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Abstract—In the recent past, the pathogenesis of Parkinson’s
disease (PD) has evolved from a neurodegenerative disorder
considered entirely sporadic to a disease with an unequivocal
genetic component. Indeed, different inherited forms of PD have
been discovered and characterized, although the functional
roles of the gene products identified are still under intense
investigation. To gain a better understanding of the cellular and
molecular pathogenic mechanisms of hereditary forms of PD,
different animal models have been generated. Although most of
the rodent models display neither obvious behavioral impair-
ment nor evidence for neurodegeneration, remarkable abnor-
malities of dopamine-mediated neurotransmission and cortico-
striatal synaptic plasticity have been described, indicative of a
fundamental distortion of network function within the basal
ganglia. The picture emerging from a critical review of recent
data on monogenic parkinsonisms suggests that mutations in
PD genes might cause developmental rearrangements in the
corticobasal ganglia circuitry, compensating the dopaminergic
dysfunction observed both in mice and humans, in order to
maintain proper motor function.
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Parkinson’s disease (PD) is the most common movement
disorder, affecting ~2% of individuals over age 60 years. The
cardinal clinical features of PD include resting tremor, rigidity,
bradykinesia, and postural instability, which are often accom-
panied by autonomic, cognitive, and emotional disturbances.
The neuropathological hallmark of PD is the degeneration of
dopaminergic neurons in the substantia nigra pars compacta
(SNpc). The loss of dopaminergic input to the striatum is
believed to lead to the appearance of the motor symptoms
(Dauer and Przedborski, 2003). Although PD has long been
regarded as a sporadic disorder, the identification of several
gene mutations responsible for distinct forms of inherited PD
provided strong evidence that genetic factors play a relevant
role in the etiology of the disease. Monogenic parkinsonisms
account for only a small fraction of PD cases, as only 20% of
patients with an early onset and no more than 3-5% of those
with a late onset have a clear familial etiology, exhibiting a
classical recessive or dominant Mendelian mode of inheri-
tance (Gasser, 2007). Linkage studies have identified about
15 loci and 11 genes associated with inherited forms of PD.
Among these, five causative genes of PD have been better
described: those that encode alpha-synuclein (SNCA/
PARK1) and leucine-rich repeat kinase 2 (LRRK2/PARKS),
also known as dardarin, which are responsible for the most
common autosomal dominant forms of PD, and those that
encode Parkin (PARKIN/PARK2), PTEN-induced kinase 1
(PINK1/PARK®6), and DJ-1 (PARKY), which are linked to
autosomal recessive forms (Klein et al., 2007; Gasser, 2007).

The lack of brain tissue specimens and the limited
number of functional studies represent an obvious limita-
tion to our progress towards a better understanding of the
neural mechanisms involved in the pathophysiology of
monogenic PD. An essential step forward has been repre-
sented by the generation of different animal models of
monogenic parkinsonisms. Indeed, the big advantage of
studying a genetic disorder with respect to a sporadic
syndrome is that molecular approaches and transgenic
animal models can be used to define pathological path-
ways (Dawson et al., 2010). For example, the study of
proteins encoded by genes responsible for inherited forms
of PD provided vital clues to understanding the molecular
pathways linked to neurodegeneration, such as oxidative
stress, intracellular inclusions of misfolded proteins, mito-
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chondrial dysfunction, and alteration of the ubiquitin—pro-
teasome pathway. The different mutations in genes asso-
ciated with PD may act in series and/or in parallel path-
ways, ultimately converging on a molecular mechanism
that leads to the loss of dopaminergic neurons (Cookson
and Bandmann, 2010; Dawson et al., 2010).

Traditional animal models of PD, such as 6-hydroxy-
dopamine (6-OHDA)-denervated or 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-lesioned models, dis-
play neuropathological signs of degeneration of dopami-
nergic cells and express phenotypic motor abnormalities.
Unlike these acute dopamine (DA) depletion models, most
transgenic mice exhibit only subtle motor abnormalities
without neuronal loss. Several lines of experimental evi-
dence now suggest that these mutations are responsible
for both dysfunction of DA neurotransmission in transgenic
mice, as well as impairment of DA-dependent long-term
plasticity at corticostriatal synapses (Goldberg et al., 2005;
Kitada et al., 2007, 2009; Martella et al., 2009).

These experimental observations are in accordance
with data obtained from PD patients carrying gene muta-
tions, showing alterations of the dopaminergic pathway
(Hilker et al., 2001; Eggers et al., 2010) and plastic
changes in brain excitability (Buhmann et al., 2005; De
Rosa et al., 2006; Baumer et al., 2007; Schneider et al.,
2008; van der Vegt et al., 2009).The aim of this brief survey
is to provide an overview of experimental data from mouse
models of familial PD, with a specific focus on the forms
linked to mutations of PINK1, DJ-1, and parkin genes,
characterized by DA dysfunction and plastic rearrange-
ments in corticobasal ganglia network.

