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Optogenetic dissection of neural circuitry: from synaptic
causalities to blue prints for novel treatments of

behavioral diseases
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Optogenetics has enabled the characterization of the neural
circuits involved in brain diseases, such as addiction,
depression or obsessive compulsive disorders. Recently, the
technique has also been used to propose blueprints for novel
treatments aiming at restoring circuit function through the
reversal of specific forms of synaptic plasticity. Since
optogenetic manipulations cannot be immediately translated to
human use, we argue that an intermediate strategy could
consist of emulating optogenetic protocols with deep brain
stimulation (DBS). This translational path to rational,
optogenetically inspired DBS protocols starts by refining
existing approaches and carries the hope to expand to novel
indications.
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Disorders caused by neuronal circuit
dysfunction

Diseases of the brain represent a tremendous personal
and financial burden to society [1]. Some conditions are
defined by the death of neurons such as stroke, Parkin-
son’s disease, or Alzheimers disease. In contrast, a large
number of disorders are characterized by dysfunction of
neuronal circuits: a functional ensemble of neurons con-
nected via synapses [2]. Neuronal circuit dysfunction is
characteristic of depression, obsessive-compulsive disor-
der, schizophrenia and addiction, for example. Since no
neurons are lost, no macroscopic structural alteration
occurs, which precludes the diagnosis with classical
imaging methods. Pre-clinical models are therefore
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particularly useful because they allow invasive functional
investigation of the disease pathology with cellular reso-
lution. To this end, the advent of optogenetics has
allowed for the dissection of underlying neural circuits
and their alterations in mouse models of brain diseases.
Combining cell type-specific viral expression of the light-
sensitive effectors with stereotactic region targeting and
precise focus of optic fibers, optogenetic manipulations
allow for the control of defined neurons 7z vive. In this
review, we focus on addiction as a case study in the
synaptic and circuit basis of disease and discuss how
optogenetic manipulations of neuronal circuitry can in-
spire novel treatments for this disorder.

The synapse as site of pathology in addiction
Aleading hypothesis posits that addictive drugs hijack the
mesocortico-limbic dopamine (DA) system [3]. This
starts with a strong increase of extracellular DA levels,
an acute effect shared by all drugs tested to date [4,5].
"This is followed by activation of intracellular pathways [6]
leading to a long lasting remodeling of synaptic transmis-
sion that outlasts the presence of the drug in the brain,
even in the case of a single exposure [7]. With repeated
drug consumption, drug-evoked synaptic plasticity can
persist for weeks and months. Even if consumption is
ceased, synaptic transmission remains altered and con-
tributes to craving and relapse, two defining symptoms of
addiction. We will briefly review some of the key features
of drug-evoked synaptic plasticity to develop the ratio-
nale for reversal strategies.

After a single exposure to an addictive drug, glutamater-
gic afferents from the laterodorsal tegmentum onto DA
neurons of the VT'A that project to the NAc are strength-
ened for approximately seven days [8-10]. This potenti-
ation is expressed by the redistribution of both AMPA and
NMDA receptors. GluA2-containing AMPARSs present in
naive animals are exchanged for GluA2-lacking AMPARs
[11], while NMDARs switch from a GluN1/GluN2A
heteromeric to a GluN1/GluN2B/GluN3A heterotrimeric
subunit composition [12]. Consequently, AMPARs can
flux calcium, whereas NMDAR are calcium impermeable
after drug exposure. Because of the inward rectification of
GluA2-lacking AMPARs, synaptic calcium influx is fa-
vored by hyperpolarization of the membrane, which is in
stark contrast to the situation before drug exposure,
where calcium enters the cell through NMDAR only if
they are depolarized. As a consequence, the rules for the
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induction of activity dependent plasticity at this synapse
are inverted; pairing glutamate release with postsynaptic
depolarization no longer elicits long-term potentiation
(L'TP), which can be rescued if the postsynaptic neuron
is hyperpolarized instead [13].

