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As a classic neuromodulator, dopamine has long been thought to modulate, rather than trigger, synaptic plasticity. In contrast, our
present results demonstrate that within the parallel projections of dopaminergic and GABAergic terminals from the ventral tegmental
area to the nucleus accumbens core (NAcCo), action-potential-activated release of dopamine heterosynaptically triggers LTD at GABAe-
rgic synapses, which is likely mediated by activating presynaptically located dopamine D1 class receptors and expressed by inhibiting
presynaptic release of GABA. Moreover, this dopamine-mediated heterosynaptic LTD is abolished after withdrawal from cocaine expo-
sure. These results suggest that action-potential-dependent dopamine release triggers very different cellular consequences from those
induced by volume release or pharmacological manipulation. Activation of the ventral tegmental area to NAcCo projections is essential
for emotional and motivational responses. This dopamine-mediated LTD allows a flexible output of NAcCo neurons, whereas disruption
of this LTD may contribute to the rigid emotional and motivational state observed in addicts during cocaine withdrawal.

Introduction
Synaptic projections from the ventral tegmental area (VTA) to
the nucleus accumbens (NAc) are essential for emotional and
motivational responses (Wise, 1987). Within the VTA-to-NAc
pathway are parallel dopaminergic and GABAergic projections,
which are often concurrently activated upon the same emotional/
motivational stimuli (Steffensen et al., 1998; Carr and Sesack,
2000). This “intimate” anatomical and physiological partnership
suggests that the VTA-to-NAc dopaminergic and GABAergic
projections may exhibit unique interactions upon their coactiva-
tion during emotional and motivational responses.

Using optogenetic techniques combined with electrophysio-
logical manipulations, we demonstrate here that activation of
VTA-to-NAc dopaminergic projections triggers LTD at GABA-
ergic synapses within this pathway. We further demonstrate that
this LTD is triggered by heterosynaptic dopamine and is abol-
ished after withdrawal from cocaine exposure. By pharmacolog-
ical manipulations of dopamine receptors, extensive prior results
firmly establish that dopamine is a modulator of plasticity. Our

present results indicate that action-potential-driven dopamine
release is also a trigger of plasticity. This form of LTD relieves
NAc neurons from inhibition upon receipt of phasic input from
dopamine neurons that has been shown to be triggered by reward
or reward-associated cues (Fiorillo et al., 2003). Disruption of
this LTD may contribute to the rigidity in reward-associated re-
sponses that occur during cocaine withdrawal.

Materials and Methods
Viral vectors. Channelrhodopsin-2 (ChR2) fused to Venus (AAV-
ChR2Y; Addgene plasmid 20071) or mCherry (AAV-flexed-ChR2R;
Addgene plasmid 18916) were expressed from an adeno-associated viral
vector 2 (AAV2) with AAV2 internal repeats (Atasoy et al., 2008;
Petreanu et al., 2009; Suska et al., 2013). AAV-flexed ChR2R expression
was induced specifically in Cre-recombinase-expressing neurons, in
which the inverted expression cassette was flipped (Atasoy et al., 2008).
In this study, flexed virus was used in Gad-cre or TH-cre mouse lines.

Animal use, stereotaxic injections, and cocaine administration. Male
Sprague-Dawley rats (Simonsen), the Gad2-IRES-Cre mouse line
(Gad2 tm2(cre)Zjh; The Jackson Laboratory), and the TH-IRES-Cre mouse
line (B6.129X1-Th tm1(cre)Te/Kieg; European Mouse Mutant Archive;
Lindeberg et al., 2004) were used. Intra-VTA viral injections were per-
formed when animals were at the age of postnatal 26 –34 d. Virus was
delivered stereotaxically in animals anesthetized with a mixture of ket-
amine/xylazine (50/6 mg/kg; Huang et al., 2011). A 28-gauge needle was
used to bilaterally inject 1 �l (0.2 �l/min) of the virus solution into the
VTA (rat: AP/ML/DV: �5.00/�0.90/�7.65 mm; mouse: �3.44/�0.48/
�4.4). Experiments were performed �3 weeks after viral injection. After
recovery, rats received intraperitoneal injections of cocaine (15 mg/kg/d
in saline for 5 d) or saline (0.1 ml/100 g) in a novel environment
(Ishikawa et al., 2009; Mu et al., 2010; Brown et al., 2011). Rats were
placed back in the home cage for withdrawal.

