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a b s t r a c t

The striatum is the major division of the basal ganglia, representing the input station of the circuit and
arguably the principal site within the basal ganglia where information processing occurs.

Striatal activity is critically involved in motor control and learning. Many parts of the striatum are
involved in reward processing and in various forms of learning and memory, such as reward-association
learning. Moreover, the striatum appears to be a brain center for habit formation and is likely to be involved
in advanced stages of addiction.

The critical role played by the striatum in learning and cognitive processes is thought to be based on
changes in neuronal activity when specific behavioral tasks are being learned.

Accordingly, excitatory corticostriatal synapses onto both striatal projecting spiny neurons and
interneurons are able to undergo the main forms of synaptic plasticity, including long-term potentiation,
long-term depression, short-term forms of intrinsic plasticity and spike timing-dependent plasticity.

These specific forms of neuroplasticity allow the short-term and long-term selection and differential
amplification of cortical neural signals modulating the processes of motor and behavioral selection within
the basal ganglia neural circuit.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

The nucleus striatum, the input station of the basal ganglia neu-
al circuit, receives excitatory input from different regions of the
erebral cortex and a prominent input directly from thalamic nuclei
nd is thought to be a primary substrate for numerous forms of
earning and memory and for controlling behavioral output.

The excitatory drive from corticostriatal glutamatergic afferents
ctivates striatal neurons which, in turn, alter the activity of neu-
ons throughout the entire basal ganglia circuitry.

The connectivity within the striatum has begun to be unravelled,
ut the integrative significance of the intrastriatal networks is still
ar from being completely elucidated.

Projecting GABAergic spiny neurons dominate in striatum (95%),
nd exert their physiological functions by closely interacting with
everal subtypes of interneurons including three subtypes of
ABAergic neurons and large aspiny cholinergic interneurons [38].

In addition to having a general role in motor learning [56] and
n the initiation of a wide variety of behaviors [60], the striatum
ppears to be a brain center for habit formation and is likely to
e involved in the advanced stages of addiction, when drug use
rogresses toward a compulsive behavior mostly directed at drug-
eeking [30].

The critical role played by the striatum in learning, cognition,
ehavioral control and its pathological implications are likely to
e based on changes in neuronal activity when specific behavioral
asks are being learned.

Excitatory corticostriatal synapses onto both striatal projecting
piny neurons and interneurons are able to undergo the main forms
f synaptic plasticity [18].

In particular, both long-term depression (LTD) and long-term
otentiation (LTP) have been demonstrated to occur at these
ynapses and are known to be accompanied by a number of other
vents able to influence synaptic weights and to prevent neuronal
etwork destabilization.

All these specific forms of neuroplasticity allow the short-term
nd long-term selection and differential amplification of cortical
eural signals modulating the processes of motor and behavioral
election within the basal ganglia neural circuit.

. Synaptic plastic phenomena: physiologic steps
nderlying memory processes

One of the most fascinating and enigmatic properties of the
rain is represented by its plastic potential. Indeed, experiences are
ble to modulate neural activities resulting in long-lasting mod-
fications of neural circuits, subsequently influencing thoughts,
eelings and behaviors [22].

Since the classic descriptions of nervous system structure and
unction by Ramon y Cajal and Sherrington, the capacity of the brain
o translate transient experiences into persistent memory traces
as been attributed to the occurrence of long-lasting, activity-
ependent changes in the efficacy of synaptic communication [48].

The idea that the plastic properties of synapses might support
ctivity-dependent changes in synaptic efficiency and thus repre-
ent the “engram” of memory was further refined in the late 1940s
y Donald Hebb, who proposed a coincidence-detection rule in
hich the synapse linking two neurons is strengthened if the two

ells are active at the same time [1].

Nevertheless, experimental support for these hypotheses was

acking until the early 1970s, when it was shown for the first time
hat the repetitive activation of hippocampal excitatory synapses
esulted in a long-lasting increase in synaptic strength, named LTP
48].
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Activity-dependent synaptic potentiation occurs within mil-
iseconds, can persist for hours or days and is expressed as a
ersistent increase in the size of the synaptic component of
he evoked response, recorded either from individual neurons
r from a larger cells population [22]. The question of whether
he modification in synaptic efficiency occurring during activity-
ependent plasticity is due primarily to postsynaptic modification

n glutamate AMPA receptors or to a presynaptic change in neu-
otransmitter release is still matter of debate [48]. Nevertheless,
vidence suggest that probably both presynaptic and postsynaptic
echanisms play a role, and that probably neurons of different neu-

onal networks can vary in terms of the specific forms of synaptic
lasticity they express.

Together with LTP, LTD remains the other main accepted verte-
rate model underlying learning and memory.

It is still debated whether LTD plays a specific, independent role
n memory processes or if it serves as an adjunct to LTP, for example
y enhancing signal-to-noise ratio, renormalizing synaptic weights
nd/or deleting previously stored information [49].

A third, potentially important form of homosynaptic plasticity
s “depotentiation”, which results from the reversal of an estab-
ished LTP by a low-frequency stimulation protocol (LFS, 1–5 Hz)
nd seems to be distinct from de novo LTD [52,55].

Depotentiation and other regulatory processes, such as synaptic
caling, are as important as Hebbian LTP and LTD in determining the
onsequences of synaptic plasticity on neural network functioning
1].

Indeed, Hebbian forms of plasticity, acting independently at
ach synapse gain power but also acquire stability problems, poten-
ially destabilizing postsynaptic firing rates, reducing them to zero
r increasing them excessively [1].

. The striatum: neuroanatomy and functional
onsiderations

The striatum is the major division of the basal ganglia. The cor-
icostriatal axons, arising from the whole cortical mantle, mainly
nnervate the striatal medium-sized projecting spiny neurons
MSNs), which account for the large majority of striatal neurons
nd which, in turn, project either directly to the output nuclei of
he basal ganglia (in the so-called “direct pathway”) or to the exter-
al segment of the globus pallidus (GPe) (in the so called “indirect
athway”) and thence to the output nuclei [32] (Fig. 1).

