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Nicotine addiction is characterized by repetitive drug taking and drug seeking, both tightly controlled by cannabinoid CB1 receptors. The
responsiveness of neurons of the bed nucleus of the stria terminalis (BNST) to infralimbic cortex (ILCx) excitatory inputs is increased in
rats with active, but not passive, nicotine taking. Therefore, we hypothesize that acquisition of the learned association between nicotine infusion
and a paired cue light permits the strengthening of the ILCx–BNST synapses after ILCx tetanic stimulation. We exposed rats to intravenous
nicotine self-administration for 2 months. Using a combination of in vivo protocols (electrical stimulations, extracellular recordings, and
pharmacological manipulations), we characterized the effects of 10 Hz stimulation of the ILCx on BNST excitatory responses, under different
conditions of exposure to nicotine. In addition, we tested whether the effects of the stimulation were CB1 receptor-dependent. The results show
that nicotine self-administration supports the induction of evoked spike potentiation in the BNST in response to 10 Hz stimulation of ILCx
afferents. Although not altered by nicotine abstinence, this cellular adaptation was blocked by CB1 receptor antagonism. Moreover, blockade of
BNST CB1 receptors prevented increases in time-out responding subsequent to ILCx stimulation and decreased cue-induced reinstatement.
Thus, the synaptic potentiation within the BNST in response to ILCx stimulation seems to contribute to the cue-elicited responding associated
with nicotine self-administration and is tightly controlled by CB1 receptors.
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Introduction
The ventromedial prefrontal cortex (infralimbic cortex [ILCx] in
rodents) is involved in behavioral inhibition, attentional pro-
cesses, and goal-directed behaviors (Smith et al., 2012), suggest-
ing a crucial role in drug-related behaviors, such as learning and
relapse (Peters et al., 2009; Lüscher and Malenka, 2011). Further-
more, the ILCx sends major excitatory projections to the bed
nucleus of the stria terminalis (BNST) (Massi et al., 2008), a
structure responsive to drug rewards (Carboni et al., 2000; Du-
mont et al., 2005; Krawczyk et al., 2013). In agreement with these

findings, we previously showed that the hyperactivity of VTA
dopamine neurons after extended nicotine taking is driven by
changes in the ILCx–BNST excitatory afferent circuit to the VTA
(Caillé et al., 2009). However, it is not known whether ILCx–
BNST synapses are more prone to developing synaptic plasticity
subsequent to the acquisition of nicotine self-administration be-
havior. The first aim of our study was to investigate whether the
stimulation of ILCx inputs at physiologically relevant frequencies
could reveal cellular adaptations at ILCx–BNST synapses in rats
trained to self-administer nicotine. Thus, at different time points
of nicotine self-administration training, 10 Hz stimulation of the
ILCx (Jackson et al., 2001) was applied and in vivo recordings
were performed in the BNST. Based on the hypothesis that long-
term adaptations of synapses may support persistent drug seek-
ing, we also investigated whether the effect of ILCx stimulation
on ILCx–BNST synapses would resist either extinction or 1
month of abstinence to nicotine. Moreover, a challenging ques-
tion was whether the LTP protocol imposed on the glutamatergic
ILCx projection to the BNST had consequences on operant be-
havior for nicotine and nicotine-paired cues. Finally, cannabi-
noid CB1 receptors play an important role in nicotine-related
behaviors (Maldonado et al., 2006; Simonnet et al., 2013), and
blocking CB1 receptors has been proposed for the treatment of
nicotine addiction (Le Foll et al., 2008). Preclinical studies have
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demonstrated that CB1 knock-out mice do not develop nicotine-
induced hyperactivity (Castañé et al., 2002) or nicotine-induced
conditioned place preference (Castañé et al., 2002; Merritt et al.,
2008). CB1 receptor antagonism has been shown to decrease nico-
tine self-administration (Cohen et al., 2002) as well as nicotine seek-
ing (Cohen et al., 2005; Shoaib, 2008). Importantly, CB1 receptors in
the BNST control cortical excitation of BNST neurons (Massi et al.,
2008). Therefore, we also tested whether the neuroplastic changes
characterized at ILCx–BNST synapses and their effect on nicotine-
related behaviors were modulated by CB1 receptors.

