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The striatum is the major input nucleus of basal ganglia, an ensemble of interconnected sub-
cortical nuclei associated with fundamental processes of action-selection and procedural
learning and memory. The striatum receives afferents from the cerebral cortex and the thalamus.
In turn, it relays the integrated information towards the basal ganglia output nuclei through
which it operates a selected activation of behavioral effectors. The striatal output neurons, the
GABAergic medium-sized spiny neurons (MSNSs), are in charge of the detection and integration
of behaviorally relevant information. This property confers to the striatum the ability to extract
relevant information from the background noise and select cognitive-motor sequences adapted
to environmental stimuli. As long-term synaptic efficacy changes are believed to underlie learning
and memory, the corticostriatal long-term plasticity provides a fundamental mechanism for
the function of the basal ganglia in procedural learning. Here, we reviewed the different forms
of spike-timing dependent plasticity (STDP) occurring at corticostriatal synapses. Most of the
studies have focused on MSNs and their ability to develop long-term plasticity. Nevertheless, the
striatal interneurons (the fast-spiking GABAergic, NO-synthase and cholinergic interneurons) also
receive monosynaptic afferents from the cortex and tightly regulated corticostriatal information
processing. Therefore, it is important to take into account the variety of striatal neurons to fully
understand the ability of striatum to develop long-term plasticity. Corticostriatal STDP with various
spike-timing dependence have been observed depending on the neuronal sub-populations
and experimental conditions. This complexity highlights the extraordinary potentiality in term
of plasticity of the corticostriatal pathway.
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BASAL GANGLIA AND THEIR MAIN INPUT PATHWAY: THE
CORTICOSTRIATAL PATHWAY

Basal ganglia are involved in the learning and memory of cognitive
and motor sequences related to environmental stimuli (Graybiel
et al., 1994; Packard and Knowlton, 2002; Graybiel, 2005; Yin and
Knowlton, 2006). Learning and memory are believed to be under-
lie by long-term synaptic efficacy changes (Bliss and Collingridge,
1993; Martin and Morris, 2002; Lynch, 2004; Malenka and Bear,
2004). Accordingly, the long-term plasticity at different key path-
ways within the basal ganglia, provides a basic mechanism for
the function of basal ganglia in procedural learning and memory
(Yin et al., 2009). As the main input structure of the basal ganglia
(Figure 1), the striatum is regarded as a major site of memory
formation for sensorimotor and cognitive associations, indicating
the importance of the occurrence of different forms of plasticity at
corticostriatal synapses (Calabresi et al., 1996; Mahon et al., 2004;
Costa, 2007; Kreitzer and Malenka, 2008; Di Filippo et al., 2009).
In addition, corticostriatal plasticity is severely altered in several
pathologies affecting basal ganglia (Kreitzer and Malenka, 2008;
Calabresi et al., 2009). Therefore, it is essential to understand in
which conditions of cortical and striatal activity, long-term plas-
ticity occurs at corticostriatal synapses. It is now well established
that the temporal relationship of activity in pre- and post-synaptic
neurons is determinant for the induction of activity-dependent

long-term plasticity, a process named spike-timing dependent
plasticity (STDP) described from insects to mammalian brain
structures (Sjostrom and Nelson, 2002; Bi and Rubin, 2005; Dan
and Poo, 2006; Caporale and Dan, 2008). In this review, we will
focus on STDP experiments recently reported at the corticostriatal
synapses as a Hebbian synaptic learning rule.

Basal ganglia are composed of six nuclei: two input nuclei, the
striatum and the subthalamic nucleus (STN), two output nuclei, the
substantia nigra pars reticulata (SNr) and the internal segment of
the globus pallidus (GP1i), one relay nucleus, the external segment of
the globus pallidus (GPe) and one dopaminergic neuromodulatory
nucleus, the substantia nigra pars compacta (SNc) (Figure 1). The
striatum is the main input nucleus of basal ganglia and receives
massive convergent glutamatergic inputs from the cerebral cor-
tex and the thalamus. In turn, the striatum relays the integrated
cortical information towards the two basal ganglia output nuclei
(SNr and GPi), through two anatomo-functional pathways: the
direct pathway (cortico-striato-nigral) and the indirect pathway
(cortico-striato-pallido-nigral) (Figure 1). In the motor control,
the direct and indirect pathways exert opposite influence, respec-
tively, inhibitory and excitatory on basal output nuclei. Therefore,
the activation of the direct pathway would initiate or facilitate the
movement while the activation of the indirect pathway would con-
stitute a brake. The neuromodulation of different basal ganglia
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FIGURE 1 | Schematic organization of the basal ganglia. Basal ganglia are
an ensemble of tightly interconnected sub-cortical nuclei. In blue are
represented the glutamatergic (Glu) structures, in red the GABAergic (GABA)
nuclei and in yellow the dopaminergic (DA) nucleus. GPe: external part of the
globus pallidus; GPi: internal part of the globus pallidus; SNr: substantia nigra
pars reticulata; SNc: substantia nigra pars compacta; dp: direct pathway;

ip: indirect pathway.