NAc slice preparations and electrophysiology. As described previously
(Ishikawa et al., 2009; Mu et al., 2010; Huang et al., 2011), the animals
were decapitated after being given isoflurane anesthesia. The brain was
sliced in 4°C cutting solution containing the following (in mM): 135
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Figure 1. LTD at VTA-to-NAcCo GABAergic synapses. A, Diagrams and images showing that intra-VTA injection of ChR2-expressing virus resulted in expression of ChR2 in fibers within the NAcCore
in a horizontal brain slice. Scale bar, 500 �m. B, Diagram showing that in the rat preparation, VTA-to-NAcCo projections include both GABAergic and dopaminergic/glutamatergic fibers. C, Diagrams
showing locations of recorded neurons exhibiting IPSCs (responses), no responses, and inward synaptic currents upon optical stimulations. D, Summarized results showing LTD induced by an LFS
protocol at VTA-to-NAcCo GABAergic synapses. Inset: Example of IPSCs before and after LTD induction. Numbers (1 and 2) indicate the time points when the example IPSCs were taken. E, Time course
of the PPR of IPSCs in D. Inset: Scaled IPSCs of the examples shown in D. F, Summarized results showing that this LTD was accompanied by an increase in the PPR. G, Summarized results showing that
this LTD was not prevented in the presence of the GABAB-receptor-selective antagonist CGP55845. H, Summarized results showing that this LTD was not prevented in the presence of mGluR1- and
mGluR5-selective antagonists LY367385 and MPEP. I, Summarized results showing that this LTD was prevented by the dopamine D1R-selective antagonist SCH23390. J, Summarized results showing
that this LTD was not prevented by the dopamine D2R-selective antagonist eticlopride. K, Diagram showing that the parallel dopaminergic terminals may provide heterosynaptic modulation of
VTA-to-NAcCo GABAergic transmission. *p � 0.05.
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N-methyl-D-glucamine, 1 KCl, 1.2 KH2PO4, 0.5 CaCl2, 1.5 MgCl2, 20
choline-HCO3, and 10 glucose, saturated with 95%O2/5%CO2, pH ad-
justed to 7.4. Slices were incubated in artificial CSF containing the fol-
lowing (in mM): 119 NaCl, 2.5 KCl, 2.5 CaCl2, 1.3 MgCl2, 1 NaH2PO4,
26.2 NaHCO3, and 11 glucose, saturated with 95%O2/5%CO2 at 37°C for
30 min and then at room temperature before experimentation.

During recordings, slices were superfused with artificial CSF at 31–
33°C. Recordings were made with electrodes (3–5 M�) filled with (in
mM): 140 CsCH3O3S, 5 TEA-Cl, 0.4 EGTA, 20 HEPES, 2.5 Mg-ATP, 0.25
Na-GTP, and 1 QX-314, pH 7.3.

To evoke EPSCs/IPSCs, axons expressing ChR2 were stimulated by
473 nm laser (IkeCool) coupled to a 62.5 �m optic fiber. The optical
stimulation was given with 0.05–1 ms duration at 0.1 Hz. EPSCs were
recorded at �70 mV and IPSCs at �10 mV. To induce presynaptically
expressed LTD of IPSCs, a modest protocol (5 Hz � 10 min) was shown
to be sufficient (Chiu et al., 2010). In our experiments, an even more
modest protocol (2 Hz � 10 min) could reliably induce LTD at VTA-to-
NAcCo inhibitory synapses.