Materials and Methods
Animals
Male Sprague Dawley rats weighing 175–200 g (Charles River) were housed
collectively at 20°C–22°C with a reversed 12 h light/dark cycle (lights off from
9:30 A.M.). One week before the start of the experiment, rats were placed on
a restricted diet of 20 g/d laboratory chow, sufficient to maintain body weight
and growth. Water was available ad libitum, and food was given daily after
the self-administration session. All procedures were conducted in accor-
dance with the European Directive 2010-63-EU on the protection of animals
used for scientific purposes and with approval of the Bordeaux University
Animal Care and Use Committee (# 5012058-A).

Surgery
Intravenous surgery was performed under anesthesia with ketamine (75
mg/kg) and xylazine (7.5 mg/kg) (i.p.). Chronic indwelling jugular catheters
were implanted as described previously (Caillé et al., 2009). During postop-
erative recovery, catheters were flushed daily with 0.2 ml ampicillin (0.1 g/ml;
Coophavet) in heparinized saline (300 IU heparin per ml 0.9% NaCl) for 6 d.
Subsequently, catheters were flushed daily with heparinized saline. Catheter
patency was verified with an infusion of the short-acting barbiturate hypno-
midate (2 mg/ml, Janssen-Cilag), when necessary.

Stereotaxic surgery for in vivo electrophysiology experiments was per-
formed under isoflurane anesthesia as described previously (Georges and
Aston-Jones, 2002). Stimulation electrodes and recording and injection
pipettes were inserted into the ILCx or BNST at the following coordinates
(Paxinos and Watson, 1998): ILCx: 3.0 mm from bregma, 0.5 mm from
midline, 4.5 mm from brain surface; BNST: �0.3 mm from bregma, 1.5
mm from midline, 6.0 –7.5 mm from brain surface.

Drugs
Nicotine hydrogen tartrate salt (Sigma-Aldrich) and AP5 (Sigma Al-
drich) were dissolved in sterile 0.9% saline and stored at room tempera-
ture. The CB1 receptor antagonists O-2050 (Tocris Bioscience) and
AM251 (Tocris Bioscience) were dissolved in a vehicle containing etha-
nol (Sigma-Aldrich), cremophor (Sigma-Aldrich), and saline at a ratio of
1:1:18, and stored at 4°C. Nicotine (30 and 60 �g/kg/0.1 ml), AM251 (2
mg/kg), and O-2050 (0.5 mg/kg) were infused intravenously. AM251
(400 �M) and AP5 (100 �M) were microinjected into the BNST using
brief pulses of pneumatic pressure (Picospritzer; General Valve).

Intravenous nicotine self-administration
Experiments started at the beginning of the dark phase. Rats were tested
in standard operant chambers (Imetronic) equipped with two nose-poke
detectors (“active” and “inactive”). Daily 2 h self-administration sessions
started with illumination of the house light and a single noncontingent
infusion. “Active” nose-poking resulted in the delivery of a nicotine in-
fusion (30 �g base/kg/100 �l first, increasing to 60 �g base/kg/100 �l
when stabilized on FR5) or saline over 4 s. Each infusion was paired
with a cue-light for 4 s and followed by a 20 s time-out period during
which visits to the active nose-poke hole were recorded but had no
consequences. “Inactive” nose-pokes were recorded but had no pro-
grammed consequences. Infusions were earned on a fixed-ratio (FR)
schedule of reinforcement (10 d FR1; 2 d FR2; stabilizing on FR5). Self-
administration chambers were equipped with infrared activity detectors,
allowing general activity measures (number of beam breaks) when nec-
essary.

Extinction and reinstatement. Extinction commenced by removal of
nicotine delivery and associated cue-light, and continued for 2 d. Rein-

statement testing started with 30 min no cue/no nicotine presentation,
immediately followed by a 30 min period during which “active” nose-
pokes resulted in illumination of the nicotine associated cue-light but
nicotine remained unavailable. Thus, seeking behavior was measured by
the number of visits to the active hole.

Oral saccharin self-administration
Experiments started at the beginning of the dark phase. Rats were tested
in standard operant chambers for at least 6 weeks, as described above.
Daily 30 min sessions started with illumination of the house light.
“Active” nose-poking resulted in the delivery of 112 �l of saccharin
0.13% (Sigma-Aldrich) over 4 s. Each reinforcer was paired with a cue-
light for 4 s. “Inactive” nose-pokes were recorded but had no pro-
grammed consequences. Reinforcers were earned on an FR schedule (10
d FR1; 2 d FR2; stabilized on FR5).

