Chapter 24
Synaptic Dysfunction in Parkinson’s Disease

Barbara Picconi, Giovanni Piccoli, and Paolo Calabresi

Abstract Activity-dependent modifications in synaptic efficacy, such as long-term
depression (LTD) and long-term potentiation (LTP), represent key cellular
substrates for adaptive motor control and procedural memory. The impairment of
these two forms of synaptic plasticity in the nucleus striatum could account for the
onset and the progression of motor and cognitive symptoms of Parkinson’s disease
(PD), characterized by the massive degeneration of dopaminergic neurons. In fact,
both LTD and LTP are peculiarly controlled and modulated by dopaminergic
transmission coming from nigrostriatal terminals.

Changes in corticostriatal and nigrostriatal neuronal excitability may influence
profoundly the threshold for the induction of synaptic plasticity, and changes in
striatal synaptic transmission efficacy are supposed to play a role in the occurrence
of PD symptoms. Understanding of these maladaptive forms of synaptic plastic-
ity has mostly come from the analysis of experimental animal models of PD.
A series of cellular and synaptic alterations occur in the striatum of experimental
parkinsonism in response to the massive dopaminergic loss. In particular, dys-
functions in trafficking and subunit composition of glutamatergic NMDA receptors
on striatal efferent neurons contribute to the clinical features of the experimental
parkinsonism.

Interestingly, it has become increasingly evident that in striatal spiny neurons,
the correct assembly of NMDA receptor complex at the postsynaptic site is a major
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player in early phases of PD, and it is sensitive to distinct degrees of DA denerva-
tion. The molecular defects at the basis of PD progression may be not confined just
at the postsynaptic neuron: accumulating evidences have recently shown that the
genes linked to PD play a critical role at the presynaptic site. DA release into the
synaptic cleft relies on a proper presynaptic vesicular transport; impairment of SV
trafficking, modification of DA flow, and altered presynaptic plasticity have been
described in several PD animal models. Furthermore, an impaired DA turnover has
been described in presymptomatic PD patients. Thus, given the pathological events
occurring precociously at the synapses of PD patients, post- and presynaptic sites
may represent an adequate target for early therapeutic intervention.
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24.1 Introduction

Parkinson’s disease (PD) is one of the most frequent human neurodegenerative
disorders associated with the process of cerebral aging. PD physiopathology is
linked to a widespread process of degeneration of dopamine (DA)-secreting
neurons in the substantia nigra pars compacta (SNc), with the consequent loss of
the neurons projecting to the striatum (Lang and Lozano 1998a, b). The parkinso-
nian symptoms appear when brain levels of DA reach the 70-80% of the normal
levels. The main clinical features of PD are the direct consequences of a dysfunc-
tion occurring within both the striatum and the entire basal ganglia system
(Calabresi et al. 2007). Bradykinesia, rigidity, tremor at rest, postural instability,
micrographia, and shuffling gait represent the principal motor symptoms that allow
the diagnosis of PD (Jankovic 2008). The clinical detection of these motor
symptoms is often accompanied by autonomic, cognitive, and psychiatric problems
(Calabresi et al. 2006; Kehagia et al. 2010). Rare forms of PD resulted from
missense mutations of a-synuclein as well as increased expression of normal
a-synuclein are characterized by early onset and autosomal-dominant inheritance
(Polymeropoulos et al. 1997; Singleton et al. 2003). Intracytoplasmic inclusions
called Lewy bodies and the progressive loss of DA-containing neurons in the
SNc represent the main neuropathological features of the genetic forms of PD
(Spillantini et al. 1998; Dickson et al. 2009; Schulz-Schaeffer 2010).

