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Addictive drugs share the ability to increase dopamine (DA) levels and trigger synaptic adaptations in the mesocorticolimbic system, two
cellular processes engaged in the early stages of drug seeking. Neurons located in the lateral habenula (LHb) modulate the activity of DA
neurons and DA release, and adaptively tune goal-directed behaviors. Whether synaptic modifications in LHb neurons occur upon drug
exposure remains, however, unknown. Here, we assessed the influence of cocaine experience on excitatory transmission onto subsets of
LHb neurons using a combination of retrograde tracing and ex vivo patch-clamp recordings in mice. Recent evidence demonstrates that
AMPA receptors lacking the GluA2 subunit mediate glutamatergic transmission in LHb neurons. We find that cocaine selectively poten-
tiates AMPA receptor-mediated EPSCs in LHb neurons that send axons to the rostromedial tegmental nucleus, a GABAergic structure
that modulates the activity of midbrain DA neurons. Cocaine induces a postsynaptic accumulation of AMPA receptors without modifying
their subunit composition or single-channel conductance. As a consequence, a protocol pairing presynaptic glutamate release with
somatic hyperpolarization, to increase the efficiency of GluA2-lacking AMPA receptors, elicited a long-term potentiation in neurons only
from cocaine-treated mice. This suggests that cocaine resets the rules for the induction of synaptic long-term plasticity in the LHb. Our
study unravels an early, projection-specific, cocaine-evoked synaptic potentiation in the LHb that may represent a permissive step for the
functional reorganization of the mesolimbic system after drug exposure.

Introduction
Midbrain dopamine (DA) neurons are central in guiding moti-
vated behaviors as well as drug seeking (Wise, 2004). Addictive
substances with different properties modulate DA neuron activ-
ity and DA release from the ventral tegmental area (VTA)
(Lüscher and Malenka, 2011). Recent evidence indicates that the
lateral habenula (LHb)—a hub-like region anatomically and
functionally connected to midbrain structures— bidirectionally
modulates the activity of DA neurons (Matsumoto and Hiko-
saka, 2007). LHb neurons provide DA neurons with the signal
necessary to respond to salient rewarding and aversive stimuli
(Hikosaka, 2010). The LHb neurons are mostly glutamatergic,
and contain GluA2-lacking AMPA receptors (AMPARs) (Li et al.,
2011). They project to DA neurons through two distinct path-
ways (Balcita-Pedicino et al., 2011). The direct projection that
targets the VTA has been recently implicated in the etiology of
mood disorders (Li et al., 2011). The indirect projection tunes DA
neuron activity through a GABAergic relay named rostromedial
tegmental nucleus (RMTg) or tail VTA (Jhou et al., 2009;

Kaufling et al., 2009). Addictive drugs have been shown to alter
the physiology and the expression of immediate early genes, not
only in VTA DA neurons, but also in putative RMTg and LHb
neurons (Brown et al., 2010b; Kaufling et al., 2010; James et al.,
2011; Lecca et al., 2011). These findings suggest that drug-
induced changes in the DA circuit might be, at least in part, a
consequence of adaptations taking place in structures upstream
of the VTA, such as the LHb. However, the effects of drug expo-
sure on synaptic transmission and plasticity in the LHb remain
unknown.

Here, we used tract tracing in combination with ex vivo
patch-clamp recordings to demonstrate that exposure to co-
caine selectively potentiates AMPAR-mediated transmission
in LHb neurons projecting to the RMTg (LHb3RMTg), but not to
the VTA (LHb3VTA), via a postsynaptic increase in AMPAR con-
tent. Consequently, cocaine-evoked synaptic potentiation mod-
ifies the rules for long-term plasticity in LHb neurons.

