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Striatal synapses, circuits, and Parkinson’s disease
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The striatum is a hub in the basal ganglia circuitry controlling
goal directed actions and habits. The loss of its dopaminergic
(DAergic) innervation in Parkinson’s disease (PD) disrupts the
ability of the two principal striatal projection systems to
respond appropriately to cortical and thalamic signals,
resulting in the hypokinetic features of the disease. New tools to
study brain circuitry have led to significant advances in our
understanding of striatal circuits and how they adapt in PD
models. This short review summarizes some of these recent
studies and the gaps that remain to be filled.
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Introduction
PD is a progressive neurodegenerative disorder characterized by hypokinetic motor impairments, such as
bradykinesia and rigidity. The hypokinetic motor symptoms of PD result from selective loss of DAergic neurons
in the substantia nigra pars compacta (SNc) innervating
the basal ganglia [1]. Therefore, as a dopamine (DA)deficiency condition, PD is standardly treated with drugs
intended to boost DA or DA receptor signaling. Indeed, in
the early stages of the disease, the motor symptoms of PD
are effectively alleviated by the DA therapies. However,
as the disease progresses and the drug dose needed to
achieve symptomatic benefit rises, severe motor complications develop, including abnormal involuntary movements — levodopa-induced dyskinesia (LID).
Striatum, the major input nucleus of the basal ganglia,
receives the densest DAergic innervation from the SNc.
However, the SNc also sends DAergic projections to
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other brain regions, leading to widespread network adaptations with their loss in PD [2,3]. Nevertheless, this
review will focus on synaptic changes within the striatum
that contribute to PD and LID. The principal neurons of
the striatum are spiny projection neurons (SPNs), which
constitute 90% of total striatal neurons in rodents. SPNs
can be divided to two populations of similar size: direct
pathway SPNs (dSPNs) that primarily project directly to
the internal segment of the globus pallidus and substantia
nigra pars reticulata (but see [4]), and indirect pathway
SPNs (iSPNs) that project only to the external segment of
the globus pallidus and thus are indirectly connected to
the output nuclei [5]. The two pathways are differentially
modulated by DA, due to their selective expression of
DA receptor subtypes: dSPNs express Gs/olf-coupled D1
receptors (D1Rs) while iSPNs express Gi/o-coupled D2
receptors (D2Rs). However, the segregation is not complete. A small fraction of SPNs co-express D1Rs and
D2Rs and constitute a distinct population that is differentially altered in Parkinson’s disease [6,7].
Striatal interneurons, accounting for 5–10% of all striatal
neurons, consist of at least four well-characterized types:
cholinergic interneurons (ChIs), fast-spiking interneurons
(FSIs), calretinin-expressing interneurons, and persistent
and low threshold spiking interneurons (PLTSIs). Striatal
interneurons are integral players in striatal function,
exerting GABAergic inhibition and neuromodulation of
SPNs [8,9]. All types of interneurons express differential
combinations of DA receptors, adding extra layers to how
striatal network activity is regulated by DA and goes awry
in the case of PD and LID [10].
Despite the complexity of cellular and network changes
caused by DA depletion and DA restoration therapy, the
development of new genetic, optical, chemogenetic, and
optogenetic tools has led to remarkable progress in the
last couple of years. In this short review, we focus on
recent work that have provided new insights into the
synaptic and network mechanisms of PD and LID.

Striatal homeostatic plasticity — diminishes
the consequences of disease progression?
SPNs receive extra-striatal synaptic inputs from diverse
brain areas, but the majority of their inputs are glutamatergic and arise from cortical and thalamic regions [11,12].
The strength of corticostriatal inputs, as well as how
responsive SPNs are to these inputs, is under control
of DA: D1R activation increases intrinsic excitability and
promotes synaptic potentiation, while D2R activation
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decreases intrinsic excitability and promotes synaptic
depression [1]. In parkinsonian animals, DA depletion
triggers cell-specific alterations in intrinsic excitability
and synaptic plasticity that lead to an imbalance in the
activity of iSPNs and dSPNs: iSPNs, whose activation
promotes movement suppression [13], become hyperactive, whereas dSPNs, whose activation promotes movement initiation, become hypoactive [14]. This imbalance
has long been thought to be central to the hypokinetic
symptoms of PD.
What has long been overlooked is that the striatal network
is not static. In response to the loss of DA signaling, SPNs
undergo homeostatic changes that tend to restore the
balance. In iSPNs of DA-depleted striatum, hyperactivity
triggered by the loss of D2R signaling leads to reduced
intrinsic excitability over time. In parallel, loss of D1R
signaling in DA-depleted dSPNs leads to compensatory
elevation in intrinsic excitability [15]. In addition to
these adaptations in intrinsic excitability, synaptic
homeostatic plasticity is also engaged: iSPNs undergo
substantial spine pruning in PD models [15,16–18].
However, unlike the situation in hippocampus, there is
no obvious synaptic scaling; in fact, the strength of the
remaining synapses is increased [15,19,20]. This may be
due, at least in part, to the fact that the loss of D2R
signaling promotes LTP by dis-inhibiting A2a receptor
(A2aR) signaling [21], which may disrupt scaling
mechanisms.
Is the homeostatic pruning of axospinous excitatory synapses random, or is it targeted? Since this process is driven
by DA depletion, it might be expected that local DA
signaling plays a role. But it is unclear whether this is
uniform or not. One clue has come from studies asking
whether all axospinous glutamatergic synapses are capable of DA-dependent plasticity. With the single-synapse
precision enabled by two-photon glutamate uncaging,
Plotkin et al. demonstrated that only a subset of corticostriatal axospinous synapses are subject to DA-dependent
synaptic plasticity [22]. This finding argues that dendritic
spines are not uniform in their makeup — some spines
possessing cellular machinery for plasticity while others
not, although the identity of such synapse-specific
machinery is unknown. The heterogeneity of corticostriatal synapses is actually not so surprising, considering
the heterogeneity of corticostriatal projections (e.g. intratelencephalic vs. pyramidal tract) and, in turn, the different types of information conveyed by these projections
[23]. Whether some subset of synapses is more susceptible or resistant to spine pruning remains to be
determined.
Nevertheless, what these studies demonstrate is that
striatal cells and circuits compensate for the loss of
DAergic signaling by manifesting both intrinsic and synaptic homeostatic plasticity. This plasticity should lessen
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the consequences of DA depletion and could help explain
why well over half of the DAergic innervation of the
striatum needs to be lost before parkinsonian symptoms
become obvious [24].
DA replacement with repeated levodopa introduces a
second perturbation to the system and brings with it a
second set of homeostatic adaptations. Many of the
PD-induced adaptations are reversed, particularly in
iSPNs [15,16]. The most intriguing is the restoration
of corticostriatal axospinous synapses on iSPNs by dyskinesiogenic, but not non-dyskinesiogenic, doses of levodopa [15,16,17]. Up to this point, LID pathology was
largely presumed to reside within dSPNs and be associated with aberrant synaptic plasticity [25,26]. But this
new work suggests that adaptations in iSPNs are also
involved in the pathophysiology underlying LID. It
remains to be determined whether this re-wiring is an
accurate re-establishment of prior circuits and whether
this re-wiring is critical to the emergence of dyskinesia,
but the new data highlights the importance of functional
interdependence between iSPN and dSPN circuits and
the complications that arise when the balance between
the two is perturbed.