MONOGENIC PARKINSONISMS
Autosomal dominant forms of PD

In 1997, the discovery that an autosomal inherited muta-
tion in the alpha-synuclein gene was unequivocally asso-
ciated with a familial form of PD in a large Italian family
(Polymeropoulos et al.,, 1997) paved the way to a new
challenge for genetic studies and the understanding of
molecular mechanisms underlying this disease.
Alpha-synuclein is a 140—amino-acid protein encoded
by the SNCA gene, located on chromosome 4q, and abun-
dantly expressed as a cytosolic lipid-binding protein in the
vertebrate nervous system (McLean et al.,, 2000). The
protein is mainly localized within presynaptic nerve termi-
nals, where it is believed to participate in the regulation of
vesicle trafficking and neurotransmitter release by promot-
ing the assembly of the Soluble NSF Attachment Protein
REceptor (SNARE) complex (Vekrellis et al., 2004; Burré
et al., 2010; Darios et al., 2010). In addition to three mis-
sense mutations (A30P, E46K, A53T), also SNCA dupli-
cations or triplications have been identified in a handful of
families affected by parkinsonism (Singleton et al., 2003).
In general, point mutations are extremely rare and by far
less frequent than SNCA multiplication events. For many
SNCA-linked cases, the severity of the clinical phenotype
appears to depend on gene dosage. Patients with dupli-
cations are often clinically indistinguishable from those

affected by sporadic PD, in contrast to patients carrying
triplications, who present a more severe phenotype char-
acterized by earlier onset, faster disease progression,
marked dementia, and frequent dysautonomia (Ross et al.,
2008). The brain pathology of patients carrying either point
mutations or multiplication events of SNCA is character-
ized by SNpc atrophy, and by alpha-synuclein- and ubig-
uitin-positive inclusions in the remaining monoaminergic
neurons in the brainstem, cortical motor, and sensory ar-
eas (Spira et al., 2001; Zarranz et al., 2004; Obi et al.,
2008). Overall, these observations support the notion that
both overexpression and mutation-induced gain of function
of alpha-synuclein can lead to neural damage. Although
less frequent, the discovery of mutations in the gene cod-
ing for alpha-synuclein as the major component of Lewy
body inclusions has been historically relevant.

On the other hand, the LRRK2 gene mutations are by far
more common, suggesting that they might also represent a
risk factor for the sporadic disease (Paisan-Ruiz et al., 2004).
Autosomal dominant mutations in the LRRK2 gene, identified
in the PARKS locus on chromosome 12, were first described
by two independent groups (Paisan-Ruiz et al., 2004; Zim-
prich et al., 2004) in a familial parkinsonism syndrome mim-
icking the clinical features of sporadic PD. The phenotype
associated with LRRK2 mutations is similar to sporadic PD,
with asymmetrical tremor, rigidity, bradykinesia, and a good
response to levodopa treatment. Furthermore, a positron
emission tomography (PET) study showed a reduction of
presynaptic DA synthesis in the putamen, similar to the de-
crease observed in sporadic PD (Nandhagopal et al., 2008).
However, the neuropathological features show a high heter-
ogeneity, as nigral degeneration may be associated or not
with brainstem or widespread Lewy bodies, and neurofibril-
lary tangles (Khan et al., 2005).

LRRK2 gene consists of 51 exons and encodes a multi-
domain protein, also named dardarin, that includes a Rho/
Ras-like GTPase domain related to the mixed-lineage kinase
(MLK) family, WD40-repeat, leucine-rich repeat (LRR), and
C-terminal of ROC (COR) domains (Cookson, 2010). To
date, nearly 80 missense mutations, located over the entire
LRRK2 protein sequence and affecting all predicted func-
tional domains, have been found, although the most common
and best studied mutation is the glycine to serine substitution
at position 2019 (G2019S). As for mutations at SNCA, pen-
etrance is incomplete and age dependent, reaching approx-
imately 70%. Pathogenic mutations are associated with a
dysregulation of LRRK2 kinase activity; the most frequent
G2019S mutation is associated with an increase in the kinase
activity (Cookson et al., 2007), while mutations in the ROC
domain (11371V, R1441C, R1441G, R1441H) decrease GT-
Pase activity (Deng et al., 2008), which modulates the kinase
activity (West et al., 2005, 2007).