Materials and Methods
Surgery. C57BL/6J mice (20 – 40 d old) of either sex were used in accor-
dance with the guidelines of the French Agriculture and Forestry Minis-
try for handling animals. Animals were anesthetized with ketamine (90
mg/kg)/xylazine (15 mg/kg) (Sigma-Aldrich) before bilateral injection
with either Cholera-toxin-B–Alexa Fluor 488/594 or fluorobeads (Invit-
rogen, Lumafluor). The following coordinates were used (from bregma,
in mm): RMTg: anteroposterior (A-P), �2.9; mediolateral (M-L), �0.5;
dorsoventral (D-V), �4.3; VTA: A-P, �2.4; M-L, �0.8; D-V, �4.4. Re-
covery was allowed for at least 3 d.

Electrophysiology. Animals injected with saline or cocaine (10 mg/kg),
once for 2 consecutive days, were anesthetized (ketamine/xylazine) 24 h
after the last injection for preparation of LHb-containing brain slices.
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Slicing was performed in bubbled ice-cold 95% O2/5% CO2-equilibrated
solution containing the following (in mM): choline Cl 110; glucose 25;
NaHCO3 25; MgCl2 7; ascorbic acid 11.6; Na �-pyruvate 3.1; KCl 2.5;
NaH2PO4 1.25; and CaCl2 0.5. Sagittal slices (250 �m) were stored at
room temperature in 95% O2/5% CO2-equilibrated artificial CSF con-
taining the following (in mM): NaCl 124; NaHCO3 26.2; glucose 11; KCl
2.5; CaCl2 2.5; MgCl2 1.3; and NaH2PO4 1. Recordings (flow rate of 2.5
ml/min) were made under an Olympus BX51 microscope at 32°C. Cur-
rents were amplified, filtered at 5 kHz, and digitized at 20 kHz. Access
resistance was monitored by a step of �10 mV (0.1 Hz). Experiments
were discarded if the access resistance increased �20%. Miniature EPSCs
(mEPSCs) were recorded in voltage-clamp mode at �60 mV in the pres-
ence of bicuculline (20 �M), TTX (1 �M), and D,L(�)-2-amino-5-
phosphonovaleric acid (D,L-AP5; 100 �M). The internal solution
contained the following (in mM): CsCl 130; NaCl 4; MgCl2 2; EGTA 1.1;
HEPES 5; Na2ATP 2; Na �-creatine-phosphate 5; Na3GTP 0.6; and
spermine 0.1 was added when indicated. The liquid junction potential
was �3 mV. EPSCs were evoked through glass electrodes placed in the
stria medullaris. AMPA/NMDA ratios of evoked EPSC were obtained by
AMPA-EPSC �40 mV/NMDA-EPSCs at �40 mV as previously de-
scribed (Ungless et al., 2001). The rectification index (RI) was calculated

by the formula (EPSC �70/EPSC �40)/1.75 in the presence of D,L-AP5
and intracellular spermine. For long-term plasticity, the internal solution
contained the following (in mM): K-gluconate 140; KCl 5; HEPES 10;
EGTA 0.2; MgCl2 2; Na2ATP 4; Na3GTP 0.3; and creatine-phosphate 10.
Recordings were corrected for liquid junction potential (12 mV). The
induction protocol for long-term plasticity consisted of a 10 Hz stimula-
tion (20 times each 5 s) paired with somatic hyperpolarization (�90
mV). Recordings were kept for at least 30 – 45 min.

For glutamate uncaging (4-methoxy-7-nitroindolinyl-caged L-glutamate
200 �M, Tocris-Cookson), a single-path photolysis head (Prairie Technolo-
gies) was connected to a solid-state laser (405 nm, duration 0.5 ms, diameter
3–5 �m). Photolysis was optimized by adjusting the laser beam position and
power (3–10 mW) such that laser-evoked EPSCs [(L)-EPSCs] yielded am-
plitudes and kinetics similar to mEPSCs. AMPA/NMDA ratios of (L)-EPSCs
were obtained by dividing the peak of AMPA-EPSC at �60 mV and the
NMDA-EPSCs at �40 mV at 30 ms after onset as previously described
(Mameli et al., 2011).