Aberrant synaptic plasticity — a continuing
theme in PD and LID pathophysiology
Bidirectional synaptic plasticity at corticostriatal glutamatergic synapses has long been suggested to be the
cellular basis for goal-directed and habitual learning
[27]. Among the various forms of plasticity reported,
the presynaptically-expressed, endocannabinoid (eCB)dependent LTD is best understood: it is mediated by
presynaptic CB1 eCB receptors (CB1Rs) and it is also
dependent upon postsynaptic activation of mGluR5. In
iSPNs, D2R activation, through Gi/o signaling, inhibits
RGS4 signaling and disinhibits mGluR5-mediated eCB
production [28]. Is there a parallel Gi/o signaling pathway
in dSPNs for LTD induction? Gi/o-coupled muscarinic
M4 receptor (M4R) may play such a role [29]. Shen et al.
[30] have demonstrated that activation of M4R signaling, either by a positive allosteric modulator of M4R or by
chemogenetic activation of ChIs, facilitates LTD induction in dSPNs through suppression of RGS4 — establishing a clear mechanistic parallel to the situation in iSPNs.
Just like D2Rs [31], M4R also inhibited NMDAR-mediated Ca2+ influx and thereby suppressed LTP induction
[30]. Therefore, similar mechanisms exist in iSPNs and
dSPNs: M4R and D2R promote LTD and suppress LTP
induction, whereas D1R and A2aR facilitate LTP and
inhibit LTD induction.
How does bidirectional synaptic plasticity change in the
PD state? There seems to be two phases in animal models
of PD. In the acute phase (<1 week of DA depletion),
bidirectional plasticity is disrupted in a cell type-specific
manner: LTD is lost in iSPNs due to absence of D2R
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signaling, whereas LTP is impaired in dSPNs due to lack
of D1R activation [21,32]; but LTP in iSPNs and LTD
in dSPNs are still robust [21]. However, in the chronic
phase (>3 to 4 weeks), no long-term synaptic plasticity
can be induced [30,33,34]. Why? One possible scenario
is that synaptic mechanisms for LTP in iSPNs and
LTD in dSPNs, rather than being impaired, have actually
been saturated. This is consistent with the observation
that unitary synaptic response is enhanced in iSPNs
and reduced in dSPNs at about three weeks after DA
depletion [15].
Does levodopa completely normalize impaired synaptic
plasticity in PD? Unlikely, considering the fact that DA
operates on at least two timescales: tonic and phasic. The
leading model posits that tonic DA enables certain forms
of movement whereas phasic DA signals reward and
facilitates goal-directed and habitual movement [35].
This model was recently revised by an elegant study
by Howe et al. [36]. Using two-photon imaging of the
activity of DAergic axons in the dorsal striatum of moving
mice, they showed that phasic DA, depending on the
origin of DAergic axons, could signal either locomotion or
reward. Phasic DA accomplishes these ends by activating
both D1Rs and, as recently found, D2Rs [37]. In addition
to gating circuitry, this phasic activation may be crucial for
properly sculpted synaptic plasticity. In ventral striatum,
two recent studies have revealed a critical time window of
phasic DA (<1 to 2 s) for synaptic plasticity induction
[38,39]. In this time window, an eligibility trace has
been left at recently activated synapses, allowing DA
signaling to induce plasticity at just those synapses
related to the preceding action.
Levodopa administration in parkinsonian mice is capable
of restoring LTP in dSPNs and LTD in iSPNs [30],
suggesting that the biochemical machinery underlying
the induction and expression of synaptic plasticity is
intact in the parkinsonian state. What is different in
levodopa-treated mice is the spatio-temporal pattern of
DA receptor stimulation. Rather than being briefly stimulated by phasic DA, D1Rs in levodopa-treated mice are
stimulated for long periods of time [40]; this abnormally
sustained stimulation is likely to underlie both the synaptic and biochemical signatures of LID in dSPNs. The
sustained elevation of extracellular DA concentration
following levodopa administration [40] also prevents
iSPNs from responding to patterned activity appropriately [30]. In this state, spike-timing-dependent plasticity (STDP) protocols that normally induce Hebbian
LTP induce LTD in iSPNs. Because DA signaling, and
the changes in synaptic strength it brings about, are no
longer governed by the outcome of behavior, it is easy to
imagine that synaptic strengths become randomized,
leading to purposeless, ‘random’ movement or dyskinesia
[30,34]. In dSPNs, M4R activation and Gi/o signaling,
suppressed aberrant LTP and alleviated dyskinetic
www.sciencedirect.com