MSNs are inhibitory neurons that use the neurotransmitter �-
minobutyric acid (GABA) and interact to some degree through
ocal GABAergic collaterals. Activity through the ‘direct pathway’
rom the striatum to the output basal ganglia nuclei (substantia
igra pars reticulata and the internal globus pallidus, SNr and GPi)
rovides powerful inhibitory control of these basal ganglia output
eurons. By contrast, activity through the parallel ‘indirect path-
ay’ leads to increased activity of excitatory glutamatergic neurons

n the subthalamic nucleus (STN), which induces strong excitation
f the SNr and GP [32].

A thinly regulated balance of output nuclei activity through
he direct and the indirect pathways is thought to be essential for
ormal function of the basal ganglia. Dopamine (DA) arising from
he substantia nigra pars compacta (SNpc) participates to informa-
ion processing within the striatum, as well as acetylcholine (ACh),
ABA and other neurotransmitters (such as nitric oxide) released

y striatal interneurons.

In vivo intracellular recordings of spontaneous activity of neos-
riatal spiny cells have revealed a two-state behavior of this
euronal population [69]. Indeed, MSNs show characteristic shifts
f membrane potential between two preferred levels, one more
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Fig. 1. The basal ganglia circuit. Cortical neural signals are processed by a striatal neuronal network comprising interneurons and GABAergic projecting medium spiny neurons
that provide the sole striatal output. Striatal projecting medium spiny neurons, which account for the large majority of striatal neurons in turn, project either directly to the
output nuclei of the basal ganglia (in the so-called “direct pathway”) or to the external segment of the globus pallidus (GPe) (in the so-called “indirect pathway”) and thence to
the output nuclei. The output nuclei (the internal segment of the globus pallidus, GPi and the substantia nigra pars reticulata, SNpr) project to the thalamus, which in turn has
efferents that complete the cortico-basal ganglia-thalamo-cortical loop. Even if still debated the striatum is thought to be composed by two main substructures the “dorsal”
and “ventral” striatum or nucleus accumbens (NAc). The dorsal striatum seems to be preferentially innervated by associative and sensorimotor areas of the cortex, receives
dopaminergic inputs from the substantia nigra pars compacta (SNpc) and seems to mainly participate to movement generation and learning. Conversely, the NAc primarily
receives afferents from limbic structures, receives dopaminergic afferents from the ventral tegmental area (VTA) and constitutes a primary component of the “mesolimbic
p ory G
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athway” playing a crucial role during reward. Please note that in the figure, inhibit
re in green and dopaminergic connections in black. Abbreviations: DA, Dopamine;

olarized, called the Down state (varying from −61 to −94 mV),
nd one more depolarized level, called the Up state (varying from
71 to −40 mV) triggered by an increased activity of many conver-
ent corticostriatal neurons (and possibly thalamostriatal neurons
s well) [69]. During the Up state, additional excitatory inputs or
n alteration in the balance of excitatory and inhibitory inputs
ight lead to the firing of action potentials. This phasic activ-

ty of the MSNs leads to altered rates and patterns of firing in
he output nuclei and, as specified below, deeply influences the
nduction of the main forms of synaptic plasticity at corticostriatal
ynapses.

A physiological synaptic transmission and plasticity in the stria-
um is thought to be essential for motor control and learning [56].
ndeed, when a subpopulation of striatal neurons is activated, it
rovides strong inhibition to a subpopulation of pallidal neurons
which have a high resting activity) and thus indirectly removes
he tonic inhibition from a particular target motor center, thereby
ctivating its motor program [32].

Accordingly, a reduced DAergic innervation to the striatum, due
o SNpc degeneration during Parkinson’s disease (PD) leads to the
lteration of MSNs activity [9], to the loss of the main forms of
ynaptic plasticity [18,55] and to the onset of severe motor symp-
oms, such as hypokinesia and difficulty in initiating different motor
atterns [42,43].

Striatal activity does not seem to be only involved in motor con-
rol, but it is also thought to be critical in controlling behavioral
utput [60]. Many parts of the striatum are involved in reward
rocessing and in various forms of learning and memory, such as
abit learning, goal-directed-instrumental and reward-association

earning and procedural and emotional learning [35,60,72].

The involvement of the striatum in numerous forms of learn-

ng is likely to be based on changes in neuronal activity occurring
hen specific behavioral and motor tasks are being learned. The

asal ganglia indeed, and in particular the striatum, are capable
f selection and differential amplification of neural signals, in the

m

m
i
u

ABAergic connections are represented in red, excitatory glutamatergic connections
, gamma-aminobutyric acid; Glu, glutamate; STN, subthalamic nucleus.

hort-term through lateral inhibition and modification of MSNs
embrane properties and in the long-term by long-term forms of

europlasticity, which can preserve or alter the process of motor
nd behavioral selection [4].

Almost all the forms of Hebbian plasticity have been demon-
trated at excitatory corticostriatal synapses onto striatal projecting
eurons and some of them seem also to be expressed by striatal

nterneurons [18]. Together with the main forms of Hebbian plas-
icity (LTP and LTD) corticostriatal synapses are able to undergo
on-Hebbian forms of neuroplasticity, short-term forms of intrin-
ic plasticity, spike timing-dependent plasticity, depotentiation and
ther essential mechanisms preventing neural network destabi-
ization [4].