Nonstationary fluctuation analysis. A peak-scaled nonstationary fluc-
tuation analysis (NSFA) was performed on mEPSCs (100 –200) (Synap-
tosoft). mEPSCs were selected by: fast rise time alignment, stable baseline
holding current, and the absence of spurious fluctuations during the

Figure 1. Cocaine increases the efficacy of excitatory transmission onto LHb3RMTg neurons. A, LHb-containing sagittal sections illustrating the injections sites with retrobeads in the RMTg (red)
and the VTA (green, left panels). Confocal images (10�/40�) illustrating retrogradely labeled LHb3RMTg and LHb3VTA neurons (right panels). sm, Stria medullaris; fr, fasciculus retroflexus. B,
Sample traces of mEPSCs obtained in LHb3RMTg neurons in slices from saline-treated (black) and cocaine-treated (red) mice. C, Cumulative probability distributions (KS test, p � 0.0001) for a
representative LHb3RMTg neuron, bar-graph and scatter plot for mEPSC amplitude in the saline and cocaine groups (n � 10 –15; saline 14.1 � 1.1 pA; cocaine 17.9 � 0.9 pA; **p � 0.01; t(22) �
2.9). D, Same as C for mEPSC frequency (n � 10 –15; saline 3 � 0.9 Hz; cocaine 4.9 � 1.3 Hz; p � 0.05; t(22) � 0.9). E, Same as B for LHb3VTA neurons. F, Same as C for LHb3VTA neurons (KS
test, p � 0.05) (n � 9 –14; saline 16.7 � 2.2 pA; cocaine 14.08 � 1.3 pA; p � 0.05; t(21) � 1.1). G, Same as F for mEPSC frequency (n � 9 –14; saline 4.6 � 1.8 Hz; cocaine 4.1 � 0.7 Hz; p �
0.05; t(21) � 0.3). Sal, Saline; Coc, cocaine.
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mEPSCs decay. The variance–amplitude relationship of mEPSC decay
was plotted and fitted with the equation � 2 � iI � I 2/N � �b

2 (where
i is the mean single-channel AMPA current, I is the mean current, N is
the number of channels activated at the peak, N � mean amplitude/i;
and �b

2 is the baseline variance). i was estimated as the slope of the
linear fit of the first portion of the parabola of the fitted mEPSC decay.
The goodness-of-fit was assessed with a least-squares algorithm. The
unitary current was converted in conductance based on the reversal
potential of evoked EPSCs (�0 mV). Conductance and average EPSC
amplitude, mean rise time, mean decay time, access resistance, or
background noise variance had no correlation ( p � 0.4) (Balland et
al., 2006).

Analysis and drugs. All drugs were obtained from Abcam and Tocris
Bioscience and dissolved in water, except for TTX (citric acid 1%) and
cocaine HCl (NaCl 0.9%). On-line/off-line analyses were performed us-
ing IGOR-6 (Wavemetrics) and Prism (Graphpad). Compiled data are
expressed as the mean � SEM. Significance was set at p � 0.05 using
Student’s t test and the Kolmogorov–Smirnov (KS) test.

Results
Cocaine strengthens excitatory synaptic transmission in
the LHb
LHb neurons send axons to the RMTg and the VTA (Balcita-
Pedicino et al., 2011; Hong et al., 2011). To selectively identify
LHb3RMTg and LHb3VTA neurons, we stereotaxically in-
jected green and red fluorobeads in the VTA and RMTg, re-

spectively. As previously shown in rats (Li et al., 2011),
LHb3RMTg and LHb3VTA neuronal populations were segre-
gated (Fig. 1 A).