nuclei by SN¢ dopaminergic neurons plays a central role since the
dopamine brings a motivational side of the cortical information
integration in the basal ganglia (Redgrave and Gurney, 2006; Costa,
2007; Schultz, 2007).

Most models of basal ganglia emphasize the importance of the
corticostriatal connection. However, the glutamatergic neurons from
intralaminar thalamus also innervate the striatum (Groenewegen
and Berendse, 1994; Smith et al., 2004). Corticostriatal and thala-
mostriatal synapses on MSNs appear to be nearly equal in number
(Smith et al., 2004), but display different functional characteristics
(Smeal etal.,2007; Ding et al., 2008). Because of the lack of experi-
mental data targeting the thalamostriatal long-term plasticity, we
will focus on the corticostriatal pathway in this review.

A MARKED ANATOMO-FUNCTIONAL HETEROGENEITY UNDER
THE STRIATAL SURFACE

The striatum displays numerous heterogeneities based, not only
on its anatomo-functional organization (striosome versus matrix
compartments, and somatosensory/motor/prefrontal projection
areas), but also on a cellular diversity (Graybiel, 1990; Groenewegen
etal., 1990; Deniau and Thierry, 1997). The striatum is composed
for a vast majority (95% in rodents and 80% in primates) of striatal
output neurons, the medium-sized spiny neurons (MSNs). Among
MSN, different populations can be distinguished based on their
specific expression of receptors, channels, peptides or modes of
communication (Graybiel, 1990; Gerfen, 1992; Nicola et al., 2000;
Venance et al., 2004; Vandecasteele et al., 2007). In addition, the
striatum also comprises GABAergic and cholinergic interneurons,

which tightly regulate MSN excitability and consequently, the
corticostriatal information processing. Therefore, the striatum
is a highly complex structure and the link between such com-
plexity and the different modes of synaptic plasticity needs to
be characterized.

THE STRIATAL OUTPUT NEURONS: THE MEDIUM-SIZED SPINY NEURONS
Medium-sized spiny neurons are in charge of the detection and
integration of behaviorally relevant information. MSNS, in vivo as
well as in vitro, are characterized by their low level of spontaneous
activity that can be explained by non-linear electrical membrane
properties due to a set of voltage-gated potassium and sodium
currents (Nisenbaum et al., 1994; Nisenbaum and Wilson, 1995).
These non-linear membrane properties allow an efficient filter-
ing of the small and uncorrelated synaptic events. Consequently,
MSNs, quiescent at rest, need strong and correlated cortical inputs
to discharge (Calabresi et al., 1987; Nisenbaum and Wilson, 1995).
Therefore, MSNs act as coincidence detectors of cortical activ-
ity and have the ability to extract relevant information from the
background noise. Among MSNSs, different sub-populations can
be distinguished based on receptors or peptides specific expression.
Specifically, MSNs expressing mainly either dopaminergic type-1
(D1) or type-2 (D2) receptors project through, respectively, the
direct or the indirect pathway (Figure 1). Such heterogeneity is
the most studied at the moment thank to the use of D1-EGFP and
D2-EGFP mice that constitute a useful tool to distinguish between
MSNs belonging to the direct or indirect pathways (Surmeier et al.,
2007; Valjent etal., 2009). However, if MSNs appear to be segregated
in mice (D2-GFP staining being restricted to the indirect pathway;
Matamales et al., 2009), it exists in rats and primates a significant
population (respectively, 30 and 80%) of MSNs that project to both
direct and indirect pathways (Kawaguchi et al., 1990; Wu et al,,
2000; Levesque and Parent, 2005).