movements [30]. By contrast, chemogenetic activation
of Gs signaling in dSPNs (mimicking ON-state signaling)
aggravated dyskinesia [41]. Several other strategies of
normalizing aberrant plasticity also improved behavior,
further implicating striatal synaptic plasticity in the disease mechanisms [42,43].
Compared to the well-characterized eCB signaling, the
role of nitric oxide (NO)/cGMP signaling in striatal synaptic plasticity was less clear. This is surprising given the
robust expression of NO signaling proteins in the striatum
[44,45]. Striatal NO was first documented by Calabresi
et al.: tetanic stimulation of corticostriatal afferents
induced LTD in SPNs that was dependent on NO,
cGMP and postsynaptic protein kinase G [46]. Since
then, NO had been considered a permissive modulator
of the canonical eCB-LTD [47]. But this idea has recently
been challenged [48]. Using two-photon glutamate uncaging (which bypasses any potential presynaptic effect),
Rafalovich et al. showed that a cGMP analog persistently
decreased uncaging-evoked glutamatergic responses,
suggesting that cGMP-dependent LTD is a novel, postsynaptically expressed form of LTD. The apparent occlusion of presynaptic eCB-LTD by NO-LTD is not due
to shared signaling pathway, but rather results from
NO inhibition of L-type calcium current required for
eCB-LTD induction. Moreover, optogenetic activation
of PLTSIs, which have dense expression of NO synthase,
led to a robust NO-LTD, suggesting that NO is a physiological modulator of synaptic strength at both corticostriatal and thalamostriatal synapses, contrasting it again
with eCB-LTD [49]. Nevertheless, very little is known
about how NO-LTD is regulated in SPNs. For example,
among the various types of phosphodiesterases expressed
by SPNs, which ones negatively modulate NO-LTD?
In PD models, both up-regulation and down-regulation of
the NO/cGMP signaling pathway have been reported
[50–52]. Why there is a discrepancy is unclear. In agreement with those arguing that NO signaling is downregulated, cGMP-dependent LTD appears to be absent
in parkinsonian animals [53]. Is this caused by firstly, the
lack of D1R activation required for NO production in DAdepleted striatum [54], secondly, the loss of NOS-expressing interneurons [55], or thirdly, a combination of both?
Even more puzzling is the role of NO signaling in LID:
treatments that suppress or elevate cGMP levels have
both been reported to be effective in ameliorating dyskinetic behaviors [53,56,57].

SPN collateral inhibition re-emerges
SPNs have robust recurrent axonal collaterals [58,59] that
form GABAergic synapses with the dendrites of neighboring SPNs and interneurons [60–63]. Initially, it was
thought that these synapses were of little functional
importance [59]. But paired recordings from iSPNs and
dSPNs using D1 and D2 BAC transgenic mice suggested
Current Opinion in Neurobiology 2018, 48:9–16
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that these recurrent connections were potentially significant and follow certain rules. First, recurrent synapses
emanating from iSPNs are more frequently found and are
on average more potent than those emanating from
dSPNs [62,64]. A corollary of this rule is that connections
are not uniformly distributed, with dSPN-to-iSPN being
the least frequent pair. Second, the density of collateral
synapses is moderate: the coupling probability of adjacent
SPN pairs (<50 mm) is roughly 30–50%, and each presynaptic SPN makes 2–5 GABAergic synapses with its
target neuron [62,64,65]. Third, recurrent collateral synapses are subject to DA modulation, the direction of
which depends on the type of presynaptic DA receptors.
D1R activation increases GABA release while D2R
activation decreases it [64–68]. One caveat is that most
of these studies relied heavily on bath application of
chemicals and thus could not rule out indirect effects,
considering the diverse distribution of DA receptors in
the striatum.
Collateral synapses are targeted largely to distal dendrites
[8,59,69]. What is the physiological function of these
‘remote’ synapses? In particular, how does dendritic
inhibition shape local excitatory inputs and regenerative
events that exist in distal dendrites? There are theoretical
answers [70,71], but little experimental evidence. This is
because it is difficult to study dendritic integration with a
somatic electrode while the fine dendrites of SPNs forbid
dendritic patch recording. Moreover, it is almost impossible to selectively manipulate collateral synapses without
affecting other connections in the striatum. The latter
problem was recently circumvented by using a combination of novel genetic, optogenetic and chemogenetic
techniques [72,73]. Dobbs et al. found that lateral inhibition, evoked by optogenetically activating a cohort of
iSPNs, strongly reduced intrinsic excitability of postsynaptic dSPNs in nucleus accumbens. Consistent with
earlier pharmacological studies, this lateral inhibition is
reduced by D2R agonist or cocaine in control mice, but
not in knockout mice where D2R is selectively deleted in
iSPNs (iMSN-Drd2KO). Interestingly, cocaine-induced
locomotion is also diminished in iMSN-Drd2KO mice,
but rescued by chemogenetic activation of Gi signaling in
iSPNs. Although it is not possible to exclude dendritic
mechanisms with the approaches used, this work shows
that cocaine-induced locomotion is gated by DA modulation of collateral transmission [72]. Consistent with this
model, selective deletion of D2R from iSPNs alone
increased GABAergic transmission presumably in part
at collateral connections, decreased firing of both iSPNs
and dSPNs, and caused hypokinesia [73]. Although much
remains to be done, these recent studies have given us
new insights into the functional relevance of the collateral
transmission from iSPNs to dSPNs.
Is collateral transmission altered in PD? Taverna et al.
found that collateral connectivity was profoundly reduced
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in two mouse models of PD [62], in agreement with work
by Flores-Barrera et al. [20]. This may result, at least in
part, from impaired NO signaling in parkinsonian animals
[52]. However, a recent report did not find any significant
change in collateral transmission in a genetic model of
PD [64]. The discrepancy might result from variations in
the extent and duration of DA depletion between PD
models. The modulation by DA and short-term synaptic
plasticity of collateral transmission also seem to be altered
in PD models [64,74]. What is still unclear is how the
changes in lateral inhibition contribute to the dysfunctional striatal signal processing in PD and LID.