Addictive drugs modify excitatory synaptic transmission in
the mesocorticolimbic system (Lüscher and Malenka, 2011).
We examined whether cocaine affects excitatory synaptic
transmission onto LHb neurons. Mice infused with retrograde
tracers in the RMTg and/or VTA were injected with cocaine/
saline for 2 consecutive days, a paradigm leading to a progres-
sive rise in locomotor activity (data not shown). We prepared
LHb-containing slices 24 h after the last injection, and per-
formed whole-cell recordings from retrogradely labeled LHb
neurons. We first monitored quantal release by recording
pharmacologically isolated AMPAR-mediated mEPSCs. In
saline-treated animals, mEPSC amplitude and frequency in
LHb3RMTg and LHb3VTA neurons were comparable (Fig.
1 B–G; amplitude, t(17) � 1.3; frequency, t(16) � 0.8; p � 0.05).
After cocaine, mEPSCs amplitude significantly increased in
LHb3RMTg but not in LHb3VTA neurons (Fig. 1 B, C, E, F ). In
contrast, mEPSC frequency was not significantly affected re-
gardless of the neuronal subpopulation (Fig. 1 B, D, E, G).
These findings suggest that cocaine exposure strengthens AMPAR-
mediated synaptic transmission specifically in LHb3RMTg

neurons.

Figure 2. Synaptic potentiation in LHb3RMTg neurons requires a larger synaptic pool of AMPARs with no change in subunit composition. A, Averaged traces and bar-graph illustrating the PPR
in the saline and cocaine groups (saline 0.82 � 0.1; cocaine 0.74 � 0.05; p � 0.05; t(12) � 0.64; n � 6 –7). B, Sample traces illustrating AMPA and NMDA-EPSCs recorded at �40 mV and
AMPA/NMDA ratios in LHb3RMTg neurons in slices from saline (black) and cocaine (red) groups (n � 5–7; saline 1.1 � 0.1; cocaine 2.6 � 0.3; **p � 0.01; t(9) � 4.9). C, Sample traces of
AMPA-EPSCs recorded at �70, 0, and �40 mV and RIs in LHb3RMTg neurons in slices from saline (black) and cocaine (red) groups (n � 6; saline 3.85 � 1.12; cocaine 3.1 � 0.3; p � 0.05; t(15) �
0.7). D, Example of peak-scaled NSFA of LHb3RMTg neurons in the saline- and cocaine-treated group. Insets, Overlay of 50 consecutive traces. E, F, Pooled data for conductance (�) and number of
channels ( N) open at the peak (n � 5– 8; �: saline 12.9 � 0.4 pS; cocaine 13.1 � 0.9 pS; p � 0.05; t(11) � 0.1; N: saline 19.2 � 4.8; cocaine 42 � 4.2; **p � 0.01; t(11) � 3.4). Sal, Saline; Coc,
cocaine.
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Cocaine postsynaptically potentiates AMPAR-mediated
transmission in LHb3RMTg neurons
We next examined the effect of cocaine on synaptically evoked
EPSCs. Under our recording conditions, paired-pulse depression
was detected in LHb3RMTg neurons and the paired-pulse ratio
(PPR) of AMPAR-EPSCs was not affected by cocaine exposure
(Fig. 2A), indicating no alterations in presynaptic release. We
next compared the ratio of AMPAR and NMDAR-EPSCs re-
corded at �40 mV (AMPA/NMDA). Cocaine exposure increased
the AMPA/NMDA ratio in LHb3RMTg neurons (Fig. 2B), indi-
cating a postsynaptic strengthening of excitatory transmission.
Next, we assessed the properties of AMPARs by recording EPSCs
at �70, 0, and �40 mV, and calculating the RI in LHb3RMTg

neurons. As shown in rats (Li et al., 2011), we also observed large
RIs in mice, suggesting that AMPARs in LHb lack the GluA2
subunit (Fig. 2C). In the VTA, a single injection of cocaine leads
to a change in AMPAR subunit composition from GluA2-
containing to GluA2-lacking (Bellone and Lüscher, 2006; Mameli
et al., 2011). We found that the RIs in LHb3RMTg neurons from
the saline and cocaine groups were not significantly different
(Fig. 2C), indicating that cocaine treatment did not change
AMPAR subunit composition.

To assess whether cocaine treatment affected AMPAR con-
ductance or receptor number, we used peak-scaled NSFA of
mEPSCs recorded from LHb3RMTg neurons. The estimated i
value was not affected by cocaine treatment (Fig. 2D,E). On the
other hand, the estimated number of channels opened at the peak
was significantly larger (N; Fig. 2D,F). This suggests that cocaine
induces an increase in the number of AMPARs without changing
their biophysical properties or their subunit composition.