Mutations in seven genes have been implicated in various forms of familial
parkinsonism. Two autosomal-dominant genes (a-synuclein and LRRK?2) and three
autosomal-recessive genes (Parkin, DJ-1, and PINK1) have been definitively
associated with inherited PD (Nussbaum and Polymeropoulos 1997; Polymeropoulos
et al. 1997; Healy et al. 2004; Paisan-Ruiz et al. 2004; Valente et al. 2004). As
well as these, other mutations have been reported in UCHL-1, synphilin-1, and
NR4A2 that may or may not be biologically significant (Leroy et al. 1998; Le
et al. 2003; Marx et al. 2003). Synaptic loss is one of the major neurobiological
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dysfunction occurring in several neurological diseases (Wishart et al. 2006), for
example, synaptic failure happens in a very early phase in both patients and
animal models during the progression of Alzheimer’s disease (Selkoe 2002).

24.2 Parkinson’s Disease and Presynaptic Dysfunction

Accumulating evidence has convincingly demonstrated that the genes linked to PD
play a critical role at the presynaptic site. a-synuclein is a 140—amino acid protein
present in almost all subcellular compartments but particularly enriched in the
presynaptic terminals where it is loosely associated with the distal reserve pool of
synaptic vesicles (Lavedan 1998; Yu et al. 2007). Structural and functional studies
have shown that a-synuclein is involved in the trafficking of synaptic vesicles. In
fact, the presynaptic boutons of cultures lacking «-synuclein presented a marked
reduction in the number of vesicles present in the distal pool although the number of
vesicles docked at the synaptic plasma remained unaltered (Murphy et al. 2000).
Accordingly, a-synuclein knockout (KO) mice showed a marked decrease in the
pool of undocked synaptic vesicles and significantly impaired hippocampal
response to long-lasting low-frequency stimulation (Cabin et al. 2002). Further-
more, a-synuclein KO mice are characterized by an increased evoked DA release:
these observations might imply that a-synuclein normally acts as a negative
regulator of DA neurotransmission in an activity-dependent fashion (Abeliovich
et al. 2000). Strikingly, overexpression of a-synuclein inhibits neurotransmitter
release affecting specifically the size of the synaptic vesicle recycling pool (Nemani
etal. 2010). Thus, a-synuclein seems to be deeply implicated in the synaptic vesicle
trafficking required for a proper presynaptic DA release by keeping low the amount
of DA within the presynaptic bouton (Sidhu et al. 2004; Yu et al. 2005). Given that
cytosolic DA might be converted into highly reactive oxidative molecules, it can be
speculated that pathological mutations or aggregation of a-synuclein might preju-
dice normal a-synuclein functions. This impairment may bring to accumulation of
DA and thus to the generation of toxic moieties. Interestingly, also DJ-1 and PINK1
KO mice exhibit presynaptic defects. DJ-1 is a redox-sensitive molecular chaper-
one, and it has been proposed that it inhibits protein aggregation, including
a-synuclein formations (Shendelman et al. 2004; Wilson et al. 2004; Moore et al.
2006; Gasser 2009). DJ-1 is expressed widely throughout the tissues, and it is
subcellularly localized to the cytosol, mitochondrial matrix, and intermembrane
space (Zhang et al. 2005). Acute slice preparation from DJ-1 KO mice showed a
reduce DA overflow and impaired LTD. Furthermore, the mice had a poor perfor-
mance in terms of spontaneous activities and generalized hypokinesia in open field
(Goldberg et al. 2003, 2005). DJ-1 has been reported to sustain also hippocampal
LTD consolidation, suggesting a potential involvement for this protein in
modulating hippocampal dependent cognitive dysfunctions reported in PD (Wang
et al. 2008). PINKI1 instead is a serine/threonine kinase localized in the
mitochondria (Silvestri et al. 2005; Zhou et al. 2008). If PINK1 KO mice failed
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to exhibit any major abnormality, they showed clear deficits in nigrostriatal DA
neurotransmission. Robust evidence supports the conclusion that loss of PINK1
function causes a selective impairment in exocytotic DA release (Kitada et al.
2007; Gispert et al. 2009). Actual knowledge about PINK1 suggests that it may
reside in the mitochondria but, given that its kinase domain faces the cytosol, it
may have extramitochondrial phosphotargets (Silvestri et al. 2005). Therefore, it
might be argued that PINK1 can modify via phosphorylation the activity of
proteins involved in DA release. Noteworthy, it has been demonstrated that
Parkin, PINK1, and DJ-1 interact physically and functionally. In fact, these
three proteins form a ternary complex that promotes ubiquitination and degrada-
tion of aberrantly expressed and heat shock—induced Parkin substrates, as Parkin
itself and synphilin-1. Pathogenic mutants might reduce the activity of the degra-
dative complex (Xiong et al. 2009).

