stimulating the
RMTg and recording VTA putative DA cells. Accordingly, alco-
hol (0.25–1 g/kg, i.v.) dose dependently increased the duration of
inhibition evoked by RMTg stimulation in sNP but not sP rats
(two-way ANOVA, F(1,27) � 6.49, p � 0.05; Fig. 5C,D).

Discussion
Pinpointing neurobiological difference(s) between individuals
biologically at risk, and those not at risk, for alcohol dependence,
who are not yet themselves alcohol dependent, may provide ef-
fective strategies to prevent alcohol abuse. In this current study,
we took advantage of innate opposite differences in alcohol pref-
erence and consumption displayed by sP or sNP rats. These se-
lectively bred lines provide a model of how genetic factors may
contribute to distinct vulnerability to some behavioral actions
of alcohol. We found that basal synaptic function of an
endocannabinoid-mediated synaptic plasticity from RMTg
GABA terminals onto VTA DA cells differed between these rat
lines. Specifically, sP rats displayed a reduced probability of
GABA release from RMTg terminals onto DA neurons ex vivo,
which was paralleled by a reduced RMTg-induced suppression of
VTA putative DA neuronal activity in vivo. Notably, in sP rats the
increased spontaneous activity of VTA putative DA neurons neg-
atively correlated with the duration of inhibition evoked by
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RMTg stimulation, while spontaneous activity of RMTg cells was
similar between sP and sNP rats. This is in agreement with other
reports showing that RMTg GABA neurons powerfully control
VTA DA neuronal activity (Jhou et al., 2009b; Lecca et al., 2012).
It is worth mentioning that we cannot identify definitively the
sources of inhibitory afferents in the slice preparation. However,
because the RMTg is a major caudal input to the VTA, and be-
cause our previous investigation (Lecca et al., 2012) is consistent
with another study where the effects of electrical stimulation were
compared with optogenetic stimulation of fibers arising from
RMTg (Matsui and Williams, 2011), we can assume that the af-
ferents electrically stimulated in our slice preparation might be
arising from the RMTg.

Remarkably, alcohol administration to sP rats did not affect
RMTg GABA cell spontaneous activity in vivo, whereas alcohol
enhanced RMTg GABA neuronal activity in sNP rats. Accord-
ingly, RMTg-induced silencing of VTA putative DA cells was not
altered by alcohol administration in sP rats, while alcohol pro-
longed it in sNP rats. This is consistent with the notion that the
RMTg serves as a relay for signaling aversive events to VTA DA
cells (Bromberg-Martin et al., 2010). Indeed, genetic factors have
been shown to be important in determining whether or not alco-
hol will be perceived as aversive or rewarding in rodents (Rezvani
et al., 2010). This is also in agreement with the notion that the
motivational effects of alcohol are critical in modulating drug
seeking and taking in both laboratory animals and humans (Cun-
ningham et al., 2000).

While the mechanisms underlying such differences remain to be
fully identified, the neuroadaptations occurring at RMTg GABA
synapses onto VTA DA cells of sP rats might contribute to the in-
creased spontaneous activity of DA cells. Indeed, in sP rats the
paired-pulse modulation of GABAA IPSCs showed a facilitation
(present results) that together with the decreased frequency of
mIPSCs (Melis et al., 2009) are indicative of a decreased probability
of GABA release. On the other hand, sNP rat VTA DA neurons
displayed a paired-pulse depression at these synapses, thus suggest-
ing that RMTg GABA afferents might be hyperactive, and help ex-
plaining the longer duration of inhibition from RMTg GABA cells as
well as their genetically based aversion to alcohol (Brunetti et al.,
2002).

VTA DA cells recorded from sP rats also expressed a larger DSI
at these synapses when compared with sNP rats. A possible ex-
planation for the observed larger DSI in sP rats would have been
a larger number of presynaptic CB1 receptors, or a greater effect
produced by their activation. This was not the case as our results
indicate that CB1 receptor expression and function is not differ-
ent between sP and sNP rats. Remarkably, the observation that
2-AG signal is enhanced in either time and/or space at these
inhibitory afferents impinging upon VTA DA neurons in sP rats
is consistent with studies reporting that both short- and long-
term exposure to alcohol increases endocannabinoid levels in
many brain regions (Basavarajappa et al., 2000; Vinod et al., 2006;
Rubio et al., 2007) including the midbrain (González et al., 2004).
Similar to other reports (Pan et al., 2009; Yoshida et al., 2011),
2-AG degradation by MAGL determined the strength of retro-
grade synaptic depression. Particularly, pharmacological block-
ade of MAGL resulted in a similar DSI expressed by sNP and sP
rat DA cells. Whether or not this can be ascribed to innate dis-
parity in sensitivity/activity of the MAGL in sP and sNP rats
remains to be elucidated.

Finally, our study helps to elucidate several mechanisms par-
ticipating in homeostatic regulation of VTA DA neuronal activity
(Ikemoto and Bonci, 2014), establishing endocannabinoids as

key players in fine-tuning DA output (Melis and Pistis, 2012).
Indeed, our anatomical and physiological data indicate the pres-
ence of CB1 receptors on a large proportion (
40%) of RMTg
GABA afferents onto DA cells of the posterolateral VTA. Partic-
ularly, confocal analysis indicated the localization of CB1 recep-
tors in close contact with VTA DA neurons. Our ex vivo
physiological results provide a functional role for CB1 receptors
at these synapses with DSI absent when CB1 receptors were either
pharmacologically blocked or genetically deleted. Additionally,
ex vivo observations demonstrated a functional role of 2-AG as
the mediator of this DSI in the VTA, since DSI was prevented
when DA cells were loaded with a DAGL inhibitor, and pro-
longed when 2-AG degradation was slowed by MAGL inhibition.
This molecular convergence of 2-AG signaling at RMTg ¡ VTA
synapses might make sP rats less sensitive to the aversive proper-
ties of alcohol, which are known to be crucial in the acquisition of
alcohol-taking behavior (Stolerman, 1992). Hence, 2-AG actions
via CB1 receptors at caudal synapses (i.e., RMTg ¡ VTA) might
decrease aversive signal encoded by RMTg GABA cells, and in-
crease the net rewarding/salient yield encoded by VTA DA neu-
rons in sP rats, while decreasing it in sNP rats.

In conclusion, our results provide evidence that a genetic pre-
disposition for enhanced alcohol preference is accompanied by
an increased spontaneous activity of putative DA neurons, a re-
duced GABA input from RMTg to VTA putative DA cells, and
changes in endocannabinoid-mediated transmission at these
synapses.
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