All addictive drugs tested till date potentiate synaptic
transmission at excitatory afferents onto VI'A DA neu-
rons, including nicotine, morphine, cocaine, ampheta-
mines, benzodiazepines and ethanol [9,14,15]. Even
strong, selective optogenetic stimulation of VI'A DA
neurons evokes an identical plasticity [16], further dem-
onstrating that addictive drugs converge on the activation
of VTA DA neurons. The return to baseline transmission
following this potentiation relies on the activation of
metabotropic glutamate type 1 receptors (mGluR1),
which require strong excitatory inputs for activation,
owing to their perisynaptic location [11,17]. In the slice
preparation, this is best achieved with a short train of
action potentials (5-10 stimuli at 10-15 Hz). This depo-
tentiation is protein synthesis dependent, most probably
relying on local de novo synthesis of GluAZ subunits from
prefabricated mRNA, and their subsequent assembly into
functional AMPARs and exchange for GluA2-lacking
receptors [18].

While the molecular mechanisms underlying this early
form of drug-evoked synaptic plasticity are well estab-
lished, much less is known about the behavioral conse-
quences. Using positive allosteric modulators of mGluR1
it is possible to rapidly reverse drug-evoked synaptic
plasticity in the VTA [19]. However, reversing plasticity
in the VTA does not affect reinforcement, or early adap-
tive behaviors such as locomotor sensitization or condi-
tioned place preference [20]. Altered synaptic
transmission in the VI'A may therefore represent a meta-
plasticity enabling changes in target region of the projec-
tion, which then would be more causally implicated in
drug-adaptive behaviors [21]. In line with this idea,
genetic ablation of GluN1 selectively in midbrain DA
neurons precludes cocaine-evoked plasticity not only in
the VTA, but also in the NAc [19]. The same study also
showed that rapid reversal of the cocaine-evoked plastic-
ity in the V'TA prevents synaptic changes in the NAc even
after repeated injections.

VTA DA neurons target the NAc, which is composed of
medium sized spiny neurons (MSNs, 95% of all neurons),
which fall into two classes based on their expression of
either D1 or D2 dopamine receptor [22,23]. MSNs re-
ceive excitatory inputs from limbic and cortical areas that
form synapses onto the dendritic spines, which are also
targeted by ascending DA afferents. The characteristic
synaptic arrangement with glutamatergic synapses on the
head of the spine and DA terminals at the spine neck
underlines the modulatory role of DA onto glutamate
transmission [24]. At excitatory afferents onto D1-MSNss,

drug-evoked synaptic potentiation is observed typically
after multiple exposures ([25] but in some cases one
injection is sufficient provided the withdrawal period is
long enough, [26]) and persists after weeks of withdrawal.
For example, in the case of 10 days of cocaine self-
administration followed by a month of withdrawal,
the ratio of the amplitude of AMPAR-EPSCs to
NMDAR-EPSCs is higher than in naive mice and the
current—voltage curve of the AMPAR-EPSC shows in-
ward rectification [27,28]. Interestingly, the two changes
are carried by specific inputs, increased AMPA/NMDA
ratio is a feature of afferents from the ventral hippocam-
pus, while rectification appears selectively at the medial
prefrontal cortex (mPFC) inputs [28]. At this mPFC
input, unsilencing of synapses containing only NMDARs
by insertion of GluA2-lacking AMPAR may contribute to
the increase in rectification [29,30].

Synaptic potentiation at accumbal synapses can be re-
versed using appropriate stimulation protocols, previously
established to induce long-term depression (LTD;
[31,32]). For example, stimulation frequencies between
10 and 15 Hz induces mGluR-L'TD which, among other
effects removes GluA2-lacking AMPARs, while 1 Hz
stimulation can induce a form of L'T'D that is NMDA-
dependent [33]. For mGluR-L'TD, it is crucial that these
protocols selectively activate glutamatergic inputs be-
cause D1Rs inhibit the signaling required for mGluR-
LTD [34,35].