We next characterized the effect of cocaine exposure on
AMPAR-mediated currents evoked by glutamate uncaging. We
filled LHb3RMTg neurons with dye to visualize cell morphology
and performed recordings in slices from saline- or cocaine-
treated animals using focalized photolysis of caged glutamate in
dendrites (Fig. 3A). While amplitudes of laser-evoked EPSCs at
�60 mV were comparable to those of mEPSCs, these events had
slower decay, suggesting activation of synaptic as well as extra-
synaptic glutamate receptors by glutamate uncaging (Fig. 3B,C).
(L)-EPSCs were mediated by AMPARs, as they were blocked by
NBQX (Fig. 3B). We then mapped synaptic hot spots by uncaging
glutamate at �60, 0, and �40 mV. (L)-EPSCs at depolarized
potentials had slower decay kinetics, indicating activation of
both AMPARs and NMDARs (Fig. 3D). We found that AMPA/
NMDA ratios of laser-evoked currents (AMPA�60mV, peak/
NMDA�40mV, 30 ms onset) in LHb3RMTg neurons of slices from
cocaine-treated animals were significantly larger than those from
saline-treated animals (Fig. 3E). Plotting the ratio as a function of
the (L)-AMPA-EPSCs revealed that cocaine significantly shifts
the distribution toward the top right (Fig. 3F), while no signifi-
cant changes were detected for (L)-NMDA currents (Fig. 3G).
These findings support that the increase in AMPAR-mediated
component is largely responsible for the increase in AMPA/
NMDA ratio. Altogether, these results suggest that cocaine trig-
gers a synaptic potentiation by enhancing the AMPAR content at
excitatory synapses onto LHb3RMTg neurons.

Cocaine drives metaplasticity in the LHb
Hippocampal interneurons and DA neurons in the VTA undergo
long-term synaptic changes through GluA2-lacking AMPAR-

Figure 3. Cocaine-evoked plasticity in LHb3RMTg neurons is postsynaptic. A, Confocal image of LHb neurons filled with Alexa Fluor Red-594 (left) and magnified dendrite (right). B, Sample
mEPSCs and (L)-EPSCs. Note blockade of all events with NBQX. C, Mean values and scatter plot for mEPSC and (L)-EPSC amplitudes and decays (90 –37%) in naive animals (n � 20). D, Averaged
traces of (L)-EPSC at �60, 0, and �40 mV in slices from saline and cocaine-treated animals. E, Box and scatter plot for the AMPA/NMDA ratios in the saline and cocaine groups (n � 9 –13 cells and
24 –39 synapses; ***p � 0.001; t(61) � 5.3). F, G, (L)-AMPA-EPSC (L-AMPA) and L-NMDA-EPSC (L-NMDA) vs AMPA/NMDA ratio, scatter plot (empty circles) and mean values (full circles)
(L-AMPA-EPSCs: saline 16.5 � 1.12 pA; cocaine 20.7 � 1; **p � 0.01; t(61) � 2.68; (L)-NMDA-EPSCs: saline 15.1 � 1.6 pA; cocaine 12.8 � 1.7; p � 0.05; t(61) � 0.96). Sal, Saline; Coc, cocaine.
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mediated calcium influx (Lamsa et al., 2007; Mameli et al., 2011).
Given that cocaine increases the levels of AMPARs in LHb3RMTg

neurons, we asked whether cocaine experience altered long-term
synaptic plasticity rules. We tested whether synaptic activity
modulated AMPAR-mediated transmission onto LHb3RMTg

and LHb3VTA neurons. GluA2-lacking AMPARs conduct more
efficiently at hyperpolarized potentials, therefore we used a syn-
aptic protocol pairing presynaptic activity with postsynaptic hy-
perpolarization in presence of the NMDAR blocker APV (Fig.
4A,B) (Lamsa et al., 2007).