Electrical stimulation of the ILCx
Bipolar electrical stimulation of the ILCx was conducted with a concen-
tric electrode (Phymep) and a stimulus isolator (500 �s, 0.2–1 mA, DS3;
Digitimer). First, a 10 min baseline was established when recording
evoked spikes in the BNST during a 2 � 100 pulse train (0.5 Hz), after
which tetanic stimulation was performed (1 min, 10 Hz).

BNST recordings and pharmacological microinfusion
Extracellular single-unit recordings were used for electrophysiological
experiments. A glass micropipette (tip diameter, 1–2 �m; 10 –15 M�)
filled with a 2% pontamine sky blue solution in 0.5 M sodium acetate was
lowered into the BNST. The extracellular potential was recorded with an
Axoclamp2B amplifier and filtered (300 Hz/0.5 kHz) via a differential AC
amplifier (Georges and Aston-Jones, 2002). Single-neuron spikes were
discriminated and collected online (CED 1401, SPIKE 2; Cambridge
Electronic Design).

Double-barreled pipettes (Georges and Aston-Jones, 2002) were used
to record BNST activity while microinjecting drugs. A total volume of 60
nl was infused into the BNST, using pneumatic pressure (Picospritzer;
General Valve). One minute after microinfusion into the BNST, the ILCx
was electrically stimulated for 1 min at 10 Hz. Post-tetanic evoked re-
sponses were recorded for at least 20 min while stimulating the ILCx (100
pulses; 0.5 Hz).

Experimental design
Nicotine-dependent LTP induction in the BNST. The first aim here was to
determine the conditions under which 10 Hz stimulation of the ILCx
would induce LTP within the BNST. Moreover, the stimulation protocol
was run at several time points to examine whether the experimenter-
induced LTP was correlated with the acquisition of nicotine self-
administration (see Fig. 1A). We used five groups of rats: (1) single
session (NIC-1 d, n � 5); (2) eight sessions (NIC-8 d, n � 8); (3) ex-
tended training for nicotine (NIC-60 d, n � 8); (4) extended training for
saline (SAL-60 d, n � 6); and (5) nicotine yoked rats (n � 5), in which
nicotine infusions were matched to those of NIC-60 d rats, so that yoked
rats never controlled the nicotine delivery associated with the visual stim-
ulus. A last control group, trained for oral saccharin 0.13% (n � 5), was
added to show that the electrical stimulation of ILCx induced LTP spe-
cifically in the BNST of nicotine-taking rats. Electrophysiological record-
ings were performed 24 h after the last access to the operant chambers.

Persistence of induced LTP in the BNST. We examined whether the
neuroadaptations of ILCx–BNST synapses were sensitive to passive
abstinence or to active suppression of acquired responses (extinction
training). A group of animals was trained for nicotine self-
administration for 60 d. Half of the group (Abst, n � 7) was confined to
home cages for 30 d, until electrophysiological recordings were per-
formed. The other half (Ext, n � 6) performed extinction training where
active nose-poking had no programmed consequences: no drug delivery
and no cue presentation. For each rat, extinction training took place until
the active responding level was 30% of baseline (for 3 consecutive days);
then electrophysiological recordings were performed 24 h after the last
extinction session.

Characterization of induced LTP in the BNST. NMDA-dependent plasticity.
Rats received 60 d of nicotine self-administration training. Twenty-four
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hours after the last session, each rat was subjected to in vivo electrophysiol-
ogy. One minute before tetanic stimulation, either the NMDA receptor an-
tagonist AP5 (NIC-60 d�AP5, 100 �M, 60 nl, n � 5) or saline vehicle
(NIC-60 d�Veh, 60 nl; n � 8) was microinfused into the BNST.

CB1 receptor-dependent plasticity. Rats received 60 d of nicotine self-
administration training and were recorded 24 h after the last session.
Three groups were tested, with each rat receiving an intravenous injec-
tion of either AM251 (NIC-60 d�AM251, n � 5), O-2050 (NIC-60
d�O-2050, n � 4), or vehicle (NIC-60 d�Veh, n � 3) 60 min (O-2050)
or 15 min (AM251 or vehicle) before tetanic stimulation.

Two additional groups were tested with intra-BNST infusion of
AM251 (NIC-60 d�AM251, n � 5) or vehicle (NIC-60 d�Veh; n � 5).