Using pharmacological tools [36,27,37] and optogenetic
reversal protocols [26], cocaine-evoked synaptic plasticity
in the NAc has been implicated in drug-adaptive behav-
ior. Behavioral sensitization and cue-associated seeking
for example have been attributed to the mPFC input,
whereas strengthening of excitatory inputs from the ven-
tral subiculum of the hippocampus (vHipp) may mediate
the motivation for cocaine-seeking [26,28,38]. Plasticity
at the BLA to NAc input, on the other hand, correlates
with the increase of seeking over withdrawal time, a
phenomenon termed incubation of craving [29].

Drug-evoked plasticity also affects the output of the NAc,
specifically a population of D1R-MSNs neurons which
project preferentially onto the VT'A GABA neurons [39].
Following cocaine exposure, these D1-MSNs express a
pre-synaptic form of synaptic potentiation, leading to the
disinhibition of VI'A DA neurons, which may thus con-
tribute to their enhanced excitation. When this plasticity
1s reversed, locomotor sensitization is abolished.

Optogenetic restoration of synaptic
transmission and circuit function

Beyond strengthening the links of causality between
drug-evoked synaptic plasticity and drug adaptive behav-
ior, reversing drug-evoked synaptic plasticity could also
have therapeutic potential. Would it be possible to
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develop manipulations of synaptic function to permanent-
ly restore normal transmission and thus abolish addictive
behavior? Specific ‘circuit-breaking’ interventions are in-
herently difficult to achieve using classical small molecule
pharmacology. Since systemic administration affects the

Figure 1
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entire brain non-specifically, side effects are probable and
the therapeutic effect may be obscured. In pre-clinical
models, circuit-specific manipulations can be achieved
using optogenetics: by applying specific stimulation pro-
tocols in awake mice, synapses can be potentiated or
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Establishing links of causality between drug-evoked synaptic plasticity and drug-adaptive behavior. Top panel: anatomical identification of the
relevant circuits. Two AAV2 virus expressing eGFP and mCherry were injected into the BLA and ventral Hippocampus, respectively. The imaged
from the NAc then shows a MSN filled with biocytin after streptavidin staining (blue). The next step consists of characterizing the connections in
acute slices after targeting specific projections with ChR2 assessing synaptic strength. In slices, parameters such as AMPA/NMDA ratio and
rectification are used to explore the expression mechanisms of drug-evoked synaptic plasticity. Base on these findings a reversal protocol is
established and validated in slices obtained ex vivo after drug exposure. This protocol is the implement in vivo typically by performing terminal
stimulation in freely moving animals with the goal to test for the impact on drug-adaptive behavior.
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depressed. Several groups have now provided proof of
principle that this approach can also be used to restore
normal transmission in situations of pathology. For exam-
ple, reversing potentiated auditory inputs to the lateral
amygdala with an /# vivo L'TD protocol reduced condi-
tioned fear responding in a model of post-traumatic stress
disorder [40]. Optogenetically driving cortico-striatal pro-
jections suppresses pathological grooming in a model of
obsessive compulsive disorder [41], whereas activation of
cortico-striatal projections at frequencies known to induce
an L'TD cause pathological grooming in wild-type mice
[42]. In models of addiction, applying L'TD protocols at
excitatory synapses in the nucleus accumbens reverses
cocaine-evoked potentiation of excitatory transmission
and addiction-related behavior, as discussed above
[26,28-30]. Applying L'TD protocols at inputs from the
basolateral amygdala or ventral hippocampus reduced
responding for cocaine after withdrawal from self-admin-
istration (Figures 1 and 2).

Despite the powerful, specific control of neuronal circuits
that is possible with optogenetics, translation of this
therapy into humans is not possible, at least for the near
future [2]. The delivery and safety of viral effectors and
their stable expression over long periods of time has yet to
be realized, and light-delivery systems would have to be
optimized [43]. Moreover, the techniques commonly
used to achieve cell type specificity in rodents involve
the use of transgenic animals; achieving similar levels of
specificity in humans remains a significant challenge.
However, we may be able to capitalize on optogenetic
insight to inspire novel protocols for deep brain stimulation

Figure 2

(DBS), to achieve a similar synaptic reversal in pathological
conditions.