Mutations in LRRK2 gene account for up to 13% of familial PD cases compati-
ble with dominant inheritance (Paisan-Ruiz et al. 2004, 2008; Zimprich et al. 2004)
and 1-2% of sporadic PD patients, thus suggesting this protein as the most signifi-
cant player in PD pathogenesis identified to date (Aasly et al. 2005; Berg et al.
2005; Taylor et al. 2006). Clinically and pathologically, the features of LRRK2-
associated parkinsonism are often indistinguishable from idiopathic PD, although
pathologic variability exists even within PARKS8-linked kindred, ranging from
nigral neuronal loss only to general neuronal loss with a-synuclein, ubiquitin, or
tau inclusions [reviewed in (Whaley et al. 2006)]. Furthermore, the neuropathology
demonstrated in postmortem brain examinations of patients with LRRK2 mutations
most often involves synucleinopathy, but occasionally tauopathy, suggesting a role
for LRRK?2 that is upstream of protein inclusion pathology (Zimprich et al. 2004;
Taymans and Cookson 2010; Wider et al. 2010). The LRRK2 protein has a
molecular weight of approximately 280 kDa and contains several domains includ-
ing a Ras/GTPase like (Roc), a C-terminal of Roc (COR), a kinase (similar to
mitogen-activated protein kinase), and a WD40 domain (Bosgraaf and Van Haastert
2003; Guo et al. 2006). Phylogenetically, the LRRK?2 kinase domain belongs to the
TKL (tyrosine like kinases) and shows high similarity to mixed lineage kinases
(MLKs) (Manning et al. 2002; Marin 2006). Few LRRK2 substrates, including
moesin, 4E-BP, MKKs, tubulin beta, and a-synuclein, have been found so far in
in vitro assays (Jaleel et al. 2007; Imai et al. 2008; Gillardon 2009; Gloeckner et al.
2009; Qing et al. 2009). Several single nucleotide alterations have been identified
in LRRK?2 (Lesage et al. 2005; Mata et al. 2005), covering all functional domains,
but only five missense mutations clearly segregate with PD in large family studies
(Goldwurm et al. 2005; Bonifati 2006a, b). Disease-segregating mutations in
LRRK2 have been reported in the kinase domain (G2019S, 12020T), in the Roc
domain (R1441C/G), and in the COR domain (Y1699C) [reviewed in Mata
et al. (2005)].

The most common mutation found in western countries kindred, G2019S, falls
in the kinase domain and increases LRRK?2 kinase activity while mutations in the
Roc domain appear to decrease the GTPase activity of LRRK2 to affect protein
dimerization and to slightly increase kinase activity [reviewed in more detail in
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(Moore 2008)]. The G2019S mutation has been identified also in parkinsonian
patients with no family history of disease (Gilks et al. 2005; Healy et al. 2008);
other LRRK?2 variants affecting kinase activity appear to be important risk factors
in two genome-wide association studies of sporadic PD (Simon-Sanchez et al.
2009). Although studies show little concordance regarding the level of LRRK2
mRNA/protein expression in the SN, LRRK2 protein expression has been
demonstrated in tyrosine-hydroxylase positive neurons of the SNc and in
medium-sized spiny neurons of the striatum (Galter et al. 2006; Melrose et al.
2006; Higashi et al. 2007a, b). Cortical regions that are affected in dementia
associated with PD, including pyramidal neurons of the cerebral cortex and of
Ammon’s horn, also demonstrate relatively high levels of LRRK2 (Biskup et al.
2006; Higashi et al. 2007b). At the subcellular level, precedent studies showed
LRRK?2 is mainly associated with mitochondria but also with multiple vesicles
structure, including synaptic vesicles (Biskup et al. 2006). Despite its predominance
in PD, the physiological function of LRRK2 is not known, and therefore, its precise
role in the etiology of PD is far from being understood.