. LTD and LTP at corticostriatal synapses onto projecting
piny neurons

LTD and LTP at corticostriatal synapses were first reported
n 1992 [7,8] when pioneering studies of long-term activity-
ependent modifications at glutamatergic corticostriatal synapses
emonstrated that the high-frequency stimulation (HFS) of corti-
ostriatal fibres using three trains of pulses at 100 Hz, in association
ith postsynaptic neuronal firing, was able to induce a LTD of

orticostriatal transmission onto striatal projecting MSNs [7]. In
articular, it was demonstrated that tetanic stimulation produced
LTD (>2 h) of both extracellularly recorded field potentials and

ntracellularly recorded excitatory postsynaptic potentials (EPSPs)
nd that subthreshold tetanic stimulation, which under control
ondition did not cause LTD, induced LTD when associated with

embrane depolarization.
This work also investigated the basis of the pharmacological

anipulation of this form of synaptic plasticity providing insights
nto the physiological role of striatal neurotransmitters in the reg-
lation of corticostriatal neuroplasticity.
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Bath application of an NMDA receptors antagonist did not affect
he expression of LTD as well as the GABAA receptor antagonist
icuculline. Conversely, striatal LTD was significantly reduced by
he pretreatment of the slices with an antagonist of glutamate

etabotropic receptors [7].
The critical role of DA in the modulation of striatal neuroplastic-

ty has been evident since this first description of LTD. Indeed, both
1 and D2 DA receptors antagonists were able to block LTD induc-

ion which was also absent in slices obtained from rats in which the
igrostriatal DA system was lesioned by unilateral nigral injection
f 6-hydroxydopamine.

Thus, it was evident that the expression of a LTD of corticostri-
tal synaptic transmission required: (i) membrane depolarization
nd action potential discharge of the postsynaptic cell during the
onditioning tetanus, (ii) activation of glutamate metabotropic
eceptors, and (iii) the coactivation of Dl and D2 DA receptors
7].

Subsequently, it has been demonstrated that the generation
f striatal LTD requires a Ca2+ influx through voltage-dependent
ifedipine-sensitive Ca2+ channels, a sufficient intracellular free
a2+ concentration and the activation of Ca2+-dependent protein
inases [10]. Subsequent studies also investigated which glutamate
etabotropic receptor subtype is selectively involved in LTD induc-

ion at corticostriatal synapses showing that the expression of this
orm of synaptic plasticity seems to require the selective activation
f mGluR1 [33,34].

Differently from LTD, LTP was initially found to be expressed by
orticostriatal synapses after the removal of Mg2+ ions from the
xtracellular medium, an experimental condition able to deinacti-
ate NMDA glutamate receptors [8].

Accordingly, corticostriatal LTP was found to be dependent on
he activation of these receptors [8]. As for striatal LTD, also stri-
tal LTP was demonstrated to be critically dependent on DA [19].
n particular, a role of D1/D5 DA receptors has been repeatedly
emonstrated [39,58].

Notably, both striatal LTD and LTP are influenced not only by the
ctivation of DA receptors by DA arising from the SNpc but also by
everal other neurotransmitters (Fig. 2).

With regard to this latter point, a critical role has been suggested
o be played by striatal cholinergic interneurons which represent
he main source of striatal ACh [57].

Unlike most striatal neurons, cholinergic interneurons are
utonomous pacemakers. This autonomous activity of cholinergic
nterneurons has led to them being referred to as ‘tonically active
eurons’ (TANs) in behaving animals [57].

Striatal ACh bidirectionally interacts with DA either in modulat-
ng striatal neurotransmission or in influencing synaptic plasticity
17] and this cross talk seems to be critically important because of
ts behavioral significance [23].

In particular, ACh seems to influence directly (that is, not
hrough the modulation of DA release) both LTP and LTD induction
t corticostriatal synapses. Activation of M1-like muscarinic recep-
ors is required for the induction of corticostriatal LTP [13] probably
ia a PKC (protein kinase C)-mediated mechanism, while a reduced
oncentration of synaptic ACh seems to facilitate LTD induction by
owering the M1 muscarinic receptor tone and thus disinhibiting
av1.3 Ca2+ channels [66].

A role has also been suggested to be played by M2 mus-
arinic receptors. Indeed, M2-like muscarinic receptors antagonists
nhance striatal corticostriatal LTP [12], suggesting that the activa-

ion of M2-like muscarinic receptors may exert a negative influence
n striatal LTP, probably by reducing the release of glutamate from
orticostriatal fibres [12].

The spectrum of neurotransmitters exerting a potential influ-
nce on striatal neuroplasticity is huge and is still expanding.
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A specific interest is now directed toward the understanding of
he specific role played by endogenous endocannabinoids in the

odulation of striatal LTD.
Indeed, in contrast to classical neurotransmitters, endogenous

annabinoids can act as retrograde synaptic messengers, being
eleased from postsynaptic neurons and traveling backward across
ynapses, finally suppressing neurotransmitter release by the acti-
ation of presynaptic CB1 receptors [70].

In particular in the striatum it has been demonstrated that a
orm of LTD is dependent on the activation of presynaptic CB1
eceptor by postsynaptically released endocannabinoids acting as
etrograde messengers [29].

More in particular, in 2007 Kreitzer and Malenka have demon-
trated, by utilizing BAC transgenic mice that only indirect
athway-MSNs seem to express this form of endocannabinoid-
ependent LTD [41].

The evidence of a form of LTD mediated by the postsynaptic
elease of endocannabinoids should not lead to the underestima-
ion of the role of DA in modulating striatal synaptic plasticity.
ndeed, DA D2 receptors activation has been linked to endo-
annabinoid release in the striatum [31] and critically modulates
ndocannabinoids mediated LTD [40].

. LTD and LTP expressed by striatal interneurons

As introduced above, albeit studies of the cellular organization
f the neostriatum have mainly focused on projecting MSNs, a spe-
ific and critical role in the regulation of the neostriatal circuitry
s played by a population of interneurons, including three types of
ABAergic cells (one coexpressing parvalbumin, one calretinin and
ne nitric oxide synthase) and cholinergic interneurons [38,57].

It is worth to remember that also striatal interneurons, as pro-
ecting MSNs, are able to undergo long-lasting modifications of the
trength of synaptic transmission.