Proof of principle: using DBS to restore circuit
dysfunction

DBS is the only FDA approved treatment that allows for
direct circuit modulation in humans. It involves surgically
implanting electrodes into specific nuclei in the brain, and
passing current continuously through these electrodes at
high frequencies. Originally used in cases of Parkinson’s
disease, the indications for DBS have expanded to in-
clude a variety of neurological and psychiatric disorders,
including depression, tremor and obsessive-compulsive
disorder [44].

The precise mechanisms of action of DBS remain elusive.
It is inherently non-specific, as electrical field stimulation
affects all cell types in a heterogenous nucleus, and may
also modulate activity of afferent and efferent projections
as well as fibers of passage [45,46]. Computational models
and evidence from iz vive recordings suggest that DBS
can have both excitatory and inhibitory effects on neuro-
nal activity, depending on stimulation geometry and
composition of the brain nucleus [47]. Despite these
limitations, it may be possible to design a novel DBS
protocol that would emulate optogenetic reversal strate-
gies. To propose such a novel protocol, one would need to
refine the technique to manipulate neural activity and
synaptic transmission at identified circuit nodes. This is
challenging because of the heterogeneity of neurons in
the brain and the fact that functional circuits are anatom-
ically intertwined. One possible approach may therefore

(a) (b)

Optogenetic

mGluR1

Classical

stimulation DBS

()

Optogenetically
inspired DBS

D1R antagonist

Current Opinion in Neurobiology

Schematics of approach for optogenetically inspired DBS (0iDBS). (a) Optogenetic stimulation is limited to excitatory afferents because ChR2 is
only expressed in these neurons (blue). This stimulates the mGIuR1, which triggers the removal of glutamate receptors (green) previously inserted
by the exposure to cocaine. (b) Classical DBS is inefficient because the electrical stimulation also evokes release of dopamine (red), which
through the D1R inhibits the signaling of mGluR1s. (c) Optogenetically inspired DBS associates electrical stimulation with a D1R antagonist (e.g.
ecopipam, red diamonds) thus blocking the D1R signaling and restoring the ability to depotentiate the synapse.
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be to combine DBS with specific pharmacology to refine
its effects.

In the field of addiction, DBS has been used in a few
instances to reduce symptoms of craving in severely
treatment-refractive patients [48,49]. However, the
effects are variable and transient. While pre-clinical stud-
ies have implicated altered activity in areas projecting to
the NAc (such as the mPFC) in the effects of DBS [50],
the mechanisms underlying the therapeutic effects are
not well understood. In recent proof of principle study, a
novel DBS protocol was developed to reverse cocaine-
evoked plasticity in the NAc and consequently reduce
addiction-related behavior, through a defined mechanism
of action [51]. By building on insight from optogenetic
reversal strategies of cocaine-evoked plasticity in the NAc
(see above), a stimulation frequency of 12 Hz stimulation
for 10 min was used to induce a long-term depression
(L'TD) of excitatory synapses in this structure. As with
optogenetics, this protocol aimed at inducing mGluR-
L'TD. Stimulation alone had no effect on cocaine-evoked
plasticity or drug-adaptive behavior; however, it is also
known that signaling through dopamine D1 receptors can
oppose mGluR-evoked depression of excitatory synapses
[35,52]. We therefore hypothesized that non-specific
DBS stimulation may not only cause glutamate release
(to activate mGluRs), but could also release dopamine,
which would signal through D1 receptors on MSNs. DBS
may therefore activate two opposing signaling cascades.
In agreement with this hypothesis, electrical stimulation
in the presence of a Dl-antagonist unmasked mGluR-
L'TD. With this optogenetically inspired DBS protocol,
cocaine-evoked plasticity in the NAc was reversed and
cocaine-adaptive behavior abolished. Importantly, the
effects of this optogenetically inspired DBS protocol
persisted for several days, and the pharmacological adju-
vant is approved for multiple indications [53,54]. Such
proof-of-principle based on optogenetic manipulations
and circuit dissection can lead to novel blue prints for
DBS protocols applicable to human patients.