Neurotransmission defects have been repeatedly observed in different LRRK?2
models (Li et al. 2009; Tong et al. 2009; Xiong et al. 2009; Li et al. 2010).
Functional impairments in nigrostriatal dopaminergic innervation and degenera-
tion of the nigrostriatal projections have been demonstrated in R1441C-LRRK2
homozygous knock-in mice (Tong et al. 2009) and in R1441C-LRRK2 BAC
transgenic mice (Li et al. 2009), respectively. G2019S BAC transgenic mice
show deficiencies in striatal dopamine release and enhanced striatal tau immuno-
reactivity without dopaminergic neuron loss in the substantia nigra (Li et al.
2010). Recent studies have enlightened that LRRK?2 acts directly at the secretory
and endocytic molecular machinery (Shin et al. 2008; Xiong et al. 2010). Finally,
it has been shown that electrophysiological properties as well as proper vesicular
trafficking and spatial distribution in the presynaptic pool depend on the presence
of LRRK?2 as an integral part of presynaptic protein complex (Piccoli et al. 2011).
Presynaptic proteins — NSF, AP-2 complex subunits, SV2A, synapsin, syntaxin 1
(Piccoli et al. 2011), and Rab5b (Shin et al. 2008) — as well as actin (Meixner et al.
2010) have been found to interact, at least in vitro, with LRRK?2 (Fig 24.1). These
proteins have been previously described as key elements of synaptic vesicle
trafficking. NSF catalyzes the release of the SNARE complex (SNAP 25, syntaxin
1, and VAMP) and allows the first step of the endocytic cycle where also Rab5
proteins are called in action. The clathrin complex [clathrin, AP-2 adaptor com-
plex, and accessory proteins as dynamin and AP180] constitutes one of the major
pathways for SV recycling from the membrane to the resting pool (RP). The
control of storage and mobilization of SV in the RRP depends instead on the
synaptic vesicle glycoproteins SV2A and B while synapsins are thought to
immobilize SV in the RP by cross-linking vesicles to the actin cytoskeleton.
Strikingly, an increased DA turnover has been noticed in presymptomatic
LRRK2 mutation carriers (Sossi et al. 2010). Increased turnover might arise as
a compensatory mechanism to counteract DA-neurons loss (Adams et al. 2005),
but it has also been suggested that increased DA turnover might by itself
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Fig. 24.1 Model of LRRK2 function at the presynaptic site. Given the interaction between
LRRK?2, cytoskeletal elements, and presynaptic proteins (Shin et al. 2008; Meixner et al. 2010;
Piccoli et al. 2011), it has been proposed LRRK2 is part of the molecular complex that controls SV
fusion rate. It might modulate SV storage in the RP and SV trafficking between the RP and the
membrane. (a) SV actively cycles between the RRP and the RP, even if the major part of SV
belongs to an apparently inactive resting pool. (1) SV is maintained in the RP by synapsin-actin
cytoskeleton interaction. (2) SV2A and calcium-dependent secretion activator 1 (CASP1) convert
the vesicles into fusion-responsive state. (3) SNAREs dock SV to the presynaptic membrane in
preparation for fusion. (4) After fusion-pore opening, vesicle-fusing ATPase (NSF) disrupts the
SNARE complex releasing SV. (5) SV recycles to the RP mainly through clathrin-coated pits
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contribute to disease progression secondary to DA-associated toxicity (Smith
et al. 2002; Zigmond et al. 2002). Therefore, accumulating evidences suggest
that synaptic dysfunction is a primary effect of LRRK?2 gene mutations and that
synaptic failure is intimately involved in LRRK?2 due PD pathogenesis.