The contribution of thalamostriatal circuits
in PD
Compared to our understanding of the corticostriatal
system, our understanding of the thalamostriatal system
has just started to expand. The growing consensus is that
thalamostriatal inputs are highly heterogeneous in anatomical organizations, synaptic properties, and behavioral
functions [75]. For example, the striatum receives glutamatergic afferents from a variety of thalamic nuclei
[11,12], the best characterized of which is the parafascicular thalamic nuclei (PF) in rodents (or center median/
PF nuclei in primates) [76]. Non-PF thalamic projections
make synaptic contacts mostly on dendritic spines of
SPNs (‘axospinous’) like the corticostriatal inputs, but
PF axons largely synapse on dendritic shafts (‘axoshaft’).
Because of the high input impedance of dendritic spines,
axospinous synapses facilitate the strong local depolarization necessary to engage the mechanisms governing
synaptic plasticity [77]. These mechanisms may be
absent at axoshaft PF synapses. Perhaps to compensate
for this anatomical feature, PF synapses have a robust
complement of NMDAR-type glutamate receptors [78].
The significance of these unique properties of PF synapses is unclear but could be related to the poly-sensory,
alerting nature of the information relayed by PF [79].
Furthermore, PF — but not non-PF nuclei — also
projects to striatal interneurons [80–82]. This is best
understood for ChIs, which in turn exert a wide range
of effects on striatal circuitry [83–86].
Substantial neuronal loss is found in intralaminar thalamic
nuclei in both PD patients [87] and MPTP-treated monkeys [88]. However, little was known about the role of
thalamostriatal circuit in the symptoms of PD. Recently,
Parker et al. [89] have suggested that thalamic excitation
of dSPNs is selectively reduced in parkinsonian mice as a
consequence of altered plasticity mechanisms at this
synapse, contributing to the imbalance in excitability
of iSPNs and dSPNs. The authors showed that chemogenetic inhibition of thalamic neurons alleviated motor
deficits in DA-depleted mice, clearly implicating thalamostriatal circuits in PD pathophysiology. As intriguing as
this study is, there are several important questions that
remain unanswered. First, given the heterogeneity of the
www.sciencedirect.com
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thalamostriatal circuitry, it is not clear whether the
changes in SPN connectivity apply to all thalamic synapses. Second, given the richness of the thalamostriatal
connectivity with striatal interneurons and the importance of interneurons in modulating synaptic strength,
it is not clear whether they are playing a role in the
thalamostriatal phenotype. Undoubtedly, given the tools
available to regulate interneuron activity, these questions
will be answered in the near future.
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Conclusions
In the last couple of years, there has been considerable
progress toward understanding not just the normative
function of striatal circuits, but how they change in PD
and following treatment with levodopa. Several new
themes have emerged. One is homeostatic plasticity and
its role in mitigating network pathophysiology in the early
stages of the disease. Another continuing theme is the
importance of aberrant, DA-dependent synaptic plasticity
in driving the network dysfunction in both PD and LID. A
third is the contribution of thalamostriatal circuits to striatal
and ultimately basal ganglia dysfunction. How these cellular and network adaptations dictate behavior remains
unanswered, but the rapid evolution of in vivo recording
techniques that can be applied to awake, unanesthetized
animals is sure to provide new insights in the near future.
Although it was believed for decades that direct and
indirect pathways had opposing effects on behavioral
output, a rapidly growing body of evidence suggests that
this model is oversimplified — coordinated activity and
spatiotemporal organization of neuronal ensembles of both
pathways are critical to behavior [90,91–93]. It would be
invaluable to determine how these additional dimensions
are altered in parkinsonian state.

Conflict of interest statement
Nothing declared.

Acknowledgements
This work was supported by grants from JPB, CHDI, IDP and NS34696 to
D.J.S.; Bumpus Foundation postdoctoral fellowship to S.Z.; and Parkinson’s
Disease Foundation postdoctoral fellowship to A.T. We thank members of
the Surmeier lab for helpful comments.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:
 of special interest
 of outstanding interest
1.

Surmeier DJ, Graves SM, Shen W: Dopaminergic modulation of
striatal networks in health and Parkinson’s disease. Curr Opin
Neurobiol 2014, 29:109-117.

2.

Calabresi P, Castrioto A, Di Filippo M, Picconi B: New
experimental and clinical links between the hippocampus and
the dopaminergic system in Parkinson’s disease. Lancet
Neurol 2013, 12:811-821.

3.

Galvan A, Devergnas A, Wichmann T: Alterations in neuronal
activity in basal ganglia-thalamocortical circuits in the
parkinsonian state. Front Neuroanat 2015, 9:5.

www.sciencedirect.com

Straub C, Saulnier JL, Begue A, Feng DD, Huang KW, Sabatini BL:
Principles of synaptic organization of GABAergic interneurons
in the striatum. Neuron 2016, 92:84-92.
Using optogenetics and monosynaptic viral tracing — techniques that are
mostly insensitive to the distance between connected neurons, Straub
et al. examines the synaptic organization of fast-spiking interneurons
(FSIs) and low-threshold-spiking interneurons (LTSIs). They show that
FSIs target the somatodendritic region of nearby SPNs. In contrast, LTSIs
send very long-range projections and target the distal dendrites of SPNs
and cholinergic interneurons. Their differences in synaptic organizations
may reflect their different functional roles in signal integration.