THE GABAergic INTERNEURONS

Three classes of striatal GABAergic interneurons can be distin-
guished (1) the parvalbumin positive cells (fast-spiking interneurons)
(Kawaguchi, 1993), (2) the calretinin positive cells (Figueredo-
Cardenas et al., 1996) (their electrophysiological features remain to
be determined) (Tepper and Bolam,2004) and (3) the neuronal nitric
oxide synthase (nNOS) interneurons (persistent and low-threshold
spiking cells, PLTS) (Kawaguchi, 1993). Fast-spiking GABAergic
interneurons exert a powerful inhibitory weight (Figure 2A) since
they can delay or prevent the emission of an action potential in MSNs
(Kita, 1996; Plenz and Kitai, 1998; Koos and Tepper, 1999). These
interneurons preferentially contact MSNs on the soma (Kita et al.,
1990; Bennett and Bolam, 1994), which reinforces the inhibitory
shunt. Because they also receive cortical inputs (Bennett and Bolam,
1994; Ramanathan et al., 2002; Mallet et al., 2005), fast-spiking
interneurons could provide a feed-forward mechanism increasing
the selectivity of MSN responsiveness to cortical inputs and the fun-
neling of the corticostriatal information processing. Compared to
fast-spiking interneurons, nNOS interneurons contact MSN mainly
on the neck of the spines and display a lower number of synapses
(Kubota and Kawaguchi, 2000). Anatomical and functional exist-
ence of synapses between cortical glutamatergic afferents and striatal
nNOS interneurons has been reported (Vuillet etal., 1989; Fino etal.,
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FIGURE 2 | Chemical transmission between striatal neurons. (A) Fast-
spiking GABAergic interneurons have a strong inhibitory weight on MSNs: an
action potential in the interneuron evokes an IPSC in the MSN (Adapted from
Tepper et al., 2004). (B) Dual patch-clamp recording illustrating the inhibitory

1l

Basal ganglia
output structures

action of nNOS interneurons on MSNs (Adapted from Tepper and Bolam, 2004)
(C) lllustration of the excitatory effect of cholinergic interneurons on MSNs: an
extracellularly evoked action potential in a cholinergic interneuron evokes an
EPSC in the MSNs (Adapted from Lin et al., 2004).

2009b). In addition to NOS, nNOS interneurons express the synthetic
enzyme for GABA (Vuillet et al., 1990; Kawaguchi, 1993; Figueredo-
Cardenas et al., 1996; Kubota and Kawaguchi, 2000) and have been
characterized functionally as GABAergic cells that efficiently inhibit
MSNs (Figure 2B) (Koos and Tepper, 1999; Tepper and Bolam, 2004).
They also exert an inhibitory influence on MSNs via NO release
(Sardo et al., 2002; West and Grace, 2004). NO modulates the MSN
synaptic plasticity since the blockade of NO synthesis or the appli-
cation of NO precludes or promotes, respectively, the induction of
a long-term depression (LTD) after a high-frequency stimulation
(HEFS) (Calabresi et al., 1999; Sergeeva et al., 2007).

THE CHOLINERGIC INTERNEURONS

Cholinergic interneurons receive cortical inputs (Thomas et al., 2000;
Reynolds and Wickens, 2004; Fino et al., 2008) and regulate the excit-
ability of MSNs. Cholinergic cells fire tonically in vivo and provide a
synchronized signal throughout the striatal network in response to
sensory cues predictive of reward (Aosaki et al., 1994; Kimura et al.,
2003; Morris et al., 2004; Apicella, 2007). Indeed, dopamine controls
the discharge activity of cholinergic cells. Cholinergic interneurons
modulate MSNs activity through various muscarinic receptors
(Bennettand Bolam, 1994). MSNs of the direct and indirect pathways
bear distinct patterns of muscarinic receptor expression. MSNs of the
direct pathway express both muscarinic type-1, M1, (excitatory) and
type-4, M4, (inhibitory) receptors and MSNs of the indirect pathway

express M 1 receptors (Acquas and DiChiara, 2002). Therefore, a same
change in the cortical synaptic weight of cholinergic interneurons
should result in opposite effects in the two sub-populations of MSNs.
Nevertheless, muscarinic agonists (acetylcholine or muscarine) have
mainly an excitatory effect on the MSNs by increasing their activity
(Perez-Rosello et al., 2005) or the EPSC amplitude (Lin et al., 2004;
Pakhotin and Bracci, 2007) due to M1 receptor activation (Figure 2C).
In addition, acetylcholine acts on nicotinic receptors mainly located
within the striatum on dopaminergic terminals (Clarke and Pert,
1985; Exley and Cragg, 2008). Finally, cholinergic interneurons also
strongly influence the corticostriatal HFS-induced plasticity on MSNs
since they favor the induction of a long-term potentiation (LTP)
(Centonze et al., 2003; Surmeier et al., 2007) via the activation of
muscarinic receptors whereas nicotinic receptor activation contrib-
utes to the induction of LTD (Partridge et al., 2002).