In saline-treated mice, we found that a 10 Hz stimulation
protocol induced a synaptic depression in both LHb3RMTg and
LHb3VTA neurons (Fig. 4A,B). In contrast, after cocaine treat-
ment, a robust LTP was observed specifically in LHb3RMTg neu-
rons (Fig. 4A,B). To causally link the cocaine-evoked increase in
quantal size (�20%) and the metaplasticity in LHb3RMTg neu-

rons, we used a submaximal concentra-
tion of NBQX (0.1 �M) that decreased
mEPSC amplitude by �20%, mimicking
AMPAR synaptic transmission in the con-
trol group (Fig. 4C). Peak-scaled NSFA of
mEPSCs revealed that NBQX 0.1 �M de-
creased the number of channels opened at
the peak without altering single-channel
conductance (Fig. 4C). We then tested
whether NBQX 0.1 �M could restore the
normal pattern of synaptic plasticity in
LHb3RMTg neurons. We found that the
10 Hz protocol in the presence of 0.1 �M

NBQX in slices from cocaine-treated mice
produced a synaptic depression similar to
that observed in slices from saline-treated
mice (Fig. 4D). The cocaine-mediated
LTP was intact in interleaved slices in the
absence of NBQX. Hence, cocaine-evoked
potentiation enables metaplasticity in
LHb3RMTg neurons.

Discussion
Using whole-cell recordings in conjunc-
tion with retrograde labeling techniques,
we find that cocaine experience in-
creases AMPAR-mediated transmission
onto LHb3RMTg neurons by increasing
the number of AMPARs at the postsynap-
tic level. These results indicate that co-
caine profoundly alters the efficacy of
excitatory transmission in LHb in a
projection-specific fashion. This condi-
tion further allows presynaptic activity to
trigger a form of LTP, absent in control
animals, ultimately diverting the induc-
tion rules for long-term plasticity.

Our data suggest that the subunit
composition of the synaptic AMPARs in
LHb3RMTg neurons was not significantly
changed by cocaine treatment. Recent
electrophysiological evidence in rats in-
dicates the presence of GluA2-lacking
AMPARs in these neurons (Li et al., 2011).
In agreement with this study, we found
rectifying EPSCs in mouse slices, consis-
tent with the expression of GluA2-lacking
AMPARs. However, a residual current at

positive potentials was still detected, suggesting that excitatory
synapses onto LHb neurons likely contain GluA2-lacking and
GluA2-containing AMPARs. Importantly, cocaine did not
change the RI of LHb3RMTg neurons, indicating no alterations in
AMPAR subunit composition. This differs from drug-evoked
synaptic adaptations in the VTA or ventral striatum, where
acute or chronic cocaine promotes the insertion of GluA2-
lacking AMPARs at synapses initially devoid of these receptors
(Bellone and Lüscher, 2006; Conrad et al., 2008).

NSFA provides further insight into the cellular mechanism
behind cocaine potentiation, revealing a larger pool of AMPARs.
Consistently, the uncaging experiments suggest that larger AMPA-
EPSCs correlate with AMPA/NMDA ratios supporting the idea that
synaptic strengthening relies, at least in part, on a higher number of
postsynaptic AMPARs.