8.


9.

Silberberg G, Bolam JP: Local and afferent synaptic pathways
in the striatal microcircuitry. Curr Opin Neurobiol 2015, 33:182187.

10. Hernandez LF, Kubota Y, Hu D, Howe MW, Lemaire N,
Graybiel AM: Selective effects of dopamine depletion and
L-DOPA therapy on learning-related firing dynamics of striatal
neurons. J Neurosci 2013, 33:4782-4795.
11. Guo Q, Wang D, He X, Feng Q, Lin R, Xu F, Fu L, Luo M: Wholebrain mapping of inputs to projection neurons and cholinergic
interneurons in the dorsal striatum. PLOS ONE 2015, 10:
e0123381.
12. Wall NR, De La Parra M, Callaway EM, Kreitzer AC: Differential
innervation of direct- and indirect-pathway striatal projection
neurons. Neuron 2013, 79:347-360.
13. Kravitz AV, Freeze BS, Parker PR, Kay K, Thwin MT, Deisseroth K,
Kreitzer AC: Regulation of parkinsonian motor behaviours by
optogenetic control of basal ganglia circuitry. Nature 2010,
466:622-626.
14. Mallet N, Ballion B, Le Moine C, Gonon F: Cortical inputs
and GABA interneurons imbalance projection neurons in
the striatum of parkinsonian rats. J Neurosci 2006, 26:38753884.
15. Fieblinger T, Graves SM, Sebel LE, Alcacer C, Plotkin JL,
Gertler TS, Chan CS, Heiman M, Greengard P, Cenci MA et al.: Cell

type-specific plasticity of striatal projection neurons in
parkinsonism and L-DOPA-induced dyskinesia. Nat Commun
2014, 5:5316.
This study comprehensively examines intrinsic excitability, dendritic
excitability, spine density, dendritic morphology, unitary synapse
strength, and macroscopic connectivity in both SPN types in PD and
LID models. The authors find that, in response to long-term alterations in
dopamine signaling such as in PD and LID, SPNs undergo homeostatic
plasticity in intrinsic excitability and in the number, but not the strength, of
corticostriatal synapses.
16. Suarez LM, Solis O, Carames JM, Taravini IR, Solis JM, Murer MG,
Moratalla R: L-DOPA treatment selectively restores spine
density in dopamine receptor D2-expressing projection
neurons in dyskinetic mice. Biol Psychiatry 2014, 75:711-722.
17. Nishijima H, Suzuki S, Kon T, Funamizu Y, Ueno T, Haga R,
Suzuki C, Arai A, Kimura T, Suzuki C et al.: Morphologic changes
of dendritic spines of striatal neurons in the levodopa-induced
dyskinesia model. Mov Disord 2014, 29:336-343.
18. Day M, Wang Z, Ding J, An X, Ingham CA, Shering AF, Wokosin D,
Ilijic E, Sun Z, Sampson AR et al.: Selective elimination of
glutamatergic synapses on striatopallidal neurons in
Parkinson disease models. Nat Neurosci 2006, 9:251-259.
Current Opinion in Neurobiology 2018, 48:9–16

14 Neurobiology of disease

19. Escande MV, Taravini IR, Zold CL, Belforte JE, Murer MG: Loss of
homeostasis in the direct pathway in a mouse model of
asymptomatic Parkinson’s disease. J Neurosci 2016, 36:56865698.
20. Flores-Barrera E, Vizcarra-Chacon BJ, Tapia D, Bargas J,
Galarraga E: Different corticostriatal integration in spiny
projection neurons from direct and indirect pathways. Front
Syst Neurosci 2010, 4:15.
21. Shen W, Flajolet M, Greengard P, Surmeier DJ: Dichotomous
dopaminergic control of striatal synaptic plasticity. Science
2008, 321:848-851.
22. Plotkin JL, Day M, Peterson JD, Xie Z, Kress GJ, Rafalovich I,
Kondapalli J, Gertler TS, Flajolet M, Greengard P et al.: Impaired
TrkB receptor signaling underlies corticostriatal dysfunction
in Huntington’s disease. Neuron 2014, 83:178-188.
23. Shepherd GMG: Corticostriatal connectivity and its role in
disease. Nat Rev Neurosci 2013, 14:278-291.
24. Bernheimer H, Birkmayer W, Hornykiewicz O, Jellinger K,
Seitelberger F: Brain dopamine and the syndromes of
Parkinson and Huntington. Clinical, morphological and
neurochemical correlations. J Neurol Sci 1973, 20:415-455.
25. Cenci MA, Konradi C: Maladaptive striatal plasticity in L-DOPAinduced dyskinesia. Prog Brain Res 2010, 183:209-233.
26. Feyder M, Bonito-Oliva A, Fisone G: L-DOPA-induced dyskinesia
and abnormal signaling in striatal medium spiny neurons:
focus on dopamine D1 receptor-mediated transmission. Front
Behav Neurosci 2011, 5:71.
27. Yin HH, Knowlton BJ: The role of the basal ganglia in habit
formation. Nat Rev Neurosci 2006, 7:464-476.
28. Lerner TN, Kreitzer AC: RGS4 is required for dopaminergic
control of striatal LTD and susceptibility to parkinsonian
motor deficits. Neuron 2012, 73:347-359.
29. Yan Z, Flores-Hernandez J, Surmeier DJ: Coordinated
expression of muscarinic receptor messenger RNAs in striatal
medium spiny neurons. Neuroscience 2001, 103:1017-1024.
30. Shen WX, Plotkin JL, Francardo V, Ko WKD, Xie Z, Li Q,
 Fieblinger T, Wess J, Neubig RR, Lindsley CW et al.: M4
muscarinic receptor signaling ameliorates striatal plasticity
deficits in models of L-DOPA-induced dyskinesia. Neuron
2016, 88:762-773.
This paper demonstrates that M4R is the dSPN counterpart of D2R,
promoting LTD and suppressing LTP. Moreover, in a mouse model of LID,
activating M4R blunts abnormal LTP and ameliorates dyskinetic behavior.
This is an exemplary case where restoration of normal synaptic plasticity
ameliorates disease symptoms.
31. Higley MJ, Sabatini BL: Competitive regulation of synaptic Ca2+
influx by D2 dopamine and A2A adenosine receptors. Nat
Neurosci 2010, 13:958-966.
32. Kreitzer AC, Malenka RC: Endocannabinoid-mediated rescue of
striatal LTD and motor deficits in Parkinson’s disease models.
Nature 2007, 445:643-647.
33. Calabresi P, Maj R, Pisani A, Mercuri NB, Bernardi G: Long-term
synaptic depression in the striatum: physiological and
pharmacological characterization. J Neurosci 1992, 12:42244233.
34. Picconi B, Centonze D, Hakansson K, Bernardi G, Greengard P,
Fisone G, Cenci MA, Calabresi P: Loss of bidirectional striatal
synaptic plasticity in L-DOPA-induced dyskinesia. Nat Neurosci
2003, 6:501-506.
35. Schultz W: Behavioral dopamine signals. Trends Neurosci 2007,
30:203-210.
36. Howe MW, Dombeck DA: Rapid signalling in distinct
 dopaminergic axons during locomotion and reward. Nature
2016, 535:505-510.
In this study, the authors perform two-photon calcium imaging of dopaminergic axon activity in the dorsal striatum of moving mice. They reveal
that phasic dopamine is associated with either locomotion or unpredicted
reward, depending largely on whether dopaminergic inputs emanate
from SNc or ventral tegmental area, respectively. Moreover, pulsed
Current Opinion in Neurobiology 2018, 48:9–16