Therefore, besides MSNss, it is primordial to take into account
the synaptic plasticity at striatal interneurons since they are directly
connected to the cerebral cortex and control striatal microcircuits
as well as corticostriatal information processing.

SPIKE-TIMING DEPENDENT PLASTICITY IN STRIATAL

OUTPUT NEURONS

Corticostriatal plasticity has been extensively studied with classi-
cal conditioning protocols using low (1 Hz), medium (10 Hz) or
high-frequency stimulation (100 Hz) (Mahon et al., 2004; Kreitzer
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and Malenka, 2008; Di Filippo et al., 2009). HFS of striatal afferents
applied within the striatum or the corpus callosum leads to LTD at
MSN synapses (Calabresi et al., 1992a), but to LTP when the electri-
cal stimulation was performed within the cortex (Fino et al., 2005).
HFS-induced LTD relies on group-1 metabotropic glutamate recep-
tors, dopamine D2 receptors, voltage-sensitive calcium channels
and CBI receptor activation (D1 Filippo et al., 2009; Kreitzer and
Malenka, 2008). Corticostriatal LTP was induced by cortical HES
(Fino et al., 2005), while the removal of extracellular magnesium
was requested to observe a LTP when stimulation were performed
into the striatum or the corpus callosum (Calabresi et al., 1992a,b).
HFS-induced LTP requires NMDA receptor activation (Di Filippo
et al., 2009; Kreitzer and Malenka, 2008).

STDP is based on the quasi-coincidence between pre- and post-
synaptic activity within several milliseconds time scale. Despite
numerous studies addressing the corticostriatal plasticity, to this
day STDP at the corticostriatal synapses onto MSNs has been
explored in only three different studies (Fino et al., 2005; Pawlak
and Kerr, 2008; Shen et al., 2008). STDP was reported to be a very
efficient phenomenon occurring at corticostriatal synapses since
it occurred in roughly 80% of the cells (Fino et al., 2005; Pawlak
and Kerr, 2008). Depending on the experimental conditions, dif-
ferent spike-timing dependences have been reported. Using a clas-
sical STDP protocol (100 paired stimulations at 1 Hz) without
pharmacological manipulation, a “reversed” time-dependence is
observed (Fino et al., 2005), compared to those described so far
in other mammalian brain structures (Markram et al., 1997; Dan
and Poo, 2004,2006). Indeed, post-pre pairings induced STDP-LTP
(t-LTP) and pre-post pairings induced STDP-LTD (t-LTD) in MSNs
(Fino et al., 2005) (Figure 3A). Conversely, paired stimulations at
0.1 Hz with blockade of GABA, transmission, was found to evoke
a t-LTD after post-pre pairings and a t-LTP following pre-post
pairings (Pawlak and Kerr, 2008) (Figure 3B). Recently, another
study using theta-burst protocol associated to a blockade of GABA
transmission reported a lack of STDP at D1 receptor expressing
MSNs after post-pre pairings (Shen et al., 2008). Therefore, the
striatal anatomo-functional heterogeneity could be revealed with
specific experimental conditions, highlighting the fantastic com-
plexity of the striatum. Depending on the experimental conditions,
different receptors and intracellular pathways appear to under-
lie the MSN STDP. Indeed, t-LTP and t-LTD induced by a 0.1 Hz
pairings relied on one coincidence detector, the NMDA receptor,
associated with D1 receptor activation (Pawlak and Kerr, 2008). A
different picture is obtained with the t-LTP and t-LTD induced by
1 Hz pairings, since they are mediated by independent signaling
mechanisms, each one controlled by distinct coincidence detectors.
Namely, t-LTP relies on the NMDA receptor, while t-LTD requires
distinct coincident detectors: the phospholipase Cp (PLCB), the
inositol-triphosphate receptor (IP,R)-gated calcium stores and the
diacylglycerol lipase o (DGLo) (Fino et al., 2010). PLCP activa-
tion is controlled by group-I metabotropic glutamate receptors,
type-1 muscarinic receptors and voltage-sensitive calcium channels
activities. The activation of PLC[, IP,Rs and DGLat leads to robust
retrograde endocannabinoid signaling mediated by 2-arachido-
noyl-glycerol and cannabinoid CB1 receptors (Fino et al., 2010).
Similarly, in the theta-burst based STDP, t-LTP is NMDA receptor
and D1 receptor activation dependent whereas t-LTD is dependent
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FIGURE 3 | Spike-timing dependent plasticity in MSNs. (A) STDP evoked
potent bidirectional plasticity at corticostriatal synapses: post-pre pairings (100
paired stimulations at 1 Hz, in native condition) and pre-post pairings induced,
respectively, t-LTP and t-LTD (Adapted from Fino et al., 2005). (B) STDP (60
paired stimulations at 0.1 Hz, in picrotoxine condition): post-pre and pre-post
pairings induced, respectively, a t-LTD and a t-LTP (Adapted from Pawlak and
Kerr, 2008). In conclusion, although the spike-timing dependence appears to
be highly dependent on the experimental conditions, it highlights the wide
potentiality of the corticostriatal plasticity.