24.3 Postsynaptic Dysfunction in Parkinson’s Disease

The natural history of PD is complex and involves differential mechanisms during
its various clinical phases. Most of the evidence on pathogenic pathways in PD has
been obtained using experimental models of complete striatal DA depletion mim-
icking advanced PD such as rats lesioned with 6-hydroxydopamine (6-OHDA)
(Schwarting and Huston 1996) and macaques lesioned with 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) (Jenner and Marsden 1986).

The massive denervation of the dopaminergic nigrostriatal terminals, as
observed in advanced PD, is associated to maladaptive plasticity (Calabresi et al.
2007), alteration of striatal dendritic spines (Anglade et al. 1996; Day et al. 2006),
and changes of glutamatergic signaling (Betarbet et al. 2000; Picconi et al. 2004).
In advanced PD, spontaneous excitatory glutamatergic synaptic activity can be
dramatically altered. These pathological events may also alter the amplitude and
the direction of long-term changes of excitatory transmission induced by repetitive
synaptic activation. Moreover, changes in neuronal phasic and/or tonic firing
discharge may occur. Even slight changes in corticostriatal and nigrostriatal
neuronal excitability may influence profoundly the threshold for the induction of
synaptic plasticity. Changes in striatal synaptic transmission efficacy are supposed
to be the cellular basis for such complex integrative functions (Calabresi et al. 2006,
2007), and experimental findings show that short- and long-term changes in
corticostriatal synaptic plasticity may play a role in PD (Gubellini et al. 2002;
Picconi et al. 2003).

Two cardinal features of PD pathophysiology are represented by the alteration of
glutamatergic synapses paradoxically accompanied by the described increase of
glutamatergic transmission within the striatum. The real mechanisms underlying
this increased excitatory drive remains unknown. Recently, the synaptic changes in
both corticostriatal and thalamostriatal afferents have been studied in MPTP-treated
monkeys taking as main markers the vesicular glutamate transporters (vGluTs) 1
and 2 (Raju et al. 2008). This study demonstrates the increased presence of vGluT1
in the striatum of MPTP monkeys without any significant change in the pattern of

Fig. 24.1 (continued) endocytosis (5). (b) Impairment of LRRK? levels/function might impair the
functionality of the exo-endo machinery. In absence of LRRK2, SV might not properly cycle
between the (1) RRP and (2) the RP. (3) The reduction of the molecular constrain represented by
LRRK2 and LRRK2-associated protein might increase SV probability to reach the membrane and
fuse (In the cartoon are depicted only presynaptic proteins putatively interacting with LRRK?2)
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synaptic connectivity. However, a clear degree of synaptic reorganization of the
thalamostriatal system has been found. These findings suggest a differential degree
of plasticity between the two systems in parkinsonian primates.

In the last decades have been described and extensively studied two forms of
striatal synaptic plasticity (long-term depression (LTD) and long-term potentiation
(LTP)) thought to underlie cognitive performance both in vitro (Calabresi et al.
1992b, c¢; Lovinger et al. 1993; Walsh 1993; Walsh and Dunia 1993; Partridge et al.
2000) and in vivo (Charpier and Deniau 1997; Reynolds and Wickens 2000; Mahon
et al. 2004).

A high-frequency stimulation (HFS) protocol of the corticostriatal fibers
(Calabresi et al. 1992b, c; Lovinger et al. 1993) allows to induce both forms of
synaptic plasticity, the type of the long-lasting changes being critically dependent
upon the level of membrane depolarization and on the ionotropic glutamate recep-
tor subtype activated during the HFS. A third form of synaptic plasticity
(depotentiation) results from the reversal of an established LTP by the application
of a low-frequency stimulation of corticostriatal fibers (O’Dell and Kandel 1994;
Picconi et al. 2003).