In particular, striatal cholinergic interneurons express a form of
TP after the tetanic stimulation of cortico/thalamostriatal fibres
hat has been demonstrated to require a rise in intracellular Ca2+

oncentration and DA D5, but not DA D2 or NMDA receptors acti-
ation [16,63].

The ability to express synaptic plastic changes has been
lso investigated in striatal GABAergic interneurons and, more
pecifically, in the interneuronal subtype known as fast-spiking
nterneuron, because of its peculiar electrophysiological character-
stics [6].

These cells have been demonstrated to express either LTP or LTD,
epending on the pattern of synaptic stimulation, and to require
MDA receptors activation to undergo these forms of synaptic plas-

icity [28].

. Long-lasting controversies on striatal neuroplasticity

As described above, the first evidence that corticostriatal
ynapses were able to undergo activity-dependent changes in the
fficacy of synaptic transmission has been provided since the
eginning of the 1990s with the initial description of an NMDA-

ndependent corticostriatal LTD [7,8].
Conversely, in vitro LTP was initially observed only when HFS

as coupled with the pharmacological manipulation of the slice
edium, e.g. LTP was elicited by HFS when Mg2+ was omitted from

he extracellular solution [8], allowing the deinactivation of NMDA

eceptors, or when HFS was coupled with a pulsatile application of
xtracellular K+ and DA [68].

According to these first observations the main hypotheses
ere that (i) LTD was the normal, “physiological” form of plas-

icity at corticostriatal glutamatergic synapses and that (ii) the
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Fig. 2. Molecular mechanisms underlying LTD induction at corticostriatal synapses. The high-frequency stimulation (HFS) of corticostriatal fibres using a train of pulses at
100 Hz (left part of the figure), in association with postsynaptic neuronal firing, is able to induce a LTD of corticostriatal transmission onto striatal projecting medium spiny
neurons. Glutamate, dopamine, acetylcholine and nitric oxide signaling interact during the induction phase of LTD (right part of the figure). The activation of metabotropic
glutamate receptors (mGluRs) by glutamate is required for LTD induction. Activation of D2 DA receptors subtypes influences the phosphorylation state of DARPP32 through
the modulation of the intracellular levels of cAMP. DARPP32 in turn, functions as a potent inhibitor of protein phosphatase 1 (PP1) which regulates the functional activity of
many physiological effectors, including NMDA and AMPA glutamate receptors. The activation of D2 DA receptors on cholinergic interneurons also favours the induction of
LTD by the disinhibition of Cav1.3 Ca2+ channels via the lowering the M1 muscarinic receptor tone. Membrane depolarization (�� +) and D2 receptor activation on projecting
neurons facilitates the release of ECBs and the induction of an ECB-mediated LTD. Finally, the activation of D1-like receptors on NOS-positive interneurons facilitates the
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nduction phase of LTD through the activation of the cGMP pathway. Abbreviations
nd cAMP-regulated phosphoprotein 32 kDa; ECBs, endocannabinoids, Glu, glutam
LC, phospholipase C; PP1, protein phosphatase 1; sGC, soluble guanylyl cyclase.

witch from LTD to LTP involved the activation of NMDA recep-
ors.

Subsequent either in vitro or in vivo experimental efforts have
artially challenged this view, demonstrating that the regulation
f striatal neuroplasticity is more complex and profoundly affected
y several conditions, including experimental procedures.

In particular, several factors have been demonstrated to pro-
oundly affect the final effect of a repetitive transmission at
orticostriatal synapses, such as (i) the striatal region taken into
ccount, (ii) the developmental age, (iii) the influence of several
eurotransmitter systems, (iv) the physiological state of MSNs, (v)
he degree of DAergic stimulation, and (vi) the in vivo vs. in vitro
xperimental conditions.

.1. Intrastriatal regional differences in synaptic plasticity
As far as it concerns the regional differences observed within the
triatum in terms of neuroplasticity, it is worth noting that distinct
ules of synaptic plasticity seem to mirror an anatomical, functional
nd behaviorally relevant division of the striatum [67].
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Acetylcholine; CB1, cannabinoid receptor 1; DA, dopamine; DARPP32, dopamine-
GluRs, metabotropic glutamate receptors; NO, nitric oxide; PKG, protein kinase G;

Indeed, even if still debated, it is widely accepted that the stria-
um consists of a dorsal sensorimotor part and a ventral portion
rocessing limbic information that, although very similar with
espect to neural cytoarchitecture and neurotransmitter content,
eem to vary with regard to afferent and efferent circuitry and
eceiving DAergic projections.

To date, various ways of subdividing the striatum have been
uggested and the traditional idea of a dorsal “sensorimotor” part
nd a ventral, “limbic” portion has been challenged and partially
ubstituted by a theory supporting a more graded, dorsolateral-to-
entromedial functional organization [67].

This sub-division of the striatum seems to be reflected by
he existence of distinct rules of synaptic plasticity and to influ-
nce, together with developmental age, the final effect of the
igh-frequency activation of excitatory striatal synapses [53].

ccordingly, in 2000, it has been reported that corticostriatal
ynapses in the dorsolateral region of the anterior striatum tend
o switch from predominant LTP to predominant LTD depending
n developmental age while synapses in the dorsomedial ante-
ior striatum exhibit a propensity to express an NMDA-receptor
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ependent form of LTP across the entire developmental time period
xamined [53].

.2. Multiple neurotransmitters influence neuroplasticity at
orticostriatal synapses

A complex neurochemical balance is probably responsible for
he “direction” (i.e. LTD vs LTP) of the synaptic modification follow-
ng the HFS protocol and it is very difficult to think that an “in vitro”

odel is able to perfectly re-create the physiological, natural equi-
ibrium between striatal neurotransmitters and neuromodulators.
s described above, DA [18], ACh [17] and endocannabinoids [29]
ut also nitric oxide, GABA, adenosine and several other molecules
ave been demonstrated to influence striatal synaptic plasticity and
harmacological studies often concentrated on only one neuro-
ransmitter system, “extrapolating” it from the context and thus,
ooking at only one piece of the puzzle.