Effect of electrical stimulation of the ILCx on nicotine taking (self-
administration) and nicotine seeking (cue-induced reinstatement): control
by CB1 receptors. Rats received 60 d of nicotine self-administration train-
ing. Twenty-four hours after the last self-administration session, elec-
trodes were bilaterally inserted into the ILCx as described above.
Electrical stimulation (1 min, 10 Hz) was administered once, using a
square pulse stimulator and stimulus isolator (DS3; Digitimer). One
minute before tetanic stimulation, rats received an intra-BNST infusion
(60 nl) of either AM251 (400 �M, n � 13) or vehicle (n � 13). Control
groups received the same protocols with sham stimulation (vehicle, n �
8; AM251, n � 7). After a 48 h recovery period, rats were placed back in
the operant cages and nicotine self-administration was monitored for
four consecutive sessions. Then rats from the group stimulated (AM251,
n � 8; Veh, n � 8) and the group sham stimulated (AM251, n � 7; Veh,
n � 8) performed extinction training for 2 d and were tested for cue-
induced reinstatement on the third day (Deroche-Gamonet et al., 2004).

Data analysis
Behavioral data. Nicotine self-administration data were subjected to
ANOVAs, with nicotine exposure (NIC-1 d, NIC-8 d, NIC-60 d, yoked,
saline) or saccharin exposure as the between-subject factor and self-
administration session as the within-subject factor. For reinstatement
data, between-subjects factors were the treatment with the CB1 antago-
nist (vehicle or AM251) and the stimulation of the ILCx (sham or stim).
Whenever main factor effects were found, post hoc comparisons were
performed using Fisher’s protected least significant difference test. The
discrimination rate ([active nose-pokes/total nose-pokes] � 100) was

compared with chance (50%) with Student’s t
test. Statistical significance was set at p � 0.05.

Electrophysiological recordings. During elec-
trical stimulation of the ILCx, cumulative peri-
stimulus time histograms (5 ms bin width) of
evoked-spike activity were generated for each
neuron recorded in the BNST. Peristimulus
time histograms were analyzed to determine
excitatory epochs as described previously
(Georges and Aston-Jones, 2002). Excitatory
magnitudes (Rmag values) were normalized for
different levels of baseline impulse activity, al-
lowing comparison of effects of stimulus inten-
sity on evoked responses independent of those
on baseline activity. Rmag values for excitation
were calculated using the following equation:
Excitation Rmag � (counts in excitatory ep-
och) � (mean counts per baseline bin � num-
ber of bins in excitatory epoch). For multiple
comparisons, values were subjected to a one-
way ANOVA followed by Bonferroni post hoc
analysis. Where two means were compared, the
two-tailed paired Student’s t test was used.

Results
Acquisition of nicotine self-
administration in rats allows the
induction of LTP at ILCx–BNST
synapses in response to 10 Hz
stimulation of the ILCx
Rats had access to nicotine self-

administration by nose-poke operant responding (60 �g base/kg/
0.1 ml) for 1 d (NIC-1 d), 8 d (NIC-8 d), or 60 d (NIC-60 d;
timeline, Fig. 1A). Control rats were trained with saline (SAL-60
d), and the volitional aspect was examined using a yoked group
(Palmatier et al., 2007). Depending on drug access, rats devel-
oped different levels of responding for the active nose-poke (Fig.
1B). NIC-60 d rats developed robust nicotine intake with good
discrimination between the “active” and “inactive” holes (Fig.
1C; one-way ANOVA, F(3,21) � 4.28, p � 0.05; discrimination
rate vs chance, t(7) � 7.33, p � 0.001). At the end of the 2 month
training period, NIC-60 d and yoked rats had similar total nico-
tine intake (NIC-60 d, 31.75 � 1.63 mg/kg; yoked, 36.30 � 4.74
mg/kg). In vivo electrophysiological extracellular single-unit re-
cordings of BNST neurons were performed 24 h after the last
self-administration session. Evoked spike potentiation in re-
sponse to electrical stimulation of the ILCx (1 min, 10 Hz; Fig.
2A,B) in NIC-60 d rats was greater than in all other conditions of
exposure (Fig. 2C,D; two-way ANOVA, interaction time � treat-
ment, F(36,153) � 1.60, p � 0.02; effect of treatment, F(4,17) � 4.87,
p � 0.008). The average magnitude of the 20 – 40 min excitatory
responses was significantly different from baseline in NIC-60 d
(t(7) � 3.42, p � 0.05) but not in NIC-1 d (t(4) � 0.87, p 	 0.05),
NIC-8 d (t(5) � 0.89, p 	 0.05), yoked (t(4) � 0.08, p 	 0.05), or
SAL-60 d rats (t(6) � 0.65, p 	 0.05). Stimulation of the ILCx
induced potentiation of evoked spikes, which was NMDA-
dependent (Fig. 2E; 20 – 40 min after tetanic stimulation, magni-
tude 88 � 9%; p 	 0.5), indicating induction of LTP at ILCx–
BNST synapses. No differences were observed between the
control groups (no discrimination, no LTP). Detailed analysis of
the discrimination rate for each rat in the NIC-8 d group showed
that only 50% of the rats had acquired nicotine IVSA. Interest-
ingly, only these rats developed LTP in response to ILCx stimu-
lation (Spearman correlation, r � 0.7421, p � 0.01). Saccharin-
trained animals showed a strong preference for the reinforced