Notably, recent studies identified a functional interplay
between alpha-synuclein and LRRK2. Transgenic overex-
pression of wild-type or G2019S LRRK2 in mice expressing
AS53T alpha-synuclein dramatically accelerated the neurode-
generative process in a dose-dependent manner, while the
genetic deletion of LRRK2 ameliorated the phenotype (Lin et
al., 2009; Tong and Shen, 2009). Moreover, loss of LRRK2
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Fig. 1. PARK genes participate in common pathways underlying synaptic dysfunction. Pathogenic mutations in the PARK genes have been shown to cause
mitochondrial dysfunction, oxidative damage, abnormal protein phosphorylation, and aggregation. Both LRRK2 and a-synuclein are associated with the
mitochondrial outer membrane, whereas Parkin and DJ-1 are cytosolic proteins that can be translocated to the mitochondria. PINK1 can localize both to the
cytosol and the mitochondria. An impairment of membrane trafficking and synaptic function has been demonstrated in different animal models of monogenic
PD. All these proteins are apparently linked to each other and might act in a final common pathway leading to altered neurotransmitter release through
dysregulation of synaptic vesicle mobilization or trafficking. Indeed, while in control conditions (left) a normal exocytosis ensures a physiological synaptic
activity, in monogenic PD (right) the reduced vesicle mobilization and/or trafficking impairs transmitter release, thereby altering synaptic function.

causes age-dependent striking accumulation of endogenous
alpha-synuclein in the kidney, further demonstrating a phys-
iological role of LRRK2 in alpha-synuclein turnover (Tong et
al., 2010).

Autosomal recessive forms of PD

Three genes have been identified as responsible for auto-
somal recessive forms of PD: parkin, PINK1, and DJ-1
(Fig. 1, Table 1).

The clinical phenotype of recessive forms of PD is
usually characterized by an early onset, slow disease pro-

Table 1. Autosomal recessive forms of PD

gression, a good response to levodopa treatment, occa-
sionally associated with atypical features, such as dystonia
as possible initial sign. However, mutations of these genes
may also be responsible for a late-onset clinical phenotype
indistinguishable from sporadic PD (Schiesling et al.,
2008). A considerable percentage of both PD patients and
non-manifesting individuals carry a single heterozygous
mutation in PARK2, PARK®G, or PARK7 genes, coding for
Parkin, PINK1, and DJ-1 protein, respectively. The patho-
genic role of heterozygous mutations in recessive genes is
still controversial and remains a matter of investigation.

Gene PARK locus Putative function

Rodent model

Neuronal loss Motor dysfunction References

parkin PARK2 Ubiquitin E3 ligase, Parkin™'~ mice No Yes Goldberg et al., 2003;
neuroprotective function Kitada et al., 2009

PINK1 PARK6 Mitochondrial protein kinase, PINK1~/~ mice No Yes Kitada et al., 2007
neuroprotective function

DJ-1 PARK?7 Chaperone, neuroprotective DJ-17"" mice No Yes Goldberg et al., 2005

and antioxidant function
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Mutations of PARK2 gene, mapped on chromosome
6q, are the most common monogenic cause of early-onset
parkinsonism (Kitada et al., 1998). The gene product,
called Parkin, is an E3-ubiquitin ligase that participates in
the proteasomal degradation of targeted proteins (Fig. 1,
Table 1; Shimura et al., 2000). It has been shown that
under physiological conditions Parkin is involved in the
maintenance of mitochondrial integrity and might induce
autophagy of dysfunctional mitochondria. Clinically, pa-
tients with Parkin mutations show early onset and slow
progression of the disease, benefit from levodopa treat-
ment, and may exhibit dystonia as presenting feature (Lo-
hmann et al., 2003). Parkin mutations, spread across the
entire gene, were identified in either homozygous, com-
pound heterozygous, or heterozygous state in both familial
and sporadic PD patients from different ethnic groups (He-
drich et al., 2004). Single heterozygous mutations have
also been observed in non-manifesting individuals, which
show subtle but consistent abnormalities in striatal dopa-
minergic neurotransmission, as shown by PET and single-
photon emission computed tomography (SPECT) studies
(Klein et al., 2007).

PINK1 (PTEN-induced kinase1) was identified in 2001
by Unoki and Nakamura (2001) as a gene located on
chromosome 1p whose transcription was activated by the
tumor suppressor PTEN in carcinoma cell lines. Genetic
analysis revealed that homozygous and compound
heterozygous mutations in PINK1 are highly penetrant and
are rather common among early-onset PD patients, while
heterozygous mutations are present among late-onset PD
cases at reduced penetrance (Valente et al., 2004). Pa-
tients with PINK1 mutations are often indistinguishable,
both clinically and pathologically, from those affected by
sporadic PD (Valente et al., 2002). PINK1 gene product is
a putative serine/threonine kinase, located in the inter-
membrane mitochondrial space, and is involved in the
mitochondrial response to cellular and oxidative stress
(Fig. 1, Table 1). Most of the known mutations are localized
within the serine/threonine kinase domain. Some muta-
tions have been demonstrated to cause the loss of the
mitochondrial potential in response to stress (Abou-
Sleiman et al., 2006), suggesting that PINK1 inactivation
may lead to neuronal dysfunction by affecting its interac-
tion with cell death inhibitors, calcium homeostasis, reac-
tive oxygen species production, mitochondrial respiration
efficacy, and permeability of mitochondrial transition pores
(Deas et al., 2009). It has been suggested that PINK1 and
Parkin may be part of a common pathway, whose main
function might be to regulate mitochondrial morphology
and function in response to stressors (Park et al., 2009).