on mGluRs, endocannabinoids and dopaminergic D2 receptor acti-
vation (Shen etal.,2008). The signaling pathways involved in corti-
costriatal STDP appear to be similar to those requires for HFS- or
LFS-induced corticostriatal plasticity. These observations suggest
that the corticostriatal pathway is a highly responsive system, in
which different signaling cascades are involved, depending on the
corticostriatal paired activity.
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The differences between these studies, instead of being presenting
as conflicting, should be seen as many promising leads to decipher
the extraordinary complexity of the striatum and its potential-
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Attention has been merely focused on corticostriatal long-term
plasticity in MSNs, the striatal output neurons. Nevertheless, as D

previously mentioned, striatal interneurons regulate MSN excit- STDP LTP STDP
ability and are contacted monosynaptically by glutamatergic “Postipre" ) “Pre-post’
afferents from the cortex; consequently, they are expected to play
a determinant role in the corticostriatal information processing.
Despite their role, the induction of long-term plasticity onto striatal
interneurons has been barely addressed. It has been reported that
HES in the corpus callosum induced a LTP in cholinergic interneu- \

rons (Suzuki et al., 2001; Bonsi et al., 2004). More recently, it as At 5 +At
been shown that the three types of striatal interneurons, choliner-
gic, fast-spiking GABAergic and nNOS interneurons, were able to O
develop long-term plasticity following STDP pairings (100 paired ABA
stimulations at 1 Hz, in native conditions) (Figure 4) (Fino et al.,
2008,2009b). Fast-spiking GABAergic interneurons display a STDP
with a spike-timing dependence similar to those described in the LTD

cerebral cortex or in the hippocampus. Indeed, post-pre pairings L .

. .. . . . FIGURE 4 | Cell-specificity of the STDP among MSNs and striatal
%nduced t-LTD and pre-post pairings induced t-LTP in GABAergic interneurons. (A-C) Spike-timing dependence of the STDP for the different
interneurons (Figure4A). t-LTP as well as t-LTD were dependent of striatal interneurons: (A) fast-spiking GABAergic interneurons (GABA),

the activation of NMDA receptors (Fino et al., 2008). Concerning (B) cholinergic interneurons (CHOL) and (C) nNOS interneurons (NO). Each
cholinergic interneurons, we observed a partially reversed STDP: recorded neuron is represented by a gray triangle and the averages (+SEM) of
post-pre pairings induced t-LTP as well as t-LTD (with a major- The. synaptic efficacy changes 1 houraftgr the STDP pgired protocol are -

. .. . . indicated by the black dots. (D) Schematic representation of the cell-specificity
ity of t-LTP) whereas pre-post pairings induced exclusively t-LTD of the spike-timing dependence of STDP developed by the different striatal
(Figure4B). Interestingly, the state of excitability of cholinergic neurons after post-pre (left) or pre-post (right) pairings (100 paired stimulations
interneurons is correlated to the induction of either a t-LTD or a at 1 Hz). (Adapted from Fino et al., 2005, 2008, 2009b).

t-LTP after post-pre pairings (Fino et al., 2008). Pharmacological
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experiments have indicated that t-LTP was NMDA receptor activa-
tion dependent whereas t-LTD was dependent of the activation of
group-1 glutamate metabotropic receptors (mGluR) (Fino et al.,
2008). Concerning the nNOS interneurons, STDP was atypical since
it displayed an asymmetric time-dependence: t-LTD was induced by
post-pre (=65 < At < 0 ms) but also by “early” pre-post sequences
(0 <At <+ 30 ms), whereas t-LTP was exclusively induced by “late”
pre-post sequences (+30 < At < + 65 ms) (Figure 4C) (Fino et al.,
2009b). This constitutes the first example of a STDP with such a
form of asymmetric plasticity (t-LTD) spanning over negative and
positive At and followed by the other form of synaptic efficacy
changes (t-LTP). Concerning the nNOS interneurons, the signaling
pathways underlying the STDP remain to be characterized.