Figure 1. Operant behavior before electrophysiological recordings. A, Timeline of experiment. Animals were recorded 24 h after
the following: (1) a single nicotine self-administration session (NIC-1 d, n � 5), (2) eight sessions of nicotine self-administration
(NIC-8 d, n � 8), (3) extended training (NIC-60 d, n � 8; SAL-60 d, n � 7; yoked, n � 5), (4) extinction (Ext, n � 6), or (5)
abstinence (Abst, n � 7). B, Number of visits in the active hole. Each bar represents the average number over the 3 last days before
electrophysiological recording for each experimental group (except the “1 day” group). C, NIC-60 d rats showed a strong preference
for the active hole. ***p � 0.001. Data are mean � SEM.
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nose-poke (discrimination between active and inactive, 83.1%).
However, oral self-administration of saccharin did not induce
synaptic changes within the BNST (excitatory response magni-
tude 20 – 40 min after tetanic stimulation, 129 � 33%; p 	 0.5).
These data suggest that the acquisition of self-administration of
nicotine, but not saccharin, produces experience-dependent
modifications of ILCx–BNST synapses, which can be revealed by
the stimulation of ILCx afferents.

Persistence of the synaptic changes within the BNST
To determine the persistence of the observed synaptic changes,
we either imposed abstinence or performed extinction training in
rats previously exposed to nicotine self-administration (Fig. 3A).
Across extinction training sessions (no drug, no cue), active re-
sponses declined (t(5) � 3.97, p � 0.02), whereas responses at the
inactive hole remained stable (data not shown). Extinction train-

ing suppressed LTP in response to 10 Hz ILCx stimulation, which
instead induced long-term depression after abstinence (Fig. 3B;
two-way ANOVA, F(9,74) � 4.91, p � 0.0001, 20 – 40 min; Abst,
t(5) � 2.94, p � 0.05; Ext, t(4) � 14.84, p � 0.001), indicating that
the synaptic alteration is resistant to a passive drug-free period
but sensitive to new learning.

BNST LTP in response to ILCx 10 Hz stimulation is
CB1 receptor-dependent
Because the endocannabinoid system plays an important role in
nicotine reward (Simonnet et al., 2013) and in the modulation of
synaptic plasticity in the BNST (Massi et al., 2008; Puente et al.,
2011), we investigated the ability of the CB1 receptor to control
the potentiation of ILCx–BNST excitatory synapses. Induction of
LTP in the BNST of NIC-60 d rats was blocked by peripheral
injection of the CB1 antagonists (excitatory response magnitude

Figure 2. Effect of the 10 Hz ILCx stimulation onto BNST neurons at different stages of nicotine acquisition and maintenance. A, Stimulation and recording protocol. B, Histological control of
stimulation (ILCx, *) and recording (BNST, arrow) sites. Scale bar, 1 mm. C, LTP seen in NIC-60 d rats but not in NIC-1 d, NIC-8 d, SAL-60 d, or yoked rats. D, Baseline and post-tetanic stimulation
responses of ILCx–BNST projection neurons in NIC-60 d rats. Stimulus delivered at time � 0 (arrow). Each histogram consists of 100 trials individually illustrated in the associated raster. Bin width,
5 ms. E, The 10 Hz ILCx stimulation induces NMDA-dependent LTP within the BNST. Microinjection of the NMDA antagonist AP5 (400 �M, 60 nl) blocks the induction of LTP. Data are mean � SEM.
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20 – 40 min: Veh, 131.6 � 4.4%; AM251, 78 � 10%, p 	 0.05;
O-2050, 129 � 33%; p 	 0.5). More specifically, LTP induction
was blocked after infusion of AM251 within the BNST (Fig. 4A,B;
two-way ANOVA, F(1,48) � 31.33, p � 0.0001, 20 – 40 min; Veh,
131 � 4%, AM251, 64 � 13%; p 	 0.05). This suggests that
nicotine self-administration permits the induction of CB1-
dependent LTP at BNST synapses in response to 10 Hz stimula-
tion of ILCx afferents.