optogenetic stimulation of dopaminergic axons, mimicking phasic dopamine, triggers locomotion of mice. This study provides the first direct
evidence for the role of phasic dopamine signaling in controlling locomotion, challenging the prevailing notion that fast phasic dopamine is
predominantly related to reward.
37. Marcott PF, Mamaligas AA, Ford CP: Phasic dopamine release
drives rapid activation of striatal D2-receptors. Neuron 2014,
84:164-176.
38. Yagishita S, Hayashi-Takagi A, Ellis-Davies GC, Urakubo H, Ishii S,
 Kasai H: A critical time window for dopamine actions on the
structural plasticity of dendritic spines. Science 2014,
345:1616-1620.
Using state-of-the-art optical method, Yagishita et al. illustrate that
there is a narrow time window (<2 s) after glutamatergic inputs for
phasic dopamine to induce robust plasticity. This time scale fits well
with behavioral data that suggest a comparably narrow time window for
offering a reward in Pavlovian conditioning experiments.
39. Wieland S, Schindler S, Huber C, Kohr G, Oswald MJ, Kelsch W:
Phasic dopamine modifies sensory-driven output of striatal
neurons through synaptic plasticity. J Neurosci 2015, 35:99469956.
40. Bastide MF, Meissner WG, Picconi B, Fasano S, Fernagut PO,
Feyder M, Francardo V, Alcacer C, Ding Y, Brambilla R et al.:
Pathophysiology of L-dopa-induced motor and non-motor
complications in Parkinson’s disease. Prog Neurobiol 2015,
132:96-168.
41. Alcacer C, Andreoli L, Sebastianutto I, Jakobsson J, Fieblinger T,
Cenci MA: Chemogenetic stimulation of striatal projection
neurons modulates responses to Parkinson’s disease
therapy. J Clin Invest 2017, 127:720-734.
42. Trusel M, Cavaccini A, Gritti M, Greco B, Saintot PP, Nazzaro C,
Cerovic M, Morella I, Brambilla R, Tonini R: Coordinated
regulation of synaptic plasticity at striatopallidal and
striatonigral neurons orchestrates motor control. Cell Rep
2015, 13:1353-1365.
43. Ghiglieri V, Mineo D, Vannelli A, Cacace F, Mancini M, Pendolino V,
Napolitano F, di Maio A, Mellone M, Stanic J et al.: Modulation of
serotonergic transmission by eltoprazine in L-DOPA-induced
dyskinesia: behavioral, molecular, and synaptic mechanisms.
Neurobiol Dis 2016, 86:140-153.
44. Ariano MA: Distribution of components of the guanosine
30 ,50 -phosphate system in rat caudate-putamen. Neuroscience
1983, 10:707-723.
45. Ding JD, Burette A, Nedvetsky PI, Schmidt HH, Weinberg RJ:
Distribution of soluble guanylyl cyclase in the rat brain. J Comp
Neurol 2004, 472:437-448.
46. Calabresi P, Gubellini P, Centonze D, Sancesario G, Morello M,
Giorgi M, Pisani A, Bernardi G: A critical role of the nitric oxide/
cGMP pathway in corticostriatal long-term depression.
J Neurosci 1999, 19:2489-2499.
47. Centonze D, Gubellini P, Bernardi G, Calabresi P: Permissive role
of interneurons in corticostriatal synaptic plasticity. Brain Res
Brain Res Rev 1999, 31:1-5.
48. Rafalovich IV, Melendez AE, Plotkin JL, Tanimura A, Zhai S,
Surmeier DJ: Interneuronal nitric oxide signaling mediates
post-synaptic long-term depression of striatal glutamatergic
synapses. Cell Rep 2015, 13:1336-1342.
49. Wu YW, Kim JI, Tawfik VL, Lalchandani RR, Scherrer G, Ding JB:
Input- and cell-type-specific endocannabinoid-dependent
LTD in the striatum. Cell Rep 2015, 10:75-87.
50. Chalimoniuk M, Langfort J: The effect of subchronic,
intermittent L-DOPA treatment on neuronal nitric oxide
synthase and soluble guanylyl cyclase expression and activity
in the striatum and midbrain of normal and MPTP-treated
mice. Neurochem Int 2007, 50:821-833.
51. Sancesario G, Giorgi M, D’Angelo V, Modica A, Martorana A,
Morello M, Bengtson CP, Bernardi G: Down-regulation of
nitrergic transmission in the rat striatum after chronic
nigrostriatal deafferentation. Eur J Neurosci 2004, 20:9891000.
www.sciencedirect.com