These results reveal the existence of a marked cell-specificity
of the spike-timing dependence (Figure 4D) and of the signaling
cascades among striatal neuronal populations. Such cell-specificity
of STDP has also been observed in the cochlear nucleus where the
principal cells and the glycinergic interneurons display different
STDP time-dependence (Tzounopoulos et al., 2004) and in the
cortex, with different time-dependence of pyramidal cells and layer
4 spiny stellate cells (Markram et al., 1997; Egger et al., 1999).

CONSEQUENCES OF THE STRIATAL STDP CELL-SPECIFICITY
The common feature within all the different striatal neuronal sub-
types is that STDP can be induced at a very high occurrence in
MSNss (90%), fast-spiking GABAergic (95%), cholinergic (86%)
and nNOS interneurons (90%) (Fino et al., 2005, 2008, 2009b;
Pawlak and Kerr, 2008).

Among striatal neurons, the temporal window in which STDP
is induced, displays a marked cell-specificity. Indeed, it is narrower
for MSNs (=30 < At < + 30 ms) than for fast-spiking GABAergic

(—40 < At < + 60 ms), cholinergic (=50 < At < + 60 ms) and
nNOS (—65 < At <+ 65 ms) interneurons (Fino et al., 2005, 2008,
2009b). The temporal window for STDP induction is larger for
the different striatal interneurons than MSNs. Functionally, this
means that, for At <—-30 ms and for At >+ 30 ms, the synapses
onto interneurons are still subject to long-term plasticity whereas
the synaptic efficacy changes at the MSNs themselves become
unaffected. In addition, interneurons are recruited by cortical
afferents slightly before the MSN's (Mallet et al., 2005; Fino et al.,
2008), meaning that they are able to influence directly the corti-
cal information integration by the MSNs. These different aspects
highlight the impact of the interneurons on the control of the
striatal output.

Considering the cell-specificity of the STDP together with the
local interactions between striatal interneurons and MSNs, we
propose a simplified scheme of the impact of the interplay of the
different STDP on the striatal output (Figure 5). It should be noted
that this scheme is based on data obtained in the same experi-
mental conditions: the horizontal brain slices without affecting the
GABAergic transmission with identical STDP protocol (100 paired
stimulations at 1 Hz). A post-pre pairing induces a t-LTP in MSN,
at-LTD in GABAergic and nNOS interneurons and both forms of
plasticity in cholinergic interneurons (with a majority of t-LTP)
(Figures 4D and 5A). Conversely, after a pre-post pairing, MSNs
and cholinergic interneurons develop a t-LTD while GABAergic
and nNOS interneurons display a strictly opposite STDP orienta-
tion, a t-LTP (Figures 4D and 5B). The question is: how this cell-
specificity of STDP acts to influence the striatal output? To answer
this question, we need to consider the local interactions between
the striatal interneurons and MSNs. As previously described in
this review, local interactions between interneurons and MSNs are

A Post-pre
( N
Cortex _|_
1
I
g _J 1
I
\ |
I
4 1
1
I
1
\ Striatum 1)

Basal ganglia output structures

FIGURE 5 | Putative functional consequences of corticostriatal STDP
cell-specificity on the striatal output. A simplified model of the interplay of the
STDP occurring at the different striatal neuron populations taking into account the
main synaptic interactions between striatal interneurons and MSNs. The effects of
the combined STDP on the striatal output were considered after post-pre (A) or
pre-post pairings (B). (A) Post-pre pairings induced a depression of the GABAergic
inhibition from interneurons while reinforcing the synaptic efficacy of MSNs and

Pre-post
e N
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I
. A J
AN '
1
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y
MSN
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Basal ganglia output structures

cholinergic interneurons. Consequently, it is expected that the synaptic weight of
the striatal output would be increased. (B) Conversely, pre-post pairings lead to a
potentiation of the GABAergic inhibition exerts by interneurons on MSNs while
synaptic weight of MSNs and cholinergic interneurons decreases. Consequently,
it is expected that the striatal output would be decreased. In conclusion, it appears
that striatal STDP occurring at the different striatal neuronal population would act
synergistically to increase or decrease the striatal output.
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characterized as following: GABAergic and nNOS interneurons
have a strong inhibitory weight on MSNs and we will consider here
the excitatory effect of cholinergic interneurons (Figure 2).