Effect of ILCx stimulation on nicotine self-administration
and cue-induced nicotine seeking
Next, the challenging question was whether electrical stimulation
of the ILCx may alter future operant behaviors for nicotine (Fig.
5A, timeline) and whether it could be prevented by local micro-
injection of AM251.

Our results showed that neither 10 Hz stimulation of the ILCx
nor the AM251 pretreatment altered operant responding for nic-
otine; all groups respond by a similar number of visits to the
active hole (Fig. 5B; ANOVA, p 	 0.05). Moreover, nicotine in-
take was similar in all groups whatever the session considered
(Fig. 5C; ANOVA, p 	 0.05). However, after extended training,

the stimulation altered responding at the active hole during time-
out (Fig. 5D; ANOVA, F(3,108) � 3.75, p � 0.01). Rats that under-
went stimulation with vehicle pretreatment showed a progressive
increase in responses (vs Session 1, p � 0.01). This was absent in
sham stimulated rats and completely prevented by BNST CB1
receptor antagonism in stimulated animals (Stim Veh vs Stim
AM251, p � 0.01). No differences were observed between these
two groups in general activity (stim � Veh, 1241 � 106 beam
breaks; stim � AM251, 1254 � 140 beam breaks; Student’s t test,
t(21) � 0.08, p 	 0.05). These data suggest that the stimulation
increased responding for the cue light.

To test this hypothesis, all groups were tested for cue-induced
reinstatement (Fig. 5E). ANOVA revealed a significant effect of
the cue presentation compared with no cue presentation (F(1,27) �
20.48, p � 0.001). The no cue period resulted in a low number of
visits to the active hole for all groups (interaction F(1,27) � 2.42,
p 	 0.05). Stimulation of the ILCx increased the cue-induced
visits to the active hole (main effect stimulation, F(1,27) � 5.50,
p � 0.02). There was no significant interaction stimulation �
CB1 antagonist treatment (ANOVA, p 	 0.05), suggesting that
AM251 tends to decrease visits to the active hole in both stimu-

Figure 3. Effect of the 10 Hz ILCx stimulation onto BNST neurons after abstinence versus extinction. A, Decreasing active responses during extinction training. B, Extinction (Ext, n � 6) but not
abstinence (Abst, n � 7) blocks LTP. *p � 0.05. ***p � 0.001. Data are mean � SEM.

Figure 4. In Nic-60 d rats, 10 Hz stimulation of ILCx inputs evokes LTP that is CB1 receptor mediated. A, In vivo ILCx stimulation (1 min, 10 Hz) in anesthetized rats. CB1 antagonist AM251 (60 nl,
400 �M) or vehicle was infused into the BNST before stimulation. B, AM251 blocks electrically induced LTP in NIC-60 d rats (Veh, n � 5; AM251, n � 5). *p � 0.05. Data are mean � SEM.
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lated and nonstimulated rats. The level of responding in the in-
active hole was not altered by cue presentation (ANOVA, p 	
0.05).

Discussion
The aim of the present study was to determine whether acquisi-
tion of nicotine taking, and then cue-induced nicotine seeking,
involved cellular adaptations at ILCx–BNST synapses. To reveal
alterations in this neuronal circuit, we applied electrical stimula-
tion to the ILCx at frequencies similar to physiological activation.
Our results indicate that 60 d of nicotine self-administration fa-
cilitates the induction of LTP in the BNST in response to 10 Hz
ILCx stimulation. The occurrence of this stimulation-induced
LTP correlates with the degree of acquisition of self-
administration and is dependent on BNST CB1 receptors. In ad-
dition, it resists 30 d of forced abstinence. Finally, 10 Hz
stimulation increased time-out responding during nicotine self-
administration as well as cue-induced nicotine seeking. Results
suggest that blockade of BNST CB1 receptors reduced aberrant
responding.