Moreover, since MSNs are embedded in a rich interneuronal
etwork, it is difficult to determine if DA, ACh and the other neu-
otransmitters affect MSNs synaptic plasticity directly or indirectly
hrough synaptically coupled neurons.

.3. Influence of membrane potential Up and Down states on
SNs synaptic plasticity

Two other central factors in determining the final direction of
he synaptic plastic change have been recently reviewed elsewhere
18] and are represented by the physiological status of the neuron
nd by the intensity of DAergic signaling at the time of the repeated
ynaptic activation.

With regard to the first point, it is conceivable that during a corti-
ally driven Up state leading to membrane potential depolarization
t could be easier to obtain the removal of the Mg2+-dependent
lock of NMDA receptors. NMDA receptor “deinactivation” might
hereby facilitate intracellular calcium rise which, in turn, may
rigger the Ca2+-dependent molecular mechanisms underlying LTP
nduction [18].

.4. The central role of dopamine

As introduced above, DA is essential for both LTD and LTP induc-
ion at corticostriatal synapses.

More in particular, the strength of the DAergic input reaching
he synapses during the induction protocol and the differen-
ial activation of D1 vs D2 DA receptors are also crucial factors
n determining the final effect of the repeated synaptic activity
nd probably represent determining factors during reward-related
earning [18,59].

As described above, LTP induction at corticostriatal synapses
eems to require D1 DA receptor stimulation, while LTD requires
oth D2 and D1 DA receptors activation [7,39].

Nevertheless, a part from their specific role during LTD and LTP
nduction, it is still a matter of debate what is the real, final effect of
1 and D2 DA receptor stimulation on MSNs although it is widely
ccepted that it deeply depends on the physiological status of the
euron at the moment of DA receptor stimulation [62].

Indeed, DA receptors stimulation has a different effect depend-
ng on the degree of membrane depolarization at which the
eceptor is activated. At more depolarized levels, closer to the Up
tate, the ion-channel phenotype of MSNs seems to change, and D1

nd D2 receptors stimulation generate responses that are different
rom those obtained at more hyperpolarized membrane potential
evels [62].

D1 receptors are known to be positively coupled to adenylyl
yclase, thus causing, when activated, an increase in cytosolic cAMP

t
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evels, the subsequent activation of protein kinase A and several
ownstream effects, such as an increase in surface expression of
oth AMPA and NMDA receptors and the enhancement of NMDA
eceptor mediated currents [62]. Moreover, trough a L-type Ca2+-
hannels-depending mechanism, D1-receptors stimulation is able
o promote synaptically driven plateau potentials of MSNs, “gener-
ting” an Up state in corticostriatal slices [62].

On the other side, D2 receptors are negatively coupled to adeny-
yl cyclase and seem to act reducing neuronal excitability, neuronal
esponse to glutamatergic inputs, and MSNs responsiveness at Up
tate membrane potentials [62].

The lack of homogeneity in DA receptors expression in MSNs
urther complicates this issue, since the prevailing hypothesis is
hat D1 and D2 DA receptors are “segregated” in only one of the
wo striatal projecting pathways with D1 receptors exciting MSNs
f the “direct” striatonigral pathway and D2 receptors inhibiting
SNs of the “indirect” striatopallidal pathway [26].
The hypothesis of a segregation of D1 and D2 receptors in two

ifferent striatal populations of MSNs is partially in contrast with
everal experimental results suggesting that LTD is expressed by the
arge majority of striatal MSNs (rather than only by a half of them)
7] and that in BAC transgenic mice in which D1 and D2 receptors
xpressing MSNs are labeled with EGFP, D2 receptor antagonists
lock LTD induction in both types of MSNs, and not only in D2-
xpressing MSNs [66].

There are several theories that can potentially explain the
act that LTD is expressed in both striatonigral and striatopallli-
al neurons. The first looks at the interneurons as main actors.

ndeed, the activation of D2 receptors expressed by choliner-
ic interneurons might be required to reduce ACh release and
ubsequently lower M1 ACh muscarinic receptor tone and disin-
ibit Cav1.3 Ca2+ channels on D1-expressing striatonigral MSNs,
n event that has been demonstrated to mediate LTD induction
66]. Conversely, as far as it concerns D2-expressing striatopall-
dal MSNs, the activation of D1 receptors should be required to
nhance NO release from NOS + interneurons, which, in turn, par-
icipates in the induction phase of LTD through the cGMP pathway
14].

A different theory is that the D2 receptor-dependence of LTD
n D1-expressing striatonigral MSNs may essentially represent a
spill-over” artifact caused by the induction protocol, potentially
eading to the D2-dependent production and release of endo-
annabinoids from neighboring striatopallidal neurons.

.5. The importance of the in vivo vs. in vitro experimental
reparation

Up to 1997, the knowledge about activity-dependent plastic-
ty at synapses between the cerebral cortex and the neostriatum
ame exclusively from in vitro experiments and, as described
bove, the general idea was that LTD was the physiological
orm of neuroplasticity at corticostriatal synapses while LTP was
nducible only after the pharmacological manipulation of the slice

edium.
In 1997 the first demonstration of an in vivo form of synaptic

lasticity was provided by Charpier and Deniau [21]. Surprisingly,
he authors found that in their in vivo preparation, when cou-
led with postsynaptic depolarization, the tetanus induced a LTP
f corticostriatal excitatory transmission which was prevented by

he intracellular injection of a Ca2+ chelator [21] suggesting that
TP was, to all extents, a physiological form of synaptic plasticity
xpressed by corticostriatal synapses and not only the expression
f a putative pathological process over-activating NMDA glutamate
eceptors.
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. Short-term intrinsic plasticity in striatal neurons

In addition to LTP and LTD, which are probably the two main
nown forms of synaptic plasticity, it is well accepted that the
ynaptic throughput can be also modulated by enduring changes
n neuronal intrinsic excitability resulting from changes in voltage-
ated ion channels function [3,25,73].