For a post-pre corticostriatal paired activity, the effect of the
potentiation of the MSN synaptic efficacy would then be rein-
forced by the decreased inhibitory weight of GABAergic and nNOS
interneurons. In addition, the excitatory effect of cholinergic
interneurons would be increased by the induction of t-LTP at their
level. Therefore, all these synaptic efficacy changes would work in
synergy to increase the striatal output (Figure 5A). Conversely, after
pre-post pairings, the corticostriatal transmission is depressed for
MSNs, and this would be accentuated by the increase of the inhibi-
tion from GABAergic and nNOS interneurons and the decrease of
excitatory effect of cholinergic interneurons (Figure 5B). In con-
clusion, the STDP of striatal interneurons and MSNs would act
together to either increase or depress the striatal output.

Of course this scheme is quite simple and do not consider all
the fine regulation and the specificity of STDP within the stria-
tum. Indeed, it only considers the excitatory effect of cholinergic
interneurons onto MSNs via M1 receptors, although an inhibitory
effect mediated by M4 receptors has been also reported (Acquas
and DiChiara, 2002). In addition, even though post-pre sequences
induced a majority of t-LTP at cholinergic interneurons, they also
induced t-LTD; the occurrence of t-LTP or t-LTD was dependent
on the excitability of the cells (Fino et al., 2008). We should also
consider that nNOS interneurons displayed a specific STDP time-
dependence since for pre-post sequences they develop t-LTD for
short Atand t-LTP for longer At (Fino et al., 2009b). Finally, we will
need to consider the strong effect of local modulation within the
striatum like the dopaminergic afferents from the SNc for example
(Nicola et al., 2000; Costa, 2007). Nevertheless, this scheme helps
to understand how all these STDP interact synergistically. These
results show that it is very important to consider the striatal neu-
ronal heterogeneity to understand properly the integration of the
cortical information by the striatum and its transmission toward
the basal ganglia output structures.

SUBTHRESHOLD EVENTS ACT AS HEBBIAN SIGNAL FOR
CORTICOSTRIATAL LONG-TERM PLASTICITY: THE
SUBTHRESHOLD-DEPOLARIZATION DEPENDENT PLASTICITY
In the current conception of activity-dependent plasticity, as
highlighted by STDP, the action potential constitutes the physi-
ologically pertinent coding event determinant for the induction of
long-term synaptic plasticity. However, neuronal activity does not
lead systematically to an action potential but also, in many cases,
to subthreshold events. Accordingly, experimental data suggested
that the back-propagating action potential would not be the only
post-synaptic depolarizing event necessary for the induction of
long-term synaptic plasticity. In the hippocampus, a low-frequency
stimulation at 1 Hz induced exclusively LTD whatever the amplitude
of post-synaptic depolarization (subthreshold EPSP versus action
potential) (Staubli and Ji, 1996); the amplitude of post-synaptic
depolarization only influencing the LTD magnitude. Changes of
holding membrane potential for relatively long duration (1 min;
Artola et al., 1990 and 250 ms; Sjostrom et al., 2004) paired with
theta burst or action potential, respectively, induced either LTP
(Artola et al., 1990) or LTD (Sj6strom et al., 2004).