Figure 4. Cocaine evokes metaplasticity in LHb3RMTg neurons. A, Averaged traces and amplitudes versus time plot of AMPAR-
EPSCs in LHb3RMTg neurons before and after conditioning protocol (arrow) in slices of saline and cocaine groups (n � 6 – 8; saline
86.6 � 3.7%; cocaine 145.2 � 11.8%; p � 0.01; t(12) � 4.1). B, Same as A but for LHb3VTA neurons (n � 5– 6; saline 77.9 �
4.1%; cocaine 78.2 � 2.5%; p � 0.05; t(10) � 0.04). C, Example of peak-scaled NSFA of mEPSCs of an LHb3RMTg neuron before
and after bath application of 0.1 �M NBQX in the cocaine group. Pooled data for amplitudes, conductances (�), and number of
channels ( N) open at the peak of the response (n�13; amplitude: baseline 20.1�1.2 pA; NBQX 16.2�1 pA; **p�0.01; t(12) �
6.7; �: baseline 13.3 � 0.6 pS, NBQX 13.3 � 0.4 pS; p � 0.5; t(12) � 0.1; N: baseline 36.1 � 1.7; NBQX 27.2 � 1.6; ***p � 0.001;
t(12) � 6.6). D, Averaged sample traces and amplitude versus time plot of AMPAR-EPSCs from LHb3RMTg neurons before and after
the conditioning protocol in slices from cocaine-exposed animals in the presence or absence of NBQX 0.1 �M (n � 7; control
149.3 � 15.5%; NBQX 80.42 � 9.9%; **p � 0.01; t(12) � 3.7).
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Abraham and Bear (1996) defined metaplasticity as the ability
of presynaptic activity to induce subsequent synaptic plasticity as
a consequence of synaptic or cellular adaptations (Abraham and
Bear, 1996). We demonstrate that cocaine-evoked synaptic po-
tentiation of LHb3RMTg neurons facilitates the induction of a
form of metaplasticity absent in control conditions.

To demonstrate a causal relationship between cocaine-evoked
synaptic strengthening and metaplasticity, we used low concen-
trations of NBQX to compensate for the cocaine-evoked synaptic
potentiation. In cocaine-exposed mice, resetting synaptic trans-
mission by reducing postsynaptic AMPAR availability is suffi-
cient to restore the basal long-term synaptic plasticity. This
evidence, together with larger quantal size, the increase in AMPA/
NMDA ratios, and the results from NSFA after cocaine, suggest
the presence of a larger fraction of AMPARs, including some
lacking GluA2. This may provide a higher synaptic calcium
source responsible for the induction of cocaine-induced meta-
plasticity onto LHb3RMTg neurons.

Future studies are nevertheless required to understand the cas-
cade of events leading to this cocaine-evoked synaptic potentiation
in LHb. In vivo evidence demonstrates that DA neuron activity and
DA receptor activation modulate the firing of LHb neurons. This
implies a potential role of DA signaling in triggering cocaine-evoked
adaptations in the LHb (Kowski et al., 2009; Shen et al., 2012). In the
VTA, cocaine triggers synaptic plasticity via its action on the DA
transporter (Brown et al., 2010a). Therefore, cocaine may lead to a
surge in DA in LHb, which may account for the cellular mechanism
triggering the synaptic potentiation onto LHb neurons.

Anatomical studies suggest that the LHb innervation onto
RMTg is the principal candidate for the net inhibition of DA
neurons (Balcita-Pedicino et al., 2011; Stamatakis and Stuber,
2012). Consistently with this view, we show that cocaine-evoked
synaptic potentiation is selective for LHb3RMTg neurons. From a
neural circuit standpoint, the cocaine-evoked potentiation in
LHb3RMTg neurons may result in a stronger inhibition of DA
neurons via RMTg GABA neurons, in line with recent proposed
models in which drugs increase LHb firing, adaptively dampen-
ing DA release (Baldwin et al., 2011). In this context, the modu-
lation of the LHb-to-RMTg pathway as well of GABA inputs
impinging on DA neurons is crucial for the processing of reward-
ing and aversive stimuli (Stamatakis and Stuber, 2012; Tan et al.,
2012). Future studies are required to better probe how cocaine,
reward, or aversive experiences alter specific populations of DA
neurons via the LHb–RMTg–VTA path (Lammel et al., 2011).

In conclusion, we provide evidence for a synaptic potentia-
tion in the LHb that may represent a key cellular mechanism
engaged in the formation of drug-associated memories. Cellular
adaptations in LHb may not only contribute to the early phases of
drug exposure as reported here, but also in shaping drug-seeking
behaviors (Brown et al., 2010b; James et al., 2011). We propose
that cocaine may lead to behavioral adaptations by modifying
synaptic efficacy and the rules for long-term plasticity in LHb,
participating in the dysregulation of the DA system.
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