All chemicals were purchased from Sigma-Aldrich or Tocris Biosci-
ence. For all recordings, series resistance was 8 –14 M� and was left
uncompensated. Series resistance was monitored continuously, and a
change �20% was not accepted for data analysis. Synaptic currents were
recorded with a MultiClamp 700B amplifier (Molecular Devices) filtered
at 2.6 –3 kHz and digitized at 20 kHz.

All procedures were performed by strictly following the standard pro-
cedures approved by the animal care and use committees of the listed
institutions.

Data analysis and statistics. All results are shown as mean � SEM.
Statistical significance was assessed using either one- or two-factor
ANOVA with Bonferroni posttests or two-tailed t test. One to four cells
were recorded from each animal. The total numbers of cells/animals are
presented as “n/m.” Cell-based statistics were performed for all results.

Results
To record IPSCs from the VTA to NAc core (NAcCo) medium
spiny neurons (MSNs), we used viral-mediated gene transfer
with AAV to express Venus-tagged ChR2 (ChR2Y) in the VTA in
vivo. Three weeks later, we obtained horizontal brain slices within
which the VTA exhibited yellow fluorescent signals, indicating
the expression of ChR2 (Fig. 1A). Within the same slices, ChR2Y-
positive neural fibers were observed projecting from the VTA to
the forebrain including the NAc (Fig. 1A). By laser-light-
mediated activation of ChR2 (0.05–1 ms, � 	 473 nm), VTA-to-
NAcCo GABAergic and dopaminergic/glutamatergic synaptic
transmissions were activated simultaneously (Fig. 1B). GABAer-
gic transmission was recorded at �10 mV, near the reversal po-
tential of glutamatergic transmission. IPSCs were detected in
most (37/46) recorded NAcCo neurons (Fig. 1C); neurons with
no response or slow inward current were excluded from subse-
quent experiments.

We focused on LTD at VTA-to-NAcCo GABAergic synapses,
a form of synaptic plasticity that may relieve NAcCo MSNs from
basal inhibition of their output. We optimized a low-frequency
stimulation (LFS; 2 Hz � 10 min) induction protocol, delivery of
which via optical stimulation induced a reliable LTD at VTA-to-
NAcCo inhibitory synapses (p � 0.01, t test; Fig. 1D). Two prom-
inent features of this LTD were: (1) it continued developing
during the 50 min recording, a property similar to LTD of IPSCs
in other brain regions (Morishita and Sastry, 1996; Heifets et al.,
2008; Chiu et al., 2010) and (2) it was accompanied by an increase
in the paired-pulse ratio (PPR), suggesting a presynaptic site of
expression (p � 0.05, paired t test; Fig. 1D–F).

Under this experimental setup, both GABAergic and dopami-
nergic/glutamatergic signaling was activated during LTD induc-
tion, of which the GABAB- (Chalifoux and Carter, 2011) and
dopamine/glutamate-signaling pathways (Castillo et al., 2011)

have been shown to regulate inhibitory synaptic transmission pre-
synaptically. Our subsequent results did not suggest a predominant
role of GABAB signaling; inhibition of GABAB receptors by superfu-
sion of GABAB-receptor-selective antagonist CGP55845 (10 �M)
did not prevent LFS-induced LTD (F(3,24) 	 20.79, p � 0.01, one-
factor ANOVA; p � 0.01, CGP55845 prestimulation vs CGP55845