Due to MSN electrophysiological properties (Calabresi et al.,
1987; Nisenbaum and Wilson, 1995), cortical inputs do not
systematically trigger an action potential but a wide range of
post-synaptic depolarizations, which mostly remain subthresh-
old (Wilson, 1995; Stern et al., 1997, 1998; Mahon et al., 2006)
(Figure 6A). Therefore, considering the role of striatum in sen-
sorimotor and cognitive learning, the implication of subthresh-
old signals in long-term coding at MSN corticostriatal synapses
would be determinant. Moreover, a subthreshold depolarization
back-propagates very efficiently in the dendritic tree of the MSN's
and modulates the activity of voltage-sensitive calcium channels
(Carteretal.,2007). Subthreshold depolarization in MSNs, paired
with a quasi-coincident cortical activity, are able to induce long-
term synaptic plasticity, named “subthreshold-depolarization
dependent plasticity” (SDDP with “sd” coding for subthreshold
depolarization) (Fino et al.,2009a) (Figures 6B,C). The induction
protocol was similar than the one for corticostriatal STDP: same
duration of depolarization (30 ms), same stimulation frequency
but with the post-synaptic depolarization remaining subthresh-
old. Pre-post pairings (subthreshold depolarization evoked just
after a cortical stimulation) induce mainly sd-LTD and post-pre
pairings (subthreshold depolarization evoked just before a cortical
stimulation) induce either sd-LTP or sd-LTD. The occurrence of
sd-LTP and sd-LTD was dependent on the level of MSN excit-
ability. Comparison of corticostriatal SDDP and STDP indicates
that a post-synaptic subthreshold depolarization is sufficient to
induce bidirectional long-term plasticity while a post-synaptic
action potential appears to be determinant in the strict orienta-
tion of the plasticity and the precision of the time window (Fino
et al., 2009a) (Figure 6C). The same receptors are involved in
the induction of corticostriatal STDP and SDDP since sd-LTD
is dependent of CBl-receptor activation and sd-LTP requires
the activation of NMDA receptors. Such similar pharmacology
indicates that subthreshold events are very efficiently transmit-
ted throughout the dendritic tree in MSNs since, in coincidence
with a presynaptic activation, they are able to activate NMDA
receptors or to induce a release of endocannabinoids similarly
to a back-propagating action potential.

SDDP demonstrates that MSN's have the capability to fully take
into account post-synaptic subthreshold signals paired with corti-
cal activity and, depending on the timing between these activities
and on neuronal excitability, to generate robust sd-LTD or sd-
LTP. SDDP could have multiple consequences for corticostriatal
transmission. Thus, change in the corticostriatal transmission
efficacy induced by SDDP is expected to shift the threshold of
MSN coincidence detection and firing. Indeed, LTP induced by
theta burst in the hippocampus has been shown to facilitate the
coincidence detection (Xu et al., 2006). In MSNs, SDDP should
therefore induce a temporal shift of the spike timing and conse-
quently modify the occurrence and magnitude of a subsequent
STDP. Such impact of SDDP on STDP is reinforced by the fact that
STDP is highly temporally restricted and the temporal position
of the action potential has a determinant weight on the induced
long-term plasticity orientation and magnitude. In conclusion,
SDDP extends considerably the capabilities of neuronal long-term
coding, beyond the action potential, making the neuron a genuine
analogue element.
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FIGURE 6 | Beyond the action potential, the subthreshold-depolarization
dependent plasticity. (A) /n vivo simultaneous recordings of the EEG of the
cortical activity and the intracellular recording of one MSN. Synchronous cortical
activity triggers action potentials in the MSN but also leads to subthreshold
events (Adapted from Mahon et al., 2001). (B) Schematic representations of
post-pre and pre-post SDDP and STDP protocols (the two protocols differ by the
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presence or not of a post-synaptic action potential). (C) Comparison of the
occurrence, orientation, magnitude and temporal extent of SDDP and STDR
Long-term synaptic efficacy changes evoked by SDDP and STDP protocols
illustrated with Box and Whiskers plots. When compared to SDDR, STDP
changes were strictly orientated. SDDP changes were inducible in wider time
windows than STDP (£110 vs. 30 ms). (Adapted from Fino et al., 2009a).

CONCLUSION

The characterization of the different forms of non-synaptic and
synaptic plasticity at the corticostriatal pathway constitutes a step
toward the goal of understanding the cortico-basal ganglia infor-
mation processing and the cellular basis of procedural learning.
Nevertheless, to fully understand the modality of striatal plasticity
and therefore the strength of the coincidence detection operated
by MSNs, it will be determinant to consider the heterogeneity
of the striatal compartments, the effects of neuromodulators
(dopamine, serotonine, acetylcholine) and fully integrate the
diversity of the neuronal sub-populations. In addition, although
the corticostriatal pathway constitutes the main input pathway
of the basal ganglia responsible for the selection of behaviorally
pertinent information, it will be necessary to explore the synaptic

plasticity occurring at the basal ganglia nuclei located downstream
of the striatum to have the full picture of the successive plas-
ticities all along cortico-basal ganglia information processing.
Namely, STDP should be also investigated at relay (GPe) or output
(SNr and GPi) nuclei (Figure 1). Lastly, it remains to investigate
in vivo the genuine impact of the corticostriatal STDP on the
selection of cortical and thalamic activity. In vivo investigation
of the effect of corticostriatal STDP during natural behaviors
will indeed constitute a key step in understanding the cellular
and synaptic mechanisms underlying procedural learning and
memory in the basal ganglia.
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