Indeed, neuronal excitability is regulated by the activity and
istribution of ion channels in the plasma membrane and voltage-
ated ion channels activity plays a crucial role in coupling EPSPs
o action potentials and thus in modulating neuronal output and
hole circuit dynamic [3,25]. Certain learning tasks produce endur-

ng changes in the intrinsic excitability of neurons by changing
he function of voltage-gated ion channels which, in turn, either
mplify or attenuate the amplitude of the EPSP [3,25].

This information-storage mechanism, called “intrinsic plastic-
ty”, has several critical implications on the computational activity
f neural circuits. First, intrinsic plasticity seems to act to maintain
omeostasis. Indeed, manipulations reducing neuronal networks
ctivation (such as the application of TTX) tend to produce changes
ncreasing spike probability and duration [73]. Conversely, manip-
lations enhancing neuronal activation (e.g. raising external K+)
eem to act decreasing spike probability and duration [73]. A sec-
nd, important role of intrinsic neuronal plasticity is represented
y its potential effects in mediating synaptic metaplasticity, which
s a higher order form of synaptic plasticity expressed as a change
n the ability to induce subsequent synaptic plasticity [73]. Finally,
ntrinsic plasticity could provide a widespread postsynaptic mech-
nism by which neurons optimize their input–output relationship
uring repeated afferent activity [47].

Unfortunately, the mechanisms of intrinsic plasticity follow-
ng physiological activity are only beginning to be unravelled. In
articular, because different neuronal subcompartments express
haracteristic combinations of ion-channel subunits, intrinsic plas-
icity mechanisms differ between neuronal dendrites, soma and
xons [3].

Striatal MSNs exhibit specific electrical membrane properties
hat are known to influence their intrinsic excitability and their
esponsiveness to synaptic inputs. In particular, when MSNs mem-
rane potential approaches the Down state the activation of a
lowly inactivating K+ current (IAs) is able to induce a slowing of
he rate of depolarization which, in turn, cause a long latency of
pike discharge [51].

In 2000, Mahon et al. have demonstrated that MSNs are able
o optimize cortical information transfer by modifying their intrin-
ic excitability as a function of their past activation. In particular,
he authors have shown that, if the intracellular injection of a test
epolarizing current pulse was preceded by a 200 ms suprathresh-
ld pulse, an increase in intrinsic excitability of the neuron was
bserved [44].

Pharmacological investigations and biophysical modeling have
ubsequently demonstrated that the observed decrease in spike
hreshold and the subsequent increase in firing probability seemed
o depend on a time-dependent inactivation of the slowly inacti-
ating K+ current IAs [45,46].

This form of short-term intrinsic excitability might be impor-
ant in regulating the dynamics of basal ganglia circuit and the
evelopment of subsequent forms of long-term synaptic plastic-

ty. Indeed, it establishes a short temporal window in which the
triatal output neuron becomes more responsive to subsequent

xcitatory synaptic inputs. This latter event increases the prob-
bility that subsequent cortically evoked synaptic potentials will
nduce firing, providing a temporal link to optimize striatal cell fir-
ng during temporally ordered activity of converging cortical inputs
46].
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Nevertheless, it is worth noting that many lines of evidence have
ed to the conclusion that it is not just the rate of spiking that
ncodes salient information in neuronal networks but, more criti-
ally, spike timing, which is the particular pattern in which spikes
re evoked [73].

. Spike timing-dependent plasticity at corticostriatal
ynapses

As introduced above, several studies suggest that the temporal
elationship between activity in the pre- and postsynaptic elements
onstitutes a determinant factor for the induction of synaptic plas-
icity, influencing both the magnitude and the direction of the
nduced synaptic change [24].

On the basis of this hypothesis, synaptic strength can be affected
n different ways according to whether a presynaptic spike closely
recedes, or follows, an EPSP. In particular, in the majority of the
ystems in which the principle of spike timing-dependent plasticity
STDP) has been demonstrated, LTP is produced if the presynaptic
ignal precedes the postsynaptic response, while LTD is produced
n the inverse scenario [24].

An hypothesis to explain the downstream effects of the tempo-
al asymmetry in pre- vs post-synaptic spiking is that the relative
iming of glutamate binding to NMDARs and the spiking of the
ostsynaptic dendrite influence the intracellular calcium levels
equired for either LTP or LTD [24]. Indeed, similar to LTP and LTD
nduced by conventional protocols, in STDP, pre–post spiking (EPSP
ollowed by spike) leads to brief high-level Ca2+ influx due to effec-
ive activation of NMDARs (LTP pathway), while post–pre spiking
spike followed by EPSP) leads to a low-level Ca2+ rise (LTD path-
ay) [65].

At corticostriatal synapses, the idea of a critical role of the pre-
ise timing of spiking activity was proposed several years ago [7].

Fino et al. have investigated the role of the potential presence
f an “STDP rule” at corticostriatal synapses [27]. For this purpose,
hey evoked a postsynaptic action potential by applying a supra
hreshold depolarizing pulse either before or after the stimulation
f cortical afferences.

Surprisingly, the authors have found that the corticostriatal net-
ork expresses STDP forms that are reversed to those observed

n other brain structures. Indeed, an LTP occurred when the post-
ynaptic action potential of the MSN neuron happened before a
ortical stimulation, whereas an LTD was observed when a post-
ynaptic action potential was triggered in a MSN after cortical
timulation [27].

The presence of a reversed STDP rule at corticostriatal synapses
s probably the consequence of several convergent factors that are
nown to be able to influence STDP orientation, such as (i) the
ature of the neuron (excitatory vs inhibitory), (ii) the architec-
ure of the dendritic tree and (iii) the resting membrane potential
27]. MSNs indeed exhibit a very hyperpolarized resting membrane
otential, are GABAergic and have a highly branched spiny dendritic
ree.