Compared to other brain areas, in which synaptic plasticity has been extensively
studied, the striatum has the peculiar feature of receiving a massive dopaminergic
input arising from SNc. Accordingly, a unique characteristic of striatal LTD is the
requirement of DA receptor activation by endogenous DA (Calabresi et al. 2007). In
fact, this form of synaptic plasticity is lost after massive DA denervation both in
6-OHDA rats (Calabresi et al. 1992c) and MPTP-treated monkeys (Quik et al. 2006).

The absence of LTD in the striatum of parkinsonian animals can be attributed to
the failed activation of DA receptors during the induction phase of this form of
synaptic plasticity. LTD, in fact, can be restored after DA denervation by ensuring
DA receptor activation through the application of exogenous DA or by the
coactivation of both D1 and D2 receptors (Calabresi et al. 1992a, 2007). Similarly,
massive nigrostriatal denervation blocks corticostriatal LTP (Picconi et al. 2003;
Calabresi et al. 2007). Interestingly, a “balanced” DA/DARPP-32 pathway is
required for the corticostriatal system to be able to express both LTD and LTP
(Calabresi et al. 2000).

It is of interest to note that distinct degrees of DA denervation may differentially
affect the induction and maintenance of these two distinct and opposite forms of
corticostriatal synaptic changes (Paille et al. 2010). An incomplete DA denervation
does not affect corticostriatal LTD which is, however, abolished by a complete
lesion suggesting that a low, although critical, level of DA is required for this form
of synaptic plasticity. Conversely, an incomplete DA denervation dramatically
alters the maintenance of LTP confirming a critical role of this form of synaptic
plasticity in the early motor parkinsonian symptoms (Paille et al. 2010).

Recently, to understand the early synaptic mechanisms occurring in PD, the
striatal dysfunctions have been studied in mice overexpressing human A53T-alfa-
synuclein (Kurz et al. 2010). A53T-alfa-synuclein overexpressing mice, in their
advanced stage, present dysfunctional DA neurotransmission and consequently an
impaired striatal LTD, confirming, once more, the relevant role of an intact and
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correct balance in the dopaminergic nigrostriatal transmission for a physiological
synaptic activity.

The pathophysiological picture emerging from the last years of experimental
approach shows that the strength of glutamatergic signals from the cortex to the
striatum might be dynamically regulated during the progression of the disease. In
fact, bidirectional changes in corticostriatal synaptic plasticity are critically con-
trolled by the different degree of nigral denervation which influences the endoge-
nous DA levels and the assembly of striatal N-methyl-D-aspartate (NMDA )—-type
glutamate receptor subunits.

NMDA receptors are glutamate ion channels and represent the key elements
in the regulation of synaptic function in the central nervous system. They resulted
from the coassembly of three different receptor subunit families: NMDA receptor 1
(NR1), NR2A-NR2D, and NR3A-NR3B (Dingledine et al. 1999; Nishi et al. 2001).
NMDA receptors are highly permeable to Ca*, and its influx through the receptor
channel is essential for the synaptogenesis, the synaptic remodeling, and the long-
lasting changes in synaptic efficacy such as synaptic plasticity (Collingridge et al.
2004).

In the neuronal synapses, NMDA receptors are clustered in the postsynaptic
density (PSD) that consists of numerous scaffolding cytoskeletal and signaling
proteins, some of which are in close contact with the cytoplasmic domain of glutamate
ionotropic receptors in the postsynaptic membrane (Kennedy 2000; Gardoni et al.
2001). This accumulation of NMDA receptors at the postsynaptic compartment
ensures a rapid response to neurotransmitter release and provides a molecular mecha-
nism for linking the transmembrane ion flux to the signaling machinery responsible
for specific second messenger pathways. Among the protein complex governing the
response of the signaling cascade, the o-calcium-calmodulin-dependent protein
kinase II (a-CaMKII) is directly linked to the NR2A/NR2B subunits (Gardoni et al.
1998; Strack et al. 2000) and competes in NR2A binding with PSD-95 (Gardoni et al.
2001). Interestingly, CaMKII- and tyrosine-dependent phosphorylation of NMDA
receptors is altered in experimental model of PD (Oh et al. 1999).