Conclusions and perspective

With a rational approach as described above, it may be
possible to propose novel DBS protocols by carefully
choosing the stimulation site and with a clear goal as to
which synaptic alterations need to be normalized. Poten-
tial indications include obsessive-compulsive disorder,
depression and, as discussed, addiction. There is no doubt
that DBS will evolve and will not only provide long-
lasting relief from symptoms of psychiatric disorders, but
will also provide insight into their underlying mecha-
nisms, which will facilitate the development and optimi-
zation of future circuit-based treatment strategies.

Conflict of interest statement
Nothing declared.

Optogenetics and DBS Lischer, Pascoli and Creed 99

Acknowledgements

The Liischer lab is supported by the Swiss National Science Foundation
(Division III core grant, number 310030_149985 and National Competence
Center Synapsy), the European Research Council (MeSSI Advanced grant),
the Simons Foundation (SFARI), the Divesa Foundation, Carigest SA and
the Academic Society of Geneva.

References

1. The cost of brain diseases: a burden or a challenge? Neuron
2014, 82:1205-1208.

2. Luthi A, Luscher C: Pathological circuit function underlying
addiction and anxiety disorders. Nat Neurosci 2014,
17:1635-1643.

3. Wise RA, Koob GF: The development and maintenance of drug
addiction. Neuropsychopharmacology 2014, 39:254-262.

4. DiChiara G, Imperato A: Drugs abused by humans preferentially
increase synaptic dopamine concentrations in the mesolimbic
system of freely moving rats. Proc Nat/ Acad Sci U S A 1988,
85:5274-5278.

5. Luscher C, Ungless MA: The mechanistic classification of
addictive drugs. PLoS Med 2006, 3:e437.

6. Girault J-A: Signaling in striatal neurons: the phosphoproteins
of reward, addiction, and dyskinesia. Prog Mol Biol Transl Sci
2012, 106:33-62.

7. Ungless MA, Whistler JL, Malenka RC, Bonci A: Single cocaine
exposure in vivo induces long-term potentiation in dopamine
neurons. Nature 2001, 411:583-587.

8. Lammel S, lon DI, Roeper J, Malenka RC: Projection-specific
modulation of dopamine neuron synapses by aversive and
rewarding stimuli. Neuron 2011, 70:855-862.

9. SaalD, DongY, Bonci A, Malenka RC: Drugs of abuse and stress
trigger a common synaptic adaptation in dopamine neurons.
Neuron 2003, 37:577-582.

10. Lammel S, Lim BK, Ran C, Huang KW, Betley MJ, Tye KM,
Deisseroth K, Malenka RC: Input-specific control of reward and
aversion in the ventral tegmental area. Nature 2012,
491:212-217.

11. Bellone C, Lischer C: Cocaine triggered AMPA receptor
redistribution is reversed in vivo by mGluR-dependent long-
term depression. Nat Neurosci 2006, 9:636-641.

12. Yuan T, Mameli M, O’Connor EC, Dey PN, Verpelli C, Sala C,
Perez-Otano |, Lischer C, Bellone C: Expression of cocaine-
evoked synaptic plasticity by GIuN3A-containing NMDA
receptors. Neuron 2013, 80:1025-1038.

13. Mameli M, Bellone C, Brown MTC, Lischer C: Cocaine inverts
rules for synaptic plasticity of glutamate transmission in the
ventral tegmental area. Nat Neurosci 2011, 14:414-416.

14. Faleiro LJ, Jones S, Kauer JA: Rapid AMPAR/NMDAR response
to amphetamine: a detectable increase in AMPAR/NMDAR
ratios in the ventral tegmental area is detectable after
amphetamine injection. Ann N Y Acad Sci 2003, 1003:391-394.

15. Heikkinen AE, Méykkynen TP, Korpi ER: Long-lasting
modulation of glutamatergic transmission in VTA dopamine
neurons after a single dose of benzodiazepine agonists.
Neuropsychopharmacology 2009, 34:290-298.