More recently, Pawlak and Kerr have also investigated the pres-
nce of STDP at corticostriatal synapses showing that timing of
ingle postsynaptic action potentials (APs) relative to the corti-
ally evoked EPSP determines both the direction and the strength
f synaptic plasticity in MSNs [54]. In this study, the authors
rovide evidence that also striatal neurons follow the classical

TDP rule. In particular, they have demonstrated that single APs
ccurring 30 ms before the cortically evoked EPSP induced LTD,
hereas APs occurring 10 ms after the EPSP induced LTP and that
A D1/D5 receptor activation is critically required for striatal STDP

54].
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Fig. 3. Potential induction of LTP at corticostriatal synapses during reward-related learning. In the case of reward presentation, dopaminergic neurons signal reward-predicting
events by a phasic increase (burst) in firing rate while cholinergic interneurons response is characterized by a pause in activity. It has been suggested that the cholinergic
pause observed during a reward-related event might serve as a temporal frame defining the time of postsynaptic DA action. As far as it concerns LTD, the increased firing of
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opaminergic neurons might allow the stimulation of the D1 DA receptors, the subse
he phosphorylation state of DARPP32 which, in turn, functions as a potent inhibitor
xerted by ACh on this form of plasticity lowering presynaptic M2 muscarinic recep
nd cAMP-regulated phosphoprotein 32 kDa; Glu, glutamate; PP1, protein phosphat

Nevertheless, apart from the cause underlying the possible pres-
nce of a reversed STDP rule at corticostriatal synapses onto MSNs,
t is worth to note that the expression of this form of plasticity

ight have several computational implications. In particular, STDP
ight underlie the bidirectionality of synaptic modifications (LTD

nd LTP), helping the neural circuit to maintain its net synaptic exci-
ation at a stable level and to regulate the temporal dynamics of the
ircuit [24].

. The pursuit of happiness: reward-related learning and
orticostriatal synaptic plasticity

What is the force pushing human actions? A sole answer to this
uestion probably does not exist and the issue of understanding
uman behavior seems to be complicated, rather than simplified,
y the merging of philosophical, religious and neurobiological con-
iderations.

It is widely accepted that animals, including humans, shape
heir behavior on the basis of experience and that motivation is
haracterized by action, either to increase the probability of an out-
ome (appetitive motivation), or to reduce it (aversive motivation)
61].

Learned responses require knowledge about the relationships

etween stimuli and actions and they seem to be essential for
eward prediction and for driving goal-directed actions [5]. The
atural incentives that shape behavior reach the central circuitry
f motivation trans-synaptically, via the five senses [71] and are
robably able to induce, via the modulation of neuronal activity,
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modulation of intracellular cAMP levels and thus the PKA-dependent modulation of
. In the same time window, the cholinergic pause might remove the negative effect
imulation. Abbreviations: ACh, Acetylcholine; DA, dopamine; DARPP32, dopamine-

he long-lasting modifications of the efficacy of synaptic transmis-
ion that are required to learn about relationships among stimuli
nd consequences of actions.

In particular, it is conceivable that in the functional circuit under-
ying reward-related learning the induction of long-lasting synaptic

emories underlie positive reinforcement and habit formation
uring physiological conditions and addictive and compulsive
ehaviors during pathological situations.

As introduced above, the striatum is thought to be composed
y two main substructures the “dorsal” and the “ventral” striatum
r nucleus accumbens (NAc). These two regions are very similar
ut seem to differ with regard to afferent and efferent circuitry and
pecific physiological role. Indeed, the dorsal striatum (in partic-
lar its medial and lateral regions) is preferentially innervated by
ssociative and sensorimotor areas of the cortex, receives dopamin-
rgic inputs from the SNpc and seems to mainly participate to
ovement generation and learning. Conversely, the NAc primar-

ly receives afferents from limbic structures, receives dopaminergic
fferents from the ventral tegmental area (VTA) and constitutes a
rimary component of the “mesolimbic pathway” playing a cru-
ial role during reward. The central role played by striatal LTP
nd LTD during motor learning and generation have been exten-
ively reviewed elsewhere as well as the dramatic consequences of

triatal dopaminergic denervation on both motor ability and synap-
ic plasticity induction [11,15,18,56]. Conversely, the mechanisms
nderlying the potential association between striatal neuroplas-
icity and reward-related behaviors and learning are still far from
eing elucidated.



116 M. Di Filippo et al. / Behavioural Brain Research 199 (2009) 108–118

Fig. 4. Potential induction of LTD at corticostriatal synapses during reward-related learning. In the case of reward presentation, dopaminergic neurons signal reward-
predicting events by a phasic increase (burst) in firing rate while cholinergic interneurons response is characterized by a pause in activity. It has been suggested that the
cholinergic pause observed during a reward-related event might serve as a temporal frame defining the time of postsynaptic DA action. As far as it concerns LTD induction
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he increased DAergic tone might result in the stimulation of D2 DA receptors (and
o facilitate endocannabinoids release and the induction of an ECB-LTD. At the sam
eceptor tone and thus in the disinhibition of Cav1.3 L-type Ca2+ channels, which in t
bbreviations: ACh, Acetylcholine; CB1, cannabinoid receptor 1; DA, dopamine; DAG
2 kDa; ECBs, endocannabinoids, Glu, glutamate; PLC, phospholipase C; PP1, protein

The striatum might play a crucial role in reward-related mem-
ry. In particular, a cooperative role should be played by DAergic
nd cholinergic inputs converging on striatal MSNs during precise
ime windows.

Mesostriatal DAergic neurons (DANs) and striatal cholinergic
nterneurons seem to be pivotal for signaling unexpected primary
ewards in addition to the learning and signaling of environmental
ues the predict reward [23].