Figure 2. LTD at VTA-to-NAcCo inhibitory synapses could not be induced by activation of
these synapses alone. A, Images showing that intra-VTA injection of flexed ChR2R resulted in
expression of ChR2R (red fluorescent signals) in fibers within the NAcCo in a horizontal brain
slice from a GAD-cre mouse. Scale bar, 500 �m. B, Diagram showing that with this optogenetic
approach, optical stimulation activated VTA-to-NAcCo GABAergic transmission selectively. C,
Example traces showing that in brain slices prepared from rats (top) in which ChR2-AAV was
injected, in addition to IPSCs, optical stimulation often elicited EPSCs (recorded at �70 mV,
sensitive to NBQX), suggesting an infection of VTA-to-NAcCo dopaminergic/glutamatergic pro-
jection. In brain slices prepared from GAD-cre mice in which ChR2-flexed AAV was injected
(bottom), optical stimulation rarely elicited EPSCs, suggesting that only the GABAergic projec-
tion was infected. D, Summarized results showing that when the GABAergic VTA-to-NAcCo
projection was stimulated selectively (flexed ChR2R in GAD-cre mice), LFS failed to induce LTD.
Inset: Example of IPSCs before and after LFS stimulation.
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Figure 3. LTDbyheterosynapticdopamine. A, Imagesshowingthat intra-VTAinjectionofflexedChR2RresultedinexpressionofChR2R(redfluorescentsignals) infiberswithintheNAcCoinahorizontalbrain
slice from a TH-cre mouse. Scale bar, 500�m. B, Diagram showing the locations of recorded NAcCo neurons that exhibited no synaptic responses, IPSCs with significant rundown, and stable IPSCs in a subset of
experiments. C, Summarized results showing that IPSCs from VTA-to-NAcCo dopaminergic projections declined rapidly during recording. Stimulation frequency, 0.1 Hz. D, Diagram showing the experimental
setupforminimalstimulationassayinwhichGABAergicsynaptictransmissionwasevokedbyelectricalstimulationinaminimalstimulationprotocolandactivationofdopaminesignalingwasachievedbyoptical
stimulation. E, Diagram showing an example of the minimal stimulation setup in which two synapses are included by the stimulation. Three types of postsynaptic responses can be generated: (1) failures, when
both synapses fail to release neurotransmitter; (2) small responses, when one of the two synapses is activated successfully; and (3) large responses, when both synapses are activated simultaneously. The
incidences of failures, small responses, or large responses are determined by the presynaptic release probability. F, Example of IPSCs evoked by the minimal stimulation protocol in NAcCo neurons before and after
the induction of LTD. G, Summarized results showing that LTD was induced by the optically applied LFS (only dopaminergic fibers were activated by this LFS). All responses including failures were included in this
summary. H, Summarized results showing that the LTD was accompanied by an increase in the failure rate. I, J, Summarized results showing that the LTD induction did not change the amplitude of small
responses, but reduced the incidence of large responses. The amplitudes of IPSCs evoked by the minimal stimulation protocol were well fit by two-Gaussian distributions before LTD induction (I ), presumably
corresponding to the small and large responses, and one Gaussian distribution after LTD (J ). Inset in J shows that the amplitude of small responses did not change, whereas the incidence of large responses was
reduced. K, Summarized results showing that the amplitude of small responses was not altered by LTD induction.
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poststimulation; p 	 1.0, control poststimulation vs CGP55845
poststimulation, Bonferroni posttests; Fig. 1G). However, inhibition
of GABAB receptors abolished the continuously developing feature
of this LTD (Fig. 1G). Upon activation of dopaminergic terminals, it
is possible that glutamate is co-released to activate postsynaptic
group I metabotropic glutamate receptors (mGluRs). This may in-
duce a release of endocannabinoids, triggering presynaptically ex-
pressed LTD (Castillo et al., 2011). However, coinhibition of mGluR
1 and 5 by superfusion of their selective antagonists LY367385 (100
�M) and MPEP (10�M) did not prevent this LTD (F(3,24) 	17.4, p�
0.01, one-factor ANOVA; p � 0.01, prestimulation vs poststimula-
tion in antagonists; p 	 1.0, control poststimulation vs antagonists
poststimulation, Bonferroni posttests; Fig. 1H). In contrast to
GABAB and mGluRs, inhibition of dopamine D1-class receptors
(D1Rs) by SCH23390 (1 �M) prevented the induction of LTD
(F(3,20) 	 30.06, p � 0.01, one-factor ANOVA; p 	 1.0, SCH23390
prestimulation vs SCH23390 poststimulation; p � 0.01, control
poststimulation vs SCH23390 poststimulation, Bonferroni post-
tests; Fig. 1I). Furthermore, inhibition of dopamine D2-class recep-
tors (D2Rs) by eticlopride (3 �M) did not completely prevent LTD
(F(3,18) 	 12.56, p � 0.01, one-factor ANOVA; p 	 0.20, control
poststimulation vs eticlopride poststimulation; p 	 0.28, eticlopride
prestimulation vs eticlopride poststimulation, Bonferroni posttests;
Fig. 1J).