16. Brown MTC, Bellone C, Mameli M, Labouébe G, Bocklisch C,
Balland B, Dahan L, Lujan R, Deisseroth K, Luscher C: Drug-
driven AMPA receptor redistribution mimicked by selective
dopamine neuron stimulation. PLoS ONE 2010, 5:e15870.

17. Lujan R, Nusser Z, Roberts JD, Shigemoto R, Somogyi P:
Perisynaptic location of metabotropic glutamate receptors
mGIluR1 and mGIluR5 on dendrites and dendritic spines in the
rat hippocampus. Eur J Neurosci 1996, 8:1488-1500.

18. Mameli M, Balland B, Lujan R, Lischer C: Rapid synthesis and
synaptic insertion of GIuR2 for mGIuR-LTD in the ventral
tegmental area. Science 2007, 317:530-533.

www.sciencedirect.com

Current Opinion in Neurobiology 2015, 35:95-100


http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0275
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0275
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0280
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0280
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0280
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0285
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0285
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0290
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0290
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0290
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0290
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0295
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0295
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0300
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0300
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0300
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0305
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0305
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0305
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0310
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0310
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0310
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0315
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0315
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0315
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0320
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0320
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0320
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0320
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0325
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0325
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0325
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0330
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0330
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0330
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0330
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0335
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0335
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0335
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0340
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0340
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0340
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0340
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0345
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0345
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0345
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0345
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0350
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0350
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0350
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0350
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0355
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0355
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0355
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0355
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0360
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0360
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0360

100 Circuit plasticity and memory

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Mameli M, Halbout B, Creton C, Engblom D, Parkitna JR,
Spanagel R, Lischer C: Cocaine-evoked synaptic plasticity:
persistence in the VTA triggers adaptations in the NAc.
Nat Neurosci 2009, 12:1036-1041.

Engblom D, Bilbao A, Sanchis-Segura C, Dahan L, Perreau-
Lenz S, Balland B, Parkitna JR, Lujan R, Halbout B, Mameli M et al.:
Glutamate receptors on dopamine neurons control the
persistence of cocaine seeking. Neuron 2008, 59:497-508.

Creed MC, Lischer C: Drug-evoked synaptic plasticity: beyond
metaplasticity. Curr Opin Neurobiol 2013, 23:553-558.

Bertran-Gonzalez J, Bosch C, Maroteaux M, Matamales M,
Hervé D, Valjent E, Girault J-A: Opposing patterns of signaling
activation in dopamine D1 and D2 receptor-expressing striatal
neurons in response to cocaine and haloperidol. J Neurosci
2008, 28:5671-5685.

Gerfen CR, Engber TM, Mahan LC, Susel Z, Chase TN,
Monsma FJ, Sibley DR: D1 and D2 dopamine receptor-
regulated gene expression of striatonigral and striatopallidal
neurons. Science 1990, 250:1429-1432.

Freund TF, Powell JF, Smith AD: Tyrosine hydroxylase-
immunoreactive boutons in synaptic contact with identified
striatonigral neurons, with particular reference to dendritic
spines. Neuroscience 1984, 13:1189-1215.

Thomas MJ, Beurrier C, Bonci A, Malenka RC: Long-term
depression in the nucleus accumbens: a neural correlate
of behavioral sensitization to cocaine. Nat Neurosci 2001,
4:1217-1223.

Pascoli V, Turiault M, Lischer C: Reversal of cocaine-evoked
synaptic potentiation resets drug-induced adaptive
behaviour. Nature 2012, 481:71-75.

Conrad KL, Tseng KY, Uejima JL, Reimers JM, Heng L-J,
Shaham Y, Marinelli M, Wolf ME: Formation of accumbens
GluR2-lacking AMPA receptors mediates incubation of
cocaine craving. Nature 2008, 454:118-121.

Pascoli V, Terrier J, Espallergues J, Valjent E, O’Connor EC,
Lischer C: Contrasting forms of cocaine-evoked plasticity
control components of relapse. Nature 2014, 509:459-464.