Interestingly, although both these two classes of neurons are
omehow activated during reward-related events, their responses
iffer. In particular, in the case of reward presentation, DANs signal
eward-predicting events by a phasic increase (burst) in firing rate,
hile cholinergic interneurons response is characterized by a pause

n activity (a pause that sometimes occurs within a possible tripha-
ic template, comprising pre-excitation, pause, and post-excitation
hases) [23].

Which might be the potential usefulness of this AChergic-
Aergic neurons time locking during reward-related events? More

n particular, might it represent an event required to obtain a deter-
ined synaptic concentration of both ACh and DA able to modulate

he induction of synaptic long-lasting changes?
It has been suggested that the cholinergic pause observed during

reward-related event might serve as a temporal frame defining

he time over which the information content of the DA signal will
e processed postsynaptically [50,23].

According to the current knowledge about the relative roles
layed by DA and ACh during corticostriatal synaptic plasticity it is
ossible to hypothesize that reward-related learning at corticostri-
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ably also D1 receptors) in order to modulate DARPP32 phosphorylation state and
, the temporary low levels of ACh may result in the lowering of the M1 muscarinic
ight result, via the activation of PLC and DAG lipase, in an increased ECBs synthesis.

e, diacylglycerol lipase; DARPP32, dopamine- and cAMP-regulated phosphoprotein
phatase 1.

tal synapses may depend on this time-locked opposite responses
f DANs and cholinergic interneurons.

Indeed, the contemporaneous presence, during a reward-
elated event of high levels of synaptic DA and low levels of
ynaptic ACh might potentially facilitate both LTD and LTP induction
Figs. 3 and 4).

As far as it concerns LTP, the increased firing of DANs might allow
he stimulation of the D1 DA receptors [39], while the choliner-
ic pause might remove the negative effect exerted by ACh on this
orm of plasticity lowering M2 muscarinic receptors stimulation
12] (Fig. 3).

Conversely, with regard to LTD, the increased DAergic tone may
e required to stimulate D2 DA receptors (and probably also D1
eceptors) [7] while the temporary low levels of ACh may result in
he lowering of the M1 muscarinic receptor tone and thus in the
isinhibition of Cav1.3 Ca2+ channels [66] (Fig. 4).

The proposed model is voluntarily over-simplified and a number
f factors may potentially bias the synapse toward the preferen-
ial induction of an LTP and or LTD including the large majority of
hose described above. Nevertheless, it provides a working hypoth-
sis showing that either LTP or LTD might be potentially triggered
uring reward-related learning at corticostriatal synapses.

The central effect played by DA in this scenario is consistent with

he acknowledged roles of this neurotransmitter in motivation and
eward [59].

Accordingly, neuroleptic drugs (DA antagonists) seem to atten-
ate the motivation to act before they compromise the ability
intended as motor ability) to act [71].
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The suggestion that the mechanisms underlying drug addiction
ight involve natural reward systems and striatal synaptic plastic-

ty has also stimulated interest [30].
Indeed, major drugs of abuse (including heroin and other opi-

tes, cocaine, amphetamine, and nicotine) lead to increases in DA
oncentration in the ventral striatum and frontal cortex, which
ppears to be a crucial mechanism of drug addiction [59] and are
oth rewarding (interpreted by the brain as intrinsically positive)
nd reinforcing (behaviors associated with such drugs tend to be
epeated) [37].

Thus, it is conceivable that the powerful behavioral control
xerted by addictive drugs might result from the brain’s inabil-
ty to distinguish between the activation of reward circuitry by
aturally rewarding activities, such as eating, and by the con-
umption of drugs. More in particular, the increase in synaptic
A induced by drugs might mimic the physiological condition
bserved during reward-related learning and thus induce long-
asting changes in the efficacy of synaptic transmission finally
esulting in drug-seeking despite the efforts to abstain. Accordingly,
vidence suggests that the main forms of striatal synaptic plastic-
ty might be profoundly altered after the repeated administration
f addictive drugs [20,64,2,36]. An extensive description of the
omplex effects exerted by drugs of abuse of striatal function and
lasticity would be beyond the scope of the article. Nevertheless, it

s worth citing that, according to the hypothesis of a role of synap-
ic changes in mediating the behavioral aspects of the advanced
tages of addiction, abnormalities in striatal synaptic plasticity have
een demonstrated to occur after the administration of different
rugs.

Evidence exists that, after repeated exposure to cocaine, the
atio of AMPA to NMDA receptor-mediated excitatory postsynap-
ic currents (EPSCs) is decreased at synapses made by prefrontal
ortical afferents onto MSNs in the shell of the NAc and that
he amplitude of LTD at these synapses is also decreased [64]. It
as been also demonstrated that the chronic, but not the acute,
dministration of cocaine is able to block the reversal of LTP at
orticostriatal synapses [20].

The exposure to another drug, the dopamine-releaser metham-
hetamine, is able to elicit a long-lasting presynaptic depression at
orticostriatal terminals that is reversed by the methamphetamine
eadministration [2].

Studies investigating the long-term synaptic impact of cannabi-
oid exposure have also been carried out and have shown that, in
he NAc of rats chronically treated with Delta9-THC, LTD is impaired
nd the sensitivity of GABAergic and glutamatergic synapses to both
annabinoids and opioids is reduced [36].

0. Conclusions and future perspectives

In the last years, significant progresses have been made in the
pecific field of synaptic plasticity at corticostriatal synapses and
ome of the molecular mechanisms underlying the induction of
oth striatal LTP and LTD have been partially elucidated.

Hopefully, in the future, a more profound knowledge of the
echanisms underlying these synaptic memory processes will

llow to design pharmacological compounds able to directly tar-
et selective corticostriatal neuronal connections (e.g. onto MSNs,
ABAergic or cholinergic interneurons) and to bias the synapse

oward the preferential induction of a previously selected form of
ynaptic plasticity.
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