These results suggest that induction of this LTD required do-
pamine signaling, which was likely a novel form of heterosynaptic
plasticity involving the parallel VTA-to-NAcCo dopaminergic
terminals; the heterosynatpic nature of this plasticity is likely
mediated by nearby dopaminergic terminals via local heterosyn-
aptic transmission or “spillover” of dopamine from distal dopa-
minergic terminals (Fig. 1K). We next tested this possibility by
studying VTA-to-NAcCo GABAergic and dopaminergic/gluta-
matergic inputs using optogenetic tools.

To isolate GABAergic input, we used GAD-cre mice (Taniguchi
et al., 2011), in which we injected an inducible AAV-ChR2R
(flexed-ChR2R) into the VTA. Therefore, only GABAergic neu-
rons, but not dopaminergic/glutamatergic neurons, expressed
ChR2R and projected ChR2R-expressing fibers to the NAcCo
(Fig. 2A,B). Although it has been reported that very few VTA
GABAergic neurons project to NAc MSNs (Brown et al., 2012),
stable IPSCs were detected in the present study. Given that our
recordings were focused on the caudal NAcCo (Fig. 1C), the dis-

crepant results may reflect that NAcCo
neurons within different subregions
possess different synaptic connections.
Nonetheless, the efficacy was assessed
electrophysiologically. Briefly, because do-
pamine is co-released with glutamate at
these terminals (Sulzer et al., 1998; Lavin et
al., 2005; Nair-Roberts et al., 2008; Stuber et
al., 2010), activation of dopaminergic fibers
can be detected operationally by the pres-
ence of EPSCs (Fig. 2C). In rat brain slices
with intra-VTA injection of regular AAV-
ChR2Y, laser stimulation elicited both
IPSCs (picrotoxin sensitive) and EPSCs
(NBQX sensitive) in most of the recorded
neurons (35/36). In contrast, in GAD-cre
mice receiving AAV-flexed ChR2R, NBQX-
sensitive currents were rarely observed (4/
30; Fig. 2C), suggesting that the VTA
GABAergic projection was isolated success-
fully. Using this approach, we found that

laser-mediated LFS did not induce LTD at VTA-to-NAcCo inhibi-
tory synapses (p 	 0.09, paired t test; Fig. 2D), indicating that acti-
vation of GABAergic transmission alone did not induce LTD and
that the LTD is likely heterosynaptic in nature.

To determine whether heterosynaptic dopamine signaling
was the key, we combined optogenetic techniques with the min-
imal stimulation assay. We used TH-cre mice (Lindeberg et al.,
2004) that received intra-VTA injection of AAV-flexed ChR2R.
Therefore, only dopaminergic neurons expressed ChR2R and
projected ChR2R-expressing fibers to the NAcCo (Fig. 3A). The
dopaminergic/glutamatergic specificity of this approach was
confirmed by the consistent appearance of EPSCs in NAcCo neu-
rons upon optical stimulation (11/12). In addition, as described
previously (Tritsch et al., 2012), activation of VTA-to-NAcCo
dopaminergic/glutamatergic terminals also elicited picrotoxin-
sensitive (100 �M) IPSCs in more than half (23/33) of recorded
NAcCo neurons (Fig. 3B). However, IPSCs evoked from VTA-
to-NAcCo dopaminergic projection exhibited a significant run-
down by �50% within the first minute and declined by �90%
within 5 min (Fig. 3C). This decaying kinetics is consistent with
the notion that GABA released from the VTA-to-NAcCo dopa-
minergic projection is “packaged” together with dopamine and
released from the same vesicles (Tritsch et al., 2012). Because the
baseline of our LTD experiments was typically established after
10 min of recording, it is not likely that GABA release from the
dopaminergic projection contributed significantly to either the
baseline IPSCs or IPSCs after LTD shown in Figure 1. Further-
more, these results do not support a role for GABAergic signaling
in the induction of this LTD (Fig. 1G, Fig. 2D). Therefore, we did
not focus on this atypical transmission in the subsequent assays.