Striatum and Parkinson’s disease Zhai et al. 15

52. Sagi Y, Heiman M, Peterson JD, Musatov S, Scarduzio M,
Logan SM, Kaplitt MG, Surmeier DJ, Heintz N, Greengard P:
Nitric oxide regulates synaptic transmission between spiny
projection neurons. Proc Natl Acad Sci U S A 2014, 111:1763617641.
53. Picconi B, Bagetta V, Ghiglieri V, Paille V, Di Filippo M, Pendolino V,
Tozzi A, Giampa C, Fusco FR, Sgobio C et al.: Inhibition of
phosphodiesterases rescues striatal long-term depression
and reduces levodopa-induced dyskinesia. Brain 2011,
134:375-387.
54. Hoque KE, Indorkar RP, Sammut S, West AR: Impact of
dopamine–glutamate interactions on striatal neuronal nitric
oxide synthase activity. Psychopharmacology (Berl) 2010,
207:571-581.
55. Bockelmann R, Wolf G, Ransmayr G, Riederer P: NADPHdiaphorase/nitric oxide synthase containing neurons in
normal and Parkinson’s disease putamen. J Neural Transm Park
Dis Dement Sect 1994, 7:115-121.
56. Padovan-Neto FE, Echeverry MB, Chiavegatto S, Del-Bel E: Nitric
oxide synthase inhibitor improves de novo and long-term
L-DOPA-induced dyskinesia in hemiparkinsonian rats. Front
Syst Neurosci 2011, 5:40.
57. Solis O, Espadas I, Del-Bel EA, Moratalla R: Nitric oxide synthase
inhibition decreases L-DOPA-induced dyskinesia and the
expression of striatal molecular markers in Pitx3(/) aphakia
mice. Neurobiol Dis 2015, 73:49-59.
58. Preston RJ, Bishop GA, Kitai ST: Medium spiny neuron
projection from the rat striatum — intracellular horseradishperoxidase study. Brain Res 1980, 183:253-263.
59. Wilson CJ, Groves PM: Fine-structure and synaptic
connections of the common spiny neuron of the rat
neostriatum — a study employing intracellular injection of
horseradish-peroxidase. J Comp Neurol 1980, 194:599-615.
60. Czubayko U, Plenz D: Fast synaptic transmission between
striatal spiny projection neurons. Proc Natl Acad Sci U S A 2002,
99:15764-15769.
61. Koos T, Tepper JM, Wilson CJ: Comparison of IPSCs evoked by
spiny and fast-spiking neurons in the neostriatum. J Neurosci
2004, 24:7916-7922.
62. Taverna S, Ilijic E, Surmeier DJ: Recurrent collateral
connections of striatal medium spiny neurons are disrupted in
models of Parkinson’s disease. J Neurosci 2008, 28:5504-5512.
63. Tunstall MJ, Oorschot DE, Kean A, Wickens JR: Inhibitory
interactions between spiny projection neurons in the rat
striatum. J Neurophysiol 2002, 88:1263-1269.
64. Wei W, Ding S, Zhou FM: Dopaminergic treatment weakens
medium spiny neuron collateral inhibition in the parkinsonian
striatum. J Neurophysiol 2017, 117:987-999.
65. Tecuapetla F, Koos T, Tepper JM, Kabbani N, Yeckel MF:
Differential dopaminergic modulation of neostriatal synaptic
connections of striatopallidal axon collaterals. J Neurosci
2009, 29:8977-8990.
66. Lalchandani RR, van der Goes MS, Partridge JG, Vicini S:
Dopamine D2 receptors regulate collateral inhibition between
striatal medium spiny neurons. J Neurosci 2013, 33:1407514086.
67. Guzman JN, Hernandez A, Galarraga E, Tapia D, Laville A,
Vergara R, Aceves J, Bargas J: Dopaminergic modulation of
axon collaterals interconnecting spiny neurons of the rat
striatum. J Neurosci 2003, 23:8931-8940.
68. Tecuapetla F, Carrillo-Reid L, Bargas J, Galarraga E:
Dopaminergic modulation of short-term synaptic plasticity at
striatal inhibitory synapses. Proc Natl Acad Sci U S A 2007,
104:10258-10263.
69. Bolam JP, Somogyi P, Takagi H, Fodor I, Smith AD: Localization
of substance P-like immunoreactivity in neurons and nerve
terminals in the neostriatum of the rat: a correlated light and
electron microscopic study. J Neurocytol 1983, 12:325-344.
www.sciencedirect.com