Lee BR, Ma Y-Y, Huang YH, Wang X, Otaka M, Ishikawa M,
Neumann PA, Graziane NM, Brown TE, Suska A et al.: Maturation
of silent synapses in amygdala-accumbens projection
contributes to incubation of cocaine craving. Nat Neurosci
2013, 16:1644-1651.

Ma Y-Y, Lee BR, Wang X, Guo C, Liu L, Cui R, Lan Y, Balcita-
Pedicino JJ, Wolf ME, Sesack SR et al.: Bidirectional modulation
of incubation of cocaine craving by silent synapse-based
remodeling of prefrontal cortex to accumbens projections.
Neuron 2014, 83:1453-1467.

Thomas MJ, Malenka RC: Synaptic plasticity in the mesolimbic
dopamine system. Philos Trans R Soc Lond B: Biol Sci 2003,
358:815-819.

Lischer C, Huber KM: Group 1 mGluR-dependent synaptic
long-term depression: mechanisms and implications for
circuitry and disease. Neuron 2010, 65:445-459.

Mangiavacchi S, Wolf ME: Stimulation of N-methyl-p-aspartate
receptors, AMPA receptors or metabotropic glutamate
receptors leads to rapid internalization of AMPA receptors in
cultured nucleus accumbens neurons. Eur J Neurosci 2004,
20:649-657.

Cerovic M, d’Isa R, Tonini R, Brambilla R: Molecular and cellular
mechanisms of dopamine-mediated behavioral plasticity in
the striatum. Neurobiol Learn Mem 2013, 105:63-80.

Shen W, Flajolet M, Greengard P, Surmeier DJ: Dichotomous
dopaminergic control of striatal synaptic plasticity. Science
2008, 321:848-851.

Boudreau AC, Wolf ME: Behavioral sensitization to cocaine is
associated with increased AMPA receptor surface expression
in the nucleus accumbens. J Neurosci 2005, 25:9144-9151.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Loweth JA, Scheyer AF, Milovanovic M, LaCrosse AL, Flores-
Barrera E, Werner CT, Li X, Ford KA, Le T, Olive MF et al.: Synaptic
depression via mGluR1 positive allosteric modulation
suppresses cue-induced cocaine craving. Nat Neurosci 2014,
17:73-80.

Britt JP, Benaliouad F, McDevitt RA, Stuber GD, Wise RA, Bonci A:
Synaptic and behavioral profile of multiple glutamatergic
inputs to the nucleus accumbens. Neuron 2012,

76:790-803.

Bocklisch C, Pascoli V, Wong JCY, House DRC, Yvon C, de
Roo M, Tan KR, Liischer C: Cocaine disinhibits dopamine
neurons by potentiation of GABA transmission in the ventral
tegmental area. Science 2013, 341:1521-1525.

Nabavi S, Fox R, Proulx CD, Lin JY, Tsien RY, Malinow R:
Engineering a memory with LTD and LTP. Nature 2014,
511:348-352.

Burguiére E, Monteiro P, Mallet L, Feng G, Graybiel AM: Striatal
circuits, habits, and implications for obsessive-compulsive
disorder. Curr Opin Neurobiol 2015, 30:59-65.

Ahmari SE, Spellman T, Douglass NL, Kheirbek MA, Simpson HB,
Deisseroth K, Gordon JA, Hen R: Repeated cortico-striatal
stimulation generates persistent OCD-like behavior.

Science 2013, 340:1234-1239.

Tye KM: Neural circuit reprogramming: a new paradigm
for treating neuropsychiatric disease? Neuron 2014,
83:1259-1261.

Okun MS: Deep-brain stimulation - entering the era of human
neural-network modulation. N Engl J Med 2014, 371:1369-1373.

Agnesi F, Johnson MD, Vitek JL: Deep brain stimulation: how
does it work? Handb Clin Neurol 2013, 116:39-54.

Mclintyre CC, Savasta M, Kerkerian-Le Goff L, Vitek JL:
Uncovering the mechanism(s) of action of deep brain
stimulation: activation, inhibition, or both. Clin Neurophysiol
2004, 115:1239-1248.