The rarest cause of autosomal recessive forms of PD
is determined by mutations in the DJ-1 gene (PARK?Y),
located on chromosome 1p and identified for the first time
in a Dutch family with multiple consanguinity (Bonifati et
al., 2003). The clinical features of DJ-1 parkinsonism are
similar to those of other autosomal recessive forms of PD.
DJ-1 belongs to the peptidase C56 family of proteins. In
addition to its function of positive regulator of androgen
receptor-dependent transcription, DJ-1 also acts as a

redox-sensitive chaperone, as a sensor for oxidative
stress, and it apparently protects neurons against oxi-
dative stress and cell death (Fig. 1, Table 1; Cookson,
2003). Mutation analysis revealed homozygous, com-
pound heterozygous, as well as single heterozygous
missense mutations in the DJ-1 gene. As previously
discussed for parkin, also DJ-1 heterozygous mutations
were found in non-manifesting individuals.

Recently, DJ-1 has been suggested to be part of an
E3-ligase complex together with Parkin and PINK1 (Xiong
et al., 2009). Indeed, several findings are in line with a
possible converging role in mitochondrial and dopaminer-
gic dysfunction of mutations in parkin, PINK1, and DJ-1
genes, suggesting a common molecular pathway in reces-
sive parkinsonisms.

Both Parkin and PINK1-null Drosophila flies show a
similar mitochondrial phenotype, and overexpression of
Parkin can rescue PINK1 deficiency (Clark et al., 2006;
Yang et al., 2006). PINK1-kinase activity is required for the
translocation of Parkin to depolarized mitochondria prior to
selective clearance of damaged organelles by mitophagy
(Geisler et al., 2010; Kim et al., 2008). The exact role of
DJ-1 is less known, yet, but its deficiency activates an
oxidative stress pathway, causing loss of polarization and
fragmentation of mitochondria, which can be rescued by
overexpression of Parkin (Krebiehl et al., 2010).

ALTERATIONS OF STRIATAL SYNAPTIC
ACTIVITY IN AUTOSOMAL DOMINANT FORMS
OF PD

Both SNCA and LRRK2 gene mutations have been re-
ported to impair synaptic activity and plasticity in a variety
of different brain regions. In particular, studies using alpha-
synuclein null- and overexpression models have indicated
that alpha-synuclein plays a role in the modulation of syn-
aptic activity at nigrostriatal, corticostriatal, and hippocam-
pal synapses (Abeliovich et al., 2000; Steidl et al., 2003;
Gureviciene et al., 2009; Watson et al., 2009).
Electrophysiological studies have shown differential ef-
fects on short-term synaptic plasticity depending upon the
absence or the overexpression of alpha-synuclein. It has
been reported that the overexpression of alpha-synuclein
may induce paired-pulse facilitation in the dorsolateral re-
gion of the striatum, whereas such synaptic facilitation was
not recorded in striatal slices from alpha-synuclein knock-
out (SNCA™'7) mice (Watson et al., 2009). In dentate
gyrus-perforant pathway from A30P alpha-synuclein mu-
tant mice, the accumulation of mutated protein leads to a
long-term depression (LTD) of synaptic plasticity after a
stimulation protocol that in normal condition induces long-
term potentiation (LTP) (Gureviciene et al., 2009). At cor-
ticostriatal synapses, the overexpression of alpha-sy-
nuclein leads to a presynaptically mediated LTD after high-
frequency stimulation, whereas LTD was not observed in
wild-type mice. The striatal synaptic plasticity impairment
has been attributed to the overexpression of alpha-sy-
nuclein at presynaptic level, that might cause a decrease in
glutamate release from corticostriatal terminals, thereby
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impairing long-term synaptic transmission between cortex
and striatum (Watson et al., 2009). More recently, abnor-
malities in striatal DA signaling and impaired corticostriatal
LTD were detected only in aged A53T alpha-synuclein—
overexpressing mice, whereas a physiological synaptic
plasticity was recorded in younger animals (Tozzi et al., in
press). These data suggest an age-dependent alteration of
the striatal synaptic plasticity linked to overexpression of
alpha-synuclein, related, at least to some extent, to a
defect in DA signaling consisting in a progressive reduction
in DA receptor responses (Kurz et al., 2010). The seem-
ingly conflicting results obtained from alpha-synuclein
models on the changes of short- and long-term plasticity
have been related to the different experimental models
used, the different brain regions analyzed, and complexity
of the modulation of synaptic plasticity (Watson et al.,
2009; Cheng et al., in press). However, several studies
support the concept that one common mechanism under-
lying the effect of alpha-synuclein on synaptic plasticity
might reside in an altered neurotransmitter release deter-
mined by dysregulation of synaptic mobilization and/or
trafficking from the reserve pool to the readily releasable
pool (Cheng et al., in press).