70. Plenz D: When inhibition goes incognito: feedback interaction
between spiny projection neurons in striatal function. Trends
Neurosci 2003, 26:436-443.
71. Schwab DJ, Houk JC: Presynaptic inhibition in the striatum of
the basal ganglia improves pattern classification and thus
promotes superior goal selection. Front Syst Neurosci 2015, 9.
72. Dobbs LK, Kaplan AR, Lemos JC, Matsui A, Rubinstein M,
Alvarez VA: Dopamine regulation of lateral inhibition between
striatal neurons gates the stimulant actions of cocaine. Neuron
2016, 90:1100-1113.
73. Lemos JC, Friend DM, Kaplan AR, Shin JH, Rubinstein M,
Kravitz AV, Alvarez VA: Enhanced GABA transmission drives
bradykinesia following loss of dopamine D2 receptor
signaling. Neuron 2016, 90:824-838.
74. Barroso-Flores J, Herrera-Valdez MA, Lopez-Huerta VG,
Galarraga E, Bargas J: Diverse short-term dynamics of
inhibitory synapses converging on striatal projection neurons:
differential changes in a rodent model of Parkinson’s disease.
Neural Plast 2015, 2015:573543.
75. Smith Y, Galvan A, Ellender TJ, Doig N, Villalba RM, HuertaOcampo I, Wichmann T, Bolam JP: The thalamostriatal system
in normal and diseased states. Front Syst Neurosci 2014, 8:5.
76. Smith Y, Raju DV, Pare JF, Sidibe M: The thalamostriatal system:
a highly specific network of the basal ganglia circuitry. Trends
Neurosci 2004, 27:520-527.
77. Spruston N: Pyramidal neurons: dendritic structure and
synaptic integration. Nat Rev Neurosci 2008, 9:206-221.
78. Ellender TJ, Harwood J, Kosillo P, Capogna M, Bolam JP:
Heterogeneous properties of central lateral and
parafascicular thalamic synapses in the striatum. J Physiol
2013, 591:257-272.
79. Smith Y, Surmeier DJ, Redgrave P, Kimura M: Thalamic
contributions to basal ganglia-related behavioral switching
and reinforcement. J Neurosci 2011, 31:16102-16106.
80. Sciamanna G, Ponterio G, Mandolesi G, Bonsi P, Pisani A:
Optogenetic stimulation reveals distinct modulatory
properties of thalamostriatal vs corticostriatal glutamatergic
inputs to fast-spiking interneurons. Sci Rep 2015, 5:16742.
81. Sadikot AF, Parent A, Smith Y, Bolam JP: Efferent connections of
the centromedian and parafascicular thalamic nuclei in the
squirrel monkey: a light and electron microscopic study of the
thalamostriatal projection in relation to striatal heterogeneity.
J Comp Neurol 1992, 320:228-242.
82. Sidibe M, Smith Y: Thalamic inputs to striatal interneurons in
monkeys: synaptic organization and co-localization of
calcium binding proteins. Neuroscience 1999, 89:1189-1208.
83. Consolo S, Baldi G, Giorgi S, Nannini L: The cerebral cortex and
parafascicular thalamic nucleus facilitate in vivo acetylcholine
release in the rat striatum through distinct glutamate receptor
subtypes. Eur J Neurosci 1996, 8:2702-2710.
84. Ding JB, Guzman JN, Peterson JD, Goldberg JA, Surmeier DJ:
Thalamic gating of corticostriatal signaling by cholinergic
interneurons. Neuron 2010, 67:294-307.
85. Nanda B, Galvan A, Smith Y, Wichmann T: Effects of stimulation
of the centromedian nucleus of the thalamus on the activity of
striatal cells in awake rhesus monkeys. Eur J Neurosci 2009,
29:588-598.
86. Zackheim J, Abercrombie ED: Thalamic regulation of striatal
acetylcholine efflux is both direct and indirect and qualitatively
altered in the dopamine-depleted striatum. Neuroscience 2005,
131:423-436.
87. Henderson JM, Carpenter K, Cartwright H, Halliday GM:
Degeneration of the centre median-parafascicular complex in
Parkinson’s disease. Ann Neurol 2000, 47:345-352.
88. Villalba RM, Wichmann T, Smith Y: Neuronal loss in the caudal
intralaminar thalamic nuclei in a primate model of Parkinson’s
disease. Brain Struct Funct 2014, 219:381-394.
Current Opinion in Neurobiology 2018, 48:9–16

16 Neurobiology of disease

89. Parker PR, Lalive AL, Kreitzer AC: Pathway-specific remodeling
 of thalamostriatal synapses in parkinsonian mice. Neuron
2016, 89:734-740.
The authors suggest that dopamine depletion selectively weakens the
thalamic inputs to direct-pathway neurons. Inhibition of thalamostriatal
inputs, using chemogenetic or optogenetic tools, partially rescued parkinsonian motor deficits. This paper provides evidence that abnormal
thalamostriatal circuit is involved in the motor deficits of PD, and more
importantly, that manipulating thalamostriatal connectivity can be a viable
strategy for treatment of PD.
90. Tecuapetla F, Jin X, Lima SQ, Costa RM: Complementary

contributions of striatal projection pathways to action
initiation and execution. Cell 2016, 166:703-715.
As a continued effort of the Costa lab to challenge the classical model in
which direct and indirect pathways of the basal ganglia have opposing
roles in movement control, this study examined the contributions of each
pathway to action initiation and execution. They show that, before action
initiation, both optogenetic stimulation and inhibition of the activity of either

Current Opinion in Neurobiology 2018, 48:9–16

pathway increase the latency of action initiation. After action initiation,
suppression of each pathway impairs action execution; on the other hand,
increasing the activity of direct and indirect pathway neurons have different
effects on ongoing performance. Their results support a model in which the
direct and indirect pathways act in complementary and coordinated
manner to allow for proper action initiation and execution.
91. Barbera G, Liang B, Zhang L, Gerfen CR, Culurciello E, Chen R,
Li Y, Lin DT: Spatially compact neural clusters in the dorsal
striatum encode locomotion relevant information. Neuron
2016, 92:202-213.
92. O’Hare JK, Ade KK, Sukharnikova T, Van Hooser SD, Palmeri ML,
Yin HH, Calakos N: Pathway-specific striatal substrates for
habitual behavior. Neuron 2016, 89:472-479.
93. Sippy T, Lapray D, Crochet S, Petersen CC: Cell-type-specific
sensorimotor processing in striatal projection neurons during
goal-directed behavior. Neuron 2015, 88:298-305.

www.sciencedirect.com