Electrical stimulation of the ILCx at 10 Hz mimics the physi-
ological activation observed during goal-oriented behaviors
(Jackson et al., 2001). This physiologically relevant stimulation
triggered neuroplastic changes in BNST neurons only in rats that
had acquired nicotine self-administration behavior, but not after
passive exposure to nicotine. We propose that synaptic plasticity
is the cellular mechanism underlying the change in responsive-
ness of BNST neurons to prefrontal inputs after 10 Hz ILCx stim-
ulation in NIC-60 d rats. This conclusion is supported by our
results showing that the mechanism depends on the activation of
NMDA receptors. Alternative mechanisms for evoked spike po-
tentiation in the BNST could be a change in intrinsic excitability
of BNST neurons after extended training with nicotine or a
change in the level of tonic activity at inhibitory inputs. However,
these scenarios are unlikely as the reduction in threshold current
for spike initiation in the BNST of NIC-60 d rats is not associated
with changes in the basal activity of BNST neurons (Caillé et al.,
2009). Further work will be needed to determine whether in-
creased spike firing in response to 10 Hz stimulation in NIC-60 d

Figure 5. Effects of 10 Hz ILCx stimulation on active responding during nicotine self-administration and on cue-induced reinstatement. A, Timeline of experiment. Rats were: (1) trained for
nicotine self-administration (60 d), (2) anesthetized, received ILCx electrical stimulation 24 h after the last session (1 d) and CB1 antagonist pretreatment (Veh or AM251, 400 �M; 60 nl), (3) tested
for nicotine taking (4 d), (4) trained for extinction (2 d), and (5) tested for cue-induced nicotine seeking. Effects of ILCx and sham stimulation in vehicle and AM251-treated rats on the following: B,
Total number of visits in active hole during the whole session. C, Total nicotine intake over the whole session. D, Total number of visits in active hole during time-out. E, Total number of visits in the
active hole during the cue-induced reinstatement period. Post hoc active hole Veh Session 1 versus Session 2 and Veh Session 1 versus Session 3, **p � 0.01. @@p � 0.01, main effect stimulation
versus sham stimulation. ��p � 0.02. B–D, Data are mean � SEM. E, Data are mean � SEM.
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rats is the result of the enhancement of synaptic strength or a
change in intrinsic excitability of the BNST neurons.

Acquisition of self-administration of nicotine, but not of a
natural reinforcer, promotes cellular adaptations at ILCx–BNST
excitatory synapses. Rats that did not respond for nicotine (saline
or saccharin) and rats that did not meet the learning criterion
(yoked or NIC-1 d) did not show LTP in response to electrical
stimulation of the ILCx. Importantly, in the NIC-8 d group, we
report a correlation between the development of a preference for
the cue and nicotine-paired hole, and the emergence of synaptic
potentiation in the ILCx–BNST pathway. Rats that self-
administered the drug by chance did not show facilitation of LTP
induction, whereas all rats with extended training did (Kasanetz
et al., 2013). Our findings suggest that the ILCx–BNST pathway is
involved in aberrant stimulus–response behavior and might con-
tribute to the established habitual behaviors observed in drug
addiction (Everitt and Robbins, 2005). The development of hab-
its is involved in the transition from drug use to drug abuse;
therefore, an interesting investigation would be to examine how
the stimulus–response association (Zapata et al., 2010; Smith et
al., 2012) controls nicotine seeking as well as the neuroadapta-
tions at ILCx–BNST synapses.

Smoking-related cues have increased significance in smokers
(Rose and Corrigall, 1997) and in animal models of nicotine
addiction (Chaudhri et al., 2006). We show here that LTP induc-
tion and suppression are both directly linked to the learning of a
specific relationship between motor actions and cue-associated
reinforcement, rather than to the presence (yoked condition) or
absence (extinction condition) of the drug. Thus, although nico-
tine enhances the reinforcing properties of discrete and contex-
tual stimuli (Palmatier et al., 2007), reexposing rats with a long
history of nicotine taking to such stimuli may reactivate the
strengthened projections of the ILCx (Bossert et al., 2011) and
subsequently induce nicotine seeking. In accordance with this
idea, we show here that 10 Hz stimulation of the ILCx promotes
excessive visits to the nicotine- and cue-paired nose-poke hole
while the drug is not available.