Although no specific studies on long-term synaptic
plasticity have been performed, thus far, on mice models
carrying LRRK2 mutations, extensive data are available on
the relationship between LRRK2 and dopaminergic neu-
rotransmission. In both R1441C LRRK2 homozygous
knockin (Tong et al., 2009) and in R1441C LRRK2 BAC
transgenic mice (Li et al., 2009), functional impairment in
nigrostriatal dopaminergic innervation and degeneration of
the nigrostriatal projections have been reported, respec-
tively. Furthermore, deficiencies in striatal DA release, with
detectable reduced extracellular DA levels in the striatum,
were found in either mutant G2019S (Melrose et al., 2010)
or R1441C (Li et al., 2010) BAC transgenic mice. These
reports are in agreement with the evidence of a deficit in
DA release observed in chromaffin cells derived from
R1441C homozygous knockin mice (Tong et al., 2009),
and in murine G2019S slices (Li et al., 2010).

Membrane hyperpolarization and cell firing inhibition
are typical responses of nigral neurons mediated by so-
matodendritic D2 autoreceptors. In line with a deficit in DA
signaling, electrophysiological recordings from dopaminer-
gic nigral neurons from LRRK2 knockin mice, the response
to D2 agonists were significantly shorter in duration, sup-
portive of a reduced sensitivity of D2 receptors to endog-
enous DA (Tong et al., 2009).

DOPAMINE DYSFUNCTION AND
ABNORMALITIES IN CORTICOSTRIATAL
SYNAPTIC PLASTICITY IN MOUSE MODELS OF
RECESSIVE PARKINSONISM

Multidisciplinary studies performed in rodent models of
autosomal recessive PD (Parkin knockout ('), PINK1~/~,
and DJ-1"'" mice) demonstrated that they share a com-
mon alteration of DA signaling, without overt abnormalities
in the number, cellular morphology, or projections of nigral

dopaminergic neurons (Table 1; Goldberg et al., 2005;
Kitada et al., 2007, 2009). In these animal models, DA
release evoked from SNpc neurons was reduced as com-
pared to wild-type mice (Goldberg et al., 2005; Kitada et
al., 2007, 2009). Consistent with these results, total cate-
cholamine release and quantal size were reduced also in
dissociated chromaffin cells derived from PINK1~/~ and
Parkin™/~ mice. An altered DA signal may result from
changes in either DA release from vesicles or its reuptake
by DA transporter (DAT). Additional amperometric mea-
surements performed in the presence of DAT blockers
revealed that in both PINK1~/~ and Parkin™/~ mice the
reduction of evoked DA overflow was attributable to a
decrease in exocytotic DA release rather than an increase
in reuptake. Accordingly, while the DA reuptake inhibitor
nomifensine greatly enhanced the evoked DA overflow in
normal striatum, it had no significant effect in PINK1~/~
and Parkin™/~ mice. Conversely, the blockade of DA re-
uptake restored a normal evoked DA overflow in the stria-
tum of DJ-1~/~ animals, suggesting that in these mice an
enhanced DA reuptake primarily accounts for the reduction
in evoked DA. Moreover, in DJ-1"/~ mice a reduced sen-
sitivity of nigral neurons to both DA and D2 receptor ago-
nists was also demonstrated, suggesting a partial impair-
ment in D2 receptor-mediated activities. Somatodendritic
D2-like autoreceptors regulate the membrane potential of
nigral dopaminergic neurons through the modulation of the
conductance of neuronal G protein-gated inward rectifying
potassium channels. Upon DA binding, activation of D2
autoreceptors causes a membrane hyperpolarization and
suppression of firing activity (Lacey et al., 1987). The
autoreceptor-mediated response, that is absent in D2 re-
ceptor knockout mice, is reduced in DJ-1~/~ mice suggest-
ing a partial impairment of D2 receptor function (Mercuri et
al., 1997; Goldberg et al., 2005).

Dopaminergic signaling in the striatum plays a critical
role in the control of motor activity, reward, and cognition,
and in the pathogenesis of PD (Obeso et al., 2000; Cala-
bresi et al., 2007). Indeed, DA is an essential requirement
for both forms of long-term plasticity at corticostriatal syn-
apses (LTD and LTP), which are believed to represent the
cellular correlate of motor learning (Pisani et al., 2005).