In the striatum as well as in other brain areas, LTP requires activation of NMDA
receptors (Calabresi et al. 1992b, 2007; Collingridge and Bliss 1995; Malenka and
Bear 2004). Interestingly, it has become increasingly evident that in striatal spiny
neurons, NMDA receptor complex is also profoundly altered in experimental PD
(Ulas and Cotman 1996; Dunah and Standaert 2001).

Early studies evaluated NMDA receptor abundance, composition, and phos-
phorylation in advanced model of PD. In the DA, denervated striatum has been
found a decreased level of NR1 and NR2B subunits in striatal membranes, while
the abundance of NR2A was unchanged (Ulas and Cotman 1996; Dunah and
Standaert 2001). Further studies in the 6-OHDA model showed similar results and
associated to alterations in synaptic plasticity (Picconi et al. 2003, 2004; Gardoni
et al. 2006). In particular, NR2B subunit was specifically reduced in the synaptic
density from advanced parkinsonian rats when compared with sham-lesioned rats
in the absence of parallel alterations of NR1 and NR2A (Picconi et al. 2003, 2004;
Gardoni et al. 2006). Interestingly, these molecular alterations have been further
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confirmed in parkinsonian macaques (Hallett et al. 2005). Hallett’s group shows
that in the striatum of MPTP-lesioned macaques the DA depletion induces
massive changes in the levels of striatal NMDA receptor proteins, such as a
reduction in the abundance of NR1 and NR2B but not NR2A subunit. Moreover,
in the denervated striatum of parkinsonian animals, the alteration of NMDA
receptor subunit localization at synaptic sites is accompanied by a decreased
recruitment of PSD-95 to NR2A-NR2B subunits; these events are paralleled by
an increased activation of the pool of a-CaMKII associated to the NMDA receptor
complex (Picconi et al. 2004). Further, other studies reported that experimental
Parkinsonism in rats appears to be associated with decreased synaptic membrane
localization and increased vesicular localization of PSD-95 and SAP97 members
of the PSD-MAGUK family (Nash et al. 2005) that could account for dys-
regulation of NMDA receptors at synapses.

While in advanced parkinsonism LTP is completely lost and this synaptic
alteration is coupled to specifically reduced levels of NR2B subunits in the PSD
compartment (Gardoni et al. 2006), the picture found in the early parkinsonian rats
is quite different.

As mentioned above, the incomplete DA denervation dramatically alters the
maintenance of LTP. This synaptic alteration recorded in striatal spiny neurons is
also accompanied by a dramatic increase in the NR2A NMDA receptor subunits in
the striatal synapses, suggesting the presence of a profound rearrangement of the
receptor complex composition (Paille et al. 2010). These profound differences in
NMDA receptors in the postsynaptic compartment of partially versus fully lesioned
rats suggest that NR2-type regulatory subunits are sensitive to plastic changes
induced by the differential degree of DA denervation.

Moreover, NMDA receptor subunits NR2A and NR2B interact with membrane-
associated guanylate kinases (MAGUK); this interaction governs their trafficking
and clustering at synaptic sites (Kim and Sheng 2004). The analysis of PSD-95,
SAP97, and SAP102 in the postsynaptic compartment reveals a significant reduc-
tion of the three proteins in advanced parkinsonian rats compared with sham-
operated rats (Gardoni et al. 2006). In contrast, in early parkinsonian animals, the
level of these proteins is the same as in the sham-operated animals, suggesting that
in this model of “early” PD, no alteration of MAGUK protein distribution at the
synapse is present. These data suggest that the NR2A subunit level at the synaptic
site is a major player in early phases of PD, and it is sensitive to distinct degrees of
DA denervation; thus, it may represent an adequate target for early therapeutic
intervention.