Much evidence implicates the BNST in stress and anxiety
(Glangetas et al., 2013; Jennings et al., 2013). Therefore, an addi-
tional explanation of our results might be that the induction of
LTP and the increase in responding during time-out are both
produced by the experience of the negative/anxiogenic effects of
nicotine (George et al., 2007). Consistent with this hypothesis,
previous studies have demonstrated that extended access to nic-
otine produced escalation of nicotine intake only when animals
experienced intermittent withdrawal periods (O’Dell and Koob,
2007; Cohen et al., 2012). In our experiment, the ILCx stimula-
tion protocol (Fig. 5A) introduced a period of abstinence, which
may have subsequently led to the development of a nicotine
withdrawal-induced negative drive. Therefore, one cannot dis-
card the possibility that the increase in active responding during
the time-out period is the expression of increased incentive value
of nicotine acting as a negative reinforcer (Koob and Le Moal,
2001) and that this increase modified nicotine intake.

In the present study, we have demonstrated that extinction
training facilitates inhibition of the ILCx–BNST pathway,
whereas the synaptic strengthening remains intact after forced
abstinence. The extinction protocol used in this study resulted in
an average of 17.2 d to meet extinction criteria. However, the
forced abstinence period was 30 d, which might suggest that LTP
found after abstinence is the result of an incubation effect
(Grimm et al., 2001), rather than the persistence of synaptic mod-

ifications through a drug-free period. We have not subjected rats
to various durations of forced abstinence to rule out the incuba-
tion effect of LTP over time, but such an effect is unlikely as the
period of extinction training ranged from 11 to 27 d, and all rats
showed induction of long-term depression.

In rats trained to self-administer nicotine for 60 d, the induc-
tion of LTP in response to 10 Hz stimulation of ILCx afferents
depends on CB1 receptors expressed within the BNST. Notably,
we can discard the possibility that this was a consequence of CB1
receptor inverse agonist properties of AM251 because the LTP
was also blocked by the administration of O-2050, a CB1 receptor
neutral antagonist (Dubreucq et al., 2013). In naive rats, ex vivo
electrophysiological studies support the existence of endocannabinoid-
dependent forms of synaptic plasticity in the BNST (Puente et al.,
2011). Interestingly, nicotine self-administration increases
2-arachidonoyl glycerol as well as anandamide levels in the VTA
of behaving animals (Buczynski et al., 2013). Although the in-
creased VTA anandamide levels correlate with the volitional na-
ture of drug exposure, the specific blockade of CB1 receptors in
the VTA strongly decreases nicotine self-administration in rats
(Simonnet et al., 2013). One can therefore propose that, similar
to the VTA mechanisms, chronic nicotine consumption might
lead to changes in endocannabinoid tone within the BNST and
contribute to cellular adaptations at ILCx–BNST synapses. How-
ever, the nature of the endocannabinoid involved here remains
unknown.

Peripheral administration of a CB1 antagonist strongly de-
creases nicotine self-administration (Cohen et al., 2002; Shoaib,
2008; Simonnet et al., 2013), suggesting that stimulation of CB1
receptors is important for nicotine reinforcement. In the present
study, AM251 injected within the BNST selectively blocked ex-
cessive responding during time-out but did not change nicotine
intake. In line with this observation, previous studies have indi-
cated that the BNST is involved in cue-induced drug seeking
rather than in the control of drug taking. For instance, increased
activity of neurons in the BNST is associated with increased drug
seeking during protracted withdrawal and in opiate-induced
conditioned place preference (Harris and Aston-Jones, 2003).
Moreover, inactivation of the BNST specifically blocks cocaine
seeking elicited by drug-paired cues (Buffalari and See, 2011).
Together, these findings strongly support the hypothesis that ex-
tended training to self-administer nicotine and sustained activa-
tion of the ILCx induce CB1 receptor-dependent neuroplastic
changes in the BNST that might be involved in the stimulus track-
ing behavior paired with nicotine taking (Palmatier et al., 2013;
Paolone et al., 2013).

In conclusion, our findings indicate that acquisition of nico-
tine self-administration allows the induction of evoked-spike po-
tentiation in the BNST in response to 10 Hz stimulation of ILCx
afferents. This neuroadaptation resists abstinence and seems to
contribute to a maladaptive stimulus–response behavior con-
trolled by CB1 receptors (Marsicano et al., 2002) in the BNST,
suggesting that it might be responsible for vulnerability to cue-
induced relapse. Further investigation will be needed to fully elu-
cidate the key role of the ILCx–BNST pathway in the attribution
of salience to nicotine-paired cues.
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