The electrophysiological analysis of striatal medium
spiny neurons (MSNs) recorded from PINK1~/~, Par-
kin~/~, and DJ-1~/~ mice showed no significant changes
in the intrinsic membrane and synaptic properties as com-
pared to their respective wild-type littermates (Table 2;
Goldberg et al., 2005; Kitada et al., 2007, 2009; Martella et
al.,, 2009). However, significant alterations of long-term
synaptic plasticity were found in PINK1~/~, Parkin™/~, and
DJ-17'~ mice. Both in PINK1~/~ and Parkin™/~ LTD and
LTP were impaired. Consistent with the neurochemical
data showing a reduced striatal DA content, exogenous
DA supply could rescue plasticity processes in both geno-
types. The findings that amphetamine, but not nomi-
fensine, restored synaptic plasticity are in support of a
selective impairment in DA release (Kitada et al., 2007,
2009). Characterization of striatal plasticity in DJ-17/~
mice revealed a similar defect in DA release, although only
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Table 2. MSN membrane and synaptic properties
Patch-clamp recordings DJ-1/7+ DJ-17"~ PINK1/+* PINK1~/~ Parkin/*™* Parkin~/~
RMP (mV) —84+3.2 —-83+3.5 —-81+4.2 —-80+3.3 —-82+3.7 -80+2.9
Input resistance (MOhm) 80.11+1.7 83.56+2.3 81.24+2.8 80.26+2.2 81.41+1.9 80.37=1.6
Firing elicited by depolarizing current Tonic Tonic Tonic Tonic Tonic Tonic

injection

Action potential amplitude (mV) 74.3+3.3 73.2+2.9 75+3.4 73.6+3.5 741+2.9 73+3.1
Width at half amplitude (ms) 1.48%0.1 1.36+0.3 1.33%0.1 1.50+0.2 1.44+0.2 1.45+0.2
Spontaneous glutamatergic activity (Hz) 5.65*+1.4 7.25+1.69 5.11+0.43 5.03+0.87 5.01+0.5 5.33+0.39
Spontaneous glutamatergic activity (pA) 15+0.38 17.26+1.66 10.98+0.21 11.02+0.09 10.00%+0.1 11.03+0.18
Spontaneous GABAergic activity (Hz) 1.45+0.26 1.85%0.1 1.46+0.53 1.63+0.40 1.40=0.04 1.52+0.29
Spontaneous GABAergic activity (pA) 27.5+3.1 26.34+3.24 28.96:0.21 24.81+0.46 27.30+0.34 28.20+0.29

LTD was impaired, whereas LTP was preserved. Consis-
tent with prior reports showing that corticostriatal LTD re-
quires D2 receptors, whereas corticostriatal LTP induction
depends on the selective activation of D1 receptors (Cen-
tonze et al., 2001), D2 receptor agonists restored LTD in
DJ-17'~ MSNs.

HOMEOSTATIC CIRCUIT REORGANIZATION

The striatum is the major input area of the basal ganglia,
subserving a central role in motor function, through a rich
interplay among different neurotransmitters (Lovinger,
2010). In PD, the loss of nigrostriatal dopaminergic fibers
induces a profound rearrangement in the functional neu-
roanatomy of the basal ganglia. Such reorganization is
thought to account, at least in part, for the generation of
motor symptoms, although endogenous processes that
compensate for the loss of DA should also be taken into
account (Pisani et al., 2011). One of the most consistent
observations is represented by the evidence that the cor-
ticostriatal glutamatergic activity increases, an evidence
supported by in vivo studies showing an elevation in stri-
atal glutamate content in 6-OHDA-denervated rats (Me-
shul et al., 1999) as well as by electrophysiological record-
ings from striatal MSNs, demonstrating a substantial in-
crease in glutamate-mediated synaptic currents (Calabresi
et al., 1993; Picconi et al., 2002). However, contrarily to
what was measured in the 6-OHDA-denervated striatum,
no significant alteration in spontaneous glutamate-medi-
ated synaptic events could be recorded in the knockout
mice (Martella et al., 2009), suggesting that, compared to
the acute denervation of nigrostriatal fibers observed in the
6-OHDA model, in these genetic models of PD the gene
mutation produces early adaptive changes that lead to a
compensation across development.

On the other hand, both an impaired DA neurotrans-
mission and alterations of corticostriatal synaptic plasticity
are similarly observed either in 6-OHDA or in genetic mod-
els of PD. It is plausible that the latter changes reported in
Parkin-, PINK1-, and DJ-1-deficient mice may not be suf-
ficient to cause overt behavioral alterations, as even in
humans the symptoms manifest only after a substantial
degeneration of dopaminergic cells. This observation
would suggest that an altered DA signaling, together with
the disruption of synaptic plasticity, might represent an
endophenotype to monogenic PD.