Hahn PJ, MclIntyre CC: Modeling shifts in the rate and pattern of
subthalamopallidal network activity during deep brain
stimulation. J Comput Neurosci 2010, 28:425-441.

Luigjes J, van den Brink W, Feenstra M, van den Munckhof P,
Schuurman PR, Schippers R, Mazaheri A, De Vries TJ, Denys D:
Deep brain stimulation in addiction: a review of potential brain
targets. Mol Psychiatry 2011, 17:572-583.

Kuhn J, Bhrle CP, Lenartz D, Sturm V: Deep brain stimulation in
addiction due to psychoactive substance use. Handb Clin
Neurol 2013, 116:259-269.

Vassoler FM, White SL, Hopkins TJ, Guercio LA, Espallergues J,
Berton O, Schmidt HD, Pierce RC: Deep brain stimulation of the
nucleus accumbens shell attenuates cocaine reinstatement
through local and antidromic activation. J Neurosci 2013,
33:14446-14454.

Creed MC, Pascoli V, Lischer C: Refining deep brain stimulation
to emulate optogenetic treatment of synaptic pathology.
Science 2015 http://dx.doi.org/10.1126/science.aaa0196.

Chao SZ, Ariano MA, Peterson DA, Wolf ME: D1 dopamine
receptor stimulation increases GluR1 surface expression in
nucleus accumbens neurons. J Neurochem 2002, 83:704-712.

Sasikumar TK, Burnett DA, Greenlee WJ, Smith M, Fawzi A,
Zhang H, Lachowicz JE: Remote functionalization of SCH
39166: discovery of potent and selective benzazepine
dopamine D1 receptor antagonists. Bioorg Med Chem Lett
2010, 20:832-835.

Qiang L, Sasikumar TK, Burnett DA, Su J, Tang H, Ye Y,
Mazzola RD, Zhu Z, McKittrick BA, Greenlee WJ et al.: Discovery
of new SCH 39166 analogs as potent and selective dopamine
D1 receptor antagonists. Bioorg Med Chem Lett 2010,
20:836-840.

Current Opinion in Neurobiology 2015, 35:95-100

www.sciencedirect.com


http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0365
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0365
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0365
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0365
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0370
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0370
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0370
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0370
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0375
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0375
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0380
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0380
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0380
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0380
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0380
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0385
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0385
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0385
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0385
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0390
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0390
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0390
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0390
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0395
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0395
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0395
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0395
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0400
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0400
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0400
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0405
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0405
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0405
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0405
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0410
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0410
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0410
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0415
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0415
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0415
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0415
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0415
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0420
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0420
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0420
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0420
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0420
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0425
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0425
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0425
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0430
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0430
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0430
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0435
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0435
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0435
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0435
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0435
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0440
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0440
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0440
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0445
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0445
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0445
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0450
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0450
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0450
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0455
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0455
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0455
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0455
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0455
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0460
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0460
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0460
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0460
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0465
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0465
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0465
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0465
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0470
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0470
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0470
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0475
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0475
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0475
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0480
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0480
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0480
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0480
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0485
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0485
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0485
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0490
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0490
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0495
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0495
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0500
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0500
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0500
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0500
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0505
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0505
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0505
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0510
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0510
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0510
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0510
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0515
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0515
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0515
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0520
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0520
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0520
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0520
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0520
http://dx.doi.org/10.1126/science.aaa0196
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0530
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0530
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0530
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0535
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0535
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0535
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0535
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0535
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0540
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0540
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0540
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0540
http://refhub.elsevier.com/S0959-4388(15)00123-3/sbref0540

	Optogenetic dissection of neural circuitry: from synaptic causalities to blue prints for novel treatments of behavioral di...
	Disorders caused by neuronal circuit dysfunction
	The synapse as site of pathology in addiction
	Optogenetic restoration of synaptic transmission and circuit function
	Proof of principle: using DBS to restore circuit dysfunction
	Conclusions and perspective
	Conflict of interest statement
	Acknowledgements