In the PSD, other important receptors included in the glutamatergic ionotropic
receptors class, and mediating the functions of glutamate, are represented by alpha-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, tetra-
meric proteins composed of subunits GluR1-4. Upon binding with glutamate,
synaptic AMPA receptors induce membrane depolarization and after removing
magnesium (Mg?*) block from NMDA allow to reduce the threshold to induce
long-term increases of the synaptic responses. AMPA receptor—dependent
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depolarization also opens L-type calcium (Ca®*) channels and leads to activation of
CRE elements that are responsible for gene transcription.

Recently, a critical role of AMPA receptors in PD has been shown (Lee et al.
2008). Lee and colleagues found that paraquat, a putative causative agent for PD,
inhibits postsynaptic AMPA receptors on dopaminergic neurons in the SNc. How-
ever, there is still no general consensus on the mechanism underlying dysregulation
of AMPA receptor distribution or composition changes in PD. GluR1 subunit of
AMPA receptor has not found changed in the striatum of parkinsonian rats (Bernard
et al. 1996; Betarbet et al. 2000), while GIuR1 immunoreactivity is increased in the
caudate and putamen of MPTP monkeys (Betarbet et al. 2000). Evidence has been
provided that GluR1 immunoreactivity is decreased in striatal spiny neurons (Lai
et al. 2003) and in striatal membrane fractions of parkinsonian rats (Gardoni et al.
2006); on the contrary, no alteration of GIluR1 levels in the postsynaptic density has
been found in 6-OHDA-lesioned rats (Picconi et al. 2004).

24.4 Conclusions

Given the correlation recently described between LRRK2 and a-synuclein (Lin et al.
2009; Carballo-Carbajal et al. 2010), the impact of a-synuclein on synaptic vesicle
recycling (Fortin et al. 2010; Nemani et al. 2010), and the functional links among
DIJ-1, Parkin, PINK1, and a-synuclein (Shendelman et al. 2004; Xiong et al. 2009),
the regulation of DA release might arise as one the main biological pathway
compromised during PD onset. The molecular mechanisms underlying these synaptic
transmission defects, however, remain largely elusive. Although little is known about
the precise mechanisms of exocytotic DA release, it likely uses a similar mechanism
as glutamatergic synapses, in which release is energy-dependent, is mediated by the
SNARE-dependent fusion of synaptic vesicles and is triggered by Ca®* binding to
synaptotagmins. Synaptic vesicles undergo in the nerve terminal to high-frequency
trafficking cycles thanks to the presence of extremely specialized machinery,
allowing very rapid triggering and switching off of synaptic vesicle exocytosis in
response to depolarization-evoked Ca®* influx. A major goal in neurobiology in
recent years has been to gain insight into the molecular machinery that mediates
neurotransmitter release. More than 1,000 proteins function in the presynaptic nerve
terminal, and hundreds are thought to participate in exo-endocytosis. The processes
are finely tuned and depend on the interaction between protein expressed on SV
membranes and protein expressed on the presynaptic membranes (Rizo and
Rosenmund 2008; Sudhof and Rothman 2009).

This complex network of interaction is plastically shaped by posttranslational
modifications: the presynaptic modulation of neurotransmitter release is in fact
altered by protein kinases and protein phosphatases (Turner et al. 1999; Fdez and
Hilfiker 2006) and by protein degradation (Ehlers 2003; Yao et al. 2007). One
possibility worth to be explored is that PD-related proteins alter SV trafficking via
modification of presynaptic proteins.



564 B. Picconi et al.

Cellular and postsynaptic alterations occurring in the striatum of experimental
parkinsonism in response to the massive dopaminergic loss may lead to synaptic
dysfunction and corticostriatal transmission instabilities. In particular, maladap-
tive forms of synaptic plasticity consequently to the alteration in the subunit
composition of glutamatergic ionotropic receptors, that is, NMDA receptors,
contribute to the clinical features of PD. Interestingly, it has become increasingly
evident that the correct assembly of NMDA receptor complex at the synaptic site
is a major player in early phases of PD and it is sensitive to distinct degrees of DA
denervation; thus, it may represent an adequate target for early therapeutic
intervention.
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