Recent neurophysiological and functional imaging
studies on parkinsonian patients and mutation carriers
further support a compensatory circuit rearrangement in-
duced by PD gene mutation. TMS studies reported abnor-
malities in corticospinal excitability in Parkin patients, likely
explained by an altered excitability of pyramidal neurons
(De Rosa et al., 2006; Schneider et al., 2008). This func-
tional analysis disclosed different alterations in patients
and carriers; while central motor conduction time was in-
creased in patients, asymptomatic carriers had increased
motor thresholds and reduced short interval intracortical
inhibition (Schneider et al., 2008). Moreover, asymptom-
atic Parkin mutation carriers also show impaired short-
interval afferent inhibition after digital stimulation (Baumer
et al., 2007). Overall, these data suggest that adaptive
changes, presumably requiring long-term synaptic modifi-
cations, might take place in the corticobasal ganglia cir-
cuitry to compensate for the mild dopaminergic dysfunction
in carriers.

Functional MRI (fMRI) studies provided evidence for a
compensatory redistribution of neuronal activity within the
motor system in non-manifesting carriers of PINK1 or Par-
kin mutations (Buhmann et al., 2005; van Nuenen et al.,
2009). According to these findings, preclinical deficit of
dopaminergic neurotransmission in the striatum of these
individuals alters cortical processing during motor tasks.
Particularly, Parkin and PINK1 mutation carriers displayed
a stronger activation of the rostral supplementary area
(pre-SMA) and dorsal premotor cortex (PM-d), compared
to healthy controls without mutations. These activity
changes may represent an adaptive redistribution of neu-
ronal activity in rostral motor cortical areas in attempt to
maintain motor function, in the contest of a mild chronic
dysfunction of the nigrostriatal dopaminergic pathway (van
der Vegt et al., 2009).

Both PET and SPECT have been used to map the
functional impact of monogenic parkinsonism mutations on
dopaminergic neurotransmission at pre- and postsynaptic
level in manifesting and non-manifesting mutation carriers
(Piccini and Whone, 2004). In accordance to animal model
data, several PET studies have provided converging evi-
dence for a moderate chronic dysfunction of the nigrostri-
atal dopaminergic pathway induced by the mutation. Of
interest, the entity of the dopaminergic dysfunction was
related to the carrier phenotype. Manifesting mutation car-
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riers show a peculiar bilateral reduction of both presynaptic
uptake and striatal DAT. While the rostrocaudal gradient of
presynaptic dopaminergic impairment is similar to sporadic
PD (Varrone et al., 2004; Hu et al., 2006; Eggers et al.,
2010), the progression rate of this dysfunction is signifi-
cantly slower (Khan et al., 2002, 2005), consistent with a
more benign clinical course in recessive parkinsonisms.
Interestingly, neuroimaging analysis of non-manifesting
carriers has shown subtle but consistent decrease in stri-
atal DAT binding. This mild alteration in heterozygous
carriers in the absence of striatal [18F]-DOPA uptake al-
terations might represent a marker of the subclinical loss of
nigrostriatal afferents (Adams et al., 2005).

CONCLUSIONS

The past decade has witnessed a significant advance in
our knowledge on the pathogenesis of PD, which has been
favored, at least in part, by extensive work on rodent
models. Studies of these models have produced experi-
mental data that, to some extent, lead in different direc-
tions. Nevertheless, they provided fundamental informa-
tion that finds confirmation in clinical observations, such as
the prominent role of DA signaling.

Overall, the neurochemical and electrophysiological
data obtained in models of monogenic PD are in support of
a possible developmental disorder, in which rearrange-
ment of the basal ganglia circuitry occurs, probably in the
attempt to compensate for the alterations induced by gene
mutation. It is plausible that either exposure of predispos-
ing genotypes to environmental stressors (Shen and Cook-
son, 2004; Frank-Cannon et al., 2008), or the protraction
over time of the dopaminergic deficits, might overwhelm
the compensatory mechanisms and trigger the clinical
symptoms. ldentifying the link between the gene products
and the functional rearrangement of motor circuit is of
primary importance for a better understanding of both spo-
radic and monogenic PD, and might help finding novel
targets for pharmacological intervention.

Acknowledgments—This study was supported by MIUR (PRIN
2008), Ministero Salute (Prog. Finalizzato), INAIL to A.P. and NIH
(ROTNS052745, ROTINS041779) to J.S.