Within the NAc slices containing ChR2R-expressing dopami-
nergic fibers, we established a minimal stimulation procedure
(Fig. 3D). Through an electrical stimulation electrode, we applied
weak stimulations such that only a small number of inhibitory
synapses were included (recorded at around the reversal potential
of EPSCs). Although this approach allowed for the examination
of individual inhibitory synapses, these synapses did not neces-
sarily originate from the VTA. In the example shown in Figure 3E,
two functional synapses were included, which should produce
three types of postsynaptic responses throughout the trial: (1)
failures, when both synapses fail to release neurotransmitters; (2)
small responses, when one of the two synapses is successfully

Figure 4. LTD at VTA-to-NAcCo inhibitory synapses is disrupted after cocaine withdrawal. A, Summarized results showing that
LTD at VTA-to-NAcCo inhibitory synapses was slightly attenuated after 1 d withdrawal from repeated intraperitoneal injections of
cocaine. Insets show examples of IPSCs at the time points indicated by the numbers. B, Summarized results showing that LTD at
VTA-to-NAcCo inhibitory synapses was significantly attenuated after a 3-week withdrawal from repeated intraperitoneal injec-
tions of cocaine. Insets show examples of IPSCs at the time points indicated by the numbers.
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activated (depending on the actual properties and locations of
these two putative synapses, small responses may not be identi-
cal); and (3) large responses, when both synapses are activated
simultaneously. The incidence of failures, small responses, or
large responses is determined by the presynaptic release proba-
bility. This technique offers two detectable parameters with
which to assess the presynaptic or postsynaptic expression mech-
anisms of LTD: the failure rate, for which a decreased release
probability would be accompanied by an increased rate of failures
and a decreased rate of large responses, and the amplitude of
small responses, which is likely mediated by a single unitary
response.

We recorded IPSCs from NAcCo neurons evoked by minimal
stimulation and then applied LFS to the VTA-to-NAcCo dopa-
minergic/glutamatergic input using optical stimulations. Our re-
sults show that the overall amplitude of IPSCs (including
responses and failures) was decreased in an LTD-like manner
(p 	 0.01, paired t test; Fig. 3F,G). This LTD was accompanied
by an increased failure rate, suggesting a decrease in presynaptic
release probability (p 	 0.04, paired t test; Fig. 3H). Further-
more, when the Gaussian distributions of all responses (from all
recorded cells) were plotted before and after the LTD induction,
it became apparent that the LTD procedure reduced the inci-
dence of large responses without affecting the amplitude of small
responses (p 	 0.59, paired t test; Fig. 3I–K). These results sug-
gest that activation of heterosynaptic dopamine signaling is suf-
ficient to induce presynaptically expressed LTD identified at
VTA-to-NAcCo inhibitory synapses (Fig. 1).

By compromising the ability of synapses to undergo plastic
changes, exposure to cocaine or other drugs of abuse could po-
tentially reduce the flexibility of the brain during its response to
emotional/motivational stimuli (Kasanetz et al., 2010). Consis-
tent with this, we observed in rats that the LTD at VTA-to-
NAcCo inhibitory synapses was minimally reduced after 1 d
withdrawal after repeated exposure to cocaine (F(3,24) 	 36.24,
p � 0.01, one-factor ANOVA; p 	 0.39, saline poststimulation vs
cocaine poststimulation; p � 0.001, cocaine prestimulation vs
cocaine poststimulation, Bonferroni posttests; Fig. 4A), but
largely abolished when the withdrawal time extended to 3 weeks
(F(3,28) 	 21.38, p � 0.01, one-factor ANOVA; p � 0.01, saline
poststimulation vs cocaine poststimulation; p 	 0.13, cocaine
prestimulation vs cocaine poststimulation, Bonferroni posttests;
Fig. 4B). Note that the pattern of LTD was slightly altered in an
age-dependent manner.

Discussion
GABAergic neurons constitute approximately one-third of the
neuronal population of the VTA, receive synaptic projections
from the same brain regions that innervate dopaminergic neu-
rons, project together with dopaminergic neurons to the same
brain regions, and are activated simultaneously with dopaminer-
gic neurons upon reward stimulation (Steffensen et al., 1998;
Carr and Sesack, 2000; Nair-Roberts et al., 2008). Despite such an
“intimate” anatomic setup, little is known regarding how VTA
dopamine and GABA transmissions interact. Our present results
demonstrate a form of LTD at the VTA-to-NAcCo GABAergic
projection that is triggered by the parallel dopaminergic signal-
ing. This heterosynaptic LTD was disrupted after withdrawal
from cocaine administration. These findings may provide insight
into understanding the mechanisms of reward- and cocaine-
induced cellular and circuitry responses, as described below.

First, although experience-dependent plasticity at inhibitory
synapses has been observed in many brain regions (Castillo et al.,

2011), a strikingly different feature of the currently identified
LTD is that it relies on heterosynaptic dopaminergic signaling. It
has long been thought that dopamine acts as a neuromodulator
but does not induce long-term synaptic plasticity directly
(Calabresi et al., 2007). Our present study represents one of the
first demonstrations that heterosynaptic dopamine signaling can
trigger synaptic plasticity independently, unveiling another bio-
logical function of dopamine. This feature is particularly impor-
tant for the physiological role of VTA-to-NAcCo GABAergic
transmission. VTA GABAergic neurons spike continuously in
vivo (Steffensen et al., 1998). This constant firing is translated
into stable background inhibitory control of NAc neurons only if
the firing does not induce adaptive changes, which based on our
results is the case (Fig. 2). Furthermore, upon exposure to incen-
tive stimuli, VTA dopaminergic neurons increase firing and the
resulting heterosynaptic dopamine signaling may induce
incentive-contingent LTD of VTA-to-NAcCo inhibitory trans-
mission. Indeed, based on the results in the minimal stimulation
assay (Fig. 3), this dopamine-mediated heterosynaptic LTD may
be a common feature for most GABAergic synapses on NAcCo
neurons. With this heterosynaptic LTD, the incentive-elicited
activation of the NAc can be regulated in a time-contingent manner.

Second, as mentioned above, if the LTD demonstrated here
indeed serves as an efficient mechanism to relieve the basal inhi-
bition of NAcCo MSNs upon incentive stimuli such that NAc
neurons can engage in the processing of related emotional/moti-
vational information, a conceivable consequence of the disrup-
tion of this LTD is that the activity pattern of VTA-to-NAcCo
transmission is locked, resulting in compromised flexibility/ca-
pability of NAcCo to process incentive stimuli after cocaine with-
drawal. This may correspond to several withdrawal symptoms
that promote relapse: a rigid emotional state favorable to drug
taking, reduced responses to non-drug-related emotional and
motivational stimuli, and persistent hypoactivity of NAc (Koob
and Le Moal, 2006).

The heterosynaptic LTD described herein suggests a novel role
of dopamine as a plasticity trigger, and this unique interaction
between dopaminergic and GABAergic signaling within the
VTA-to-NAcCo projection may provide a new angle in exploring
the structural and physiological basis of the mesocorticolimbic
dopamine system and addiction-related neural adaptations.
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