REFERENCES

Abeliovich A, Schmitz Y, Farifias I, Choi-Lundberg D, Ho WH, Castillo
PE, Shinsky N, Verdugo JM, Armanini M, Ryan A, Hynes M,
Phillips H, Sulzer D, Rosenthal A (2000) Mice lacking alpha-sy-
nuclein display functional deficits in the nigrostriatal dopamine
system. Neuron 25(1):239-252.

Abou-Sleiman PM, Mugit MM, McDonald NQ, Yang YX, Gandhi S,
Healy DG, Harvey K, Harvey RJ, Deas E, Bhatia K, Quin N, Lees
A, Latchman DS, Wood NW (2006) A heterozygous effect for
PINK1 mutations in Parkinson’s disease? Ann Neurol 60:
414-419.

Adams JR, van Netten H, Schulzer M, Mak E, McKenzie J, Strongosky
A, Sossi V, Ruth TJ, Lee CS, Farrer M, Gasser T, Uitti RJ, Calne
DB, Wszolek ZK, Stoessl AJ (2005) PET in LRRK2 mutations:
comparison to sporadic Parkinson’s disease and evidence for pre-
symptomatic compensation. Brain 128:2777-2785.

Baumer T, Pramstaller PP, Siebner HR, Schippling S, Hagenah J,
Peller M, Gerloff C, Klein C, Miinchau A (2007) Sensorimotor
integration is abnormal in asymptomatic Parkin mutation carriers: a
TMS study. Neurology 69:1976-1981.

Bonifati V, Rizzu P, Squitieri F, Krieger E, Vanacore N, van Swieten
JC, Brice A, van Duijn CM, Oostra B, Meco G, Heutink P (2003)
DJ-1(PARK?7), a novel gene for autosomal recessive, early onset
Parkinsonism. Neurol Sci 24:159-160.

Buhmann C, Binkofski F, Klein C, Blichel C, van Eimeren T, Erdmann
C, Hedrich K, Kasten M, Hagenah J, Deuschl G, Pramstaller PP,
Siebner HR (2005) Motor reorganization in asymptomatic carriers
of a single mutant Parkin allele: a human model for presymptom-
atic Parkinsonism. Brain 128:2281-2290.

Burré J, Sharma M, Tsetsenis T, Buchman V, Etherton MR, Siidhof TC
(2010) Alpha-synuclein promotes SNARE-complex assembly in
vivo and in vitro. Science 329:1663-1667.

Calabresi P, Mercuri NB, Sancesario G, Bernardi G (1993) Electro-
physiology of dopamine-denervated striatal neurons. Implications
for Parkinson’s disease. Brain 116(Pt 2):433-452.

Calabresi P, Picconi B, Tozzi A, Di Filippo M (2007) Dopamine-
mediated regulation of corticostriatal synaptic plasticity. Trends
Neurosci 30:211-219.

Centonze D, Picconi B, Gubellini P, Bernardi G, Calabresi P (2001)
Dopaminergic control of synaptic plasticity in the dorsal striatum.
Eur J Neurosci 13:1071-1077.

Cheng F, Vivacqua G, Shun Y (in press) The role of alpha-synuclein in
neurotransmission and synaptic plasticity. J Chem Neuroanat, in
press.

Clark IE, Dodson MW, Jiang C, Cao JH, Huh JR, Seol JH, Yoo SJ, Hay
BA, Guo M (2006) Drosophila pink 1 is required for mitochondrial
function and interacts genetically with Parkin. Nature 441:1162—
1166.

Cookson MR (2003) Pathways to Parkinsonism. Neuron 37:7-10.

Cookson MR (2010) The role of leucine-rich repeat kinase 2 (LRRK2)
in Parkinson’s disease. Nat Rev Neurosci 11:791-797.

Cookson MR, Bandmann O (2010) Parkinson’s disease: insights from
pathways. Hum Mol Genet 19:R21-R27.

Cookson MR, Dauer W, Dawson T, Fon EA, Guo M, Shen J (2007)
The roles of kinases in familial Parkinson’s disease. J Neurosci
27:11865-11868.

Darios F, Ruipérez V, Lépez |, Villanueva J, Gutierrez LM, Davletov B
(2010) Alpha-synuclein sequesters arachidonic acid to modulate
SNARE-mediated exocytosis. EMBO Rep 11:528-533.

Dauer W, Przedborski S (2003) Parkinson’s disease: mechanisms and
models. Neuron 39:889-909.

Dawson TM, Ko HS, Dawson VL (2010) Genetic animal models of
Parkinson’s disease. Neuron 66:646—-661.

De Rosa A, Volpe G, Marcantonio L, Santoro L, Brice A, Filla A,
Perretti A, De Michele G (2006) Neurophysiological evidence of
corticospinal tract abnormality in patients with Parkin mutations.
J Neurol 253:275-279.

Deas E, Plun-Favreau H, Wood NW (2009) PINK1 function in health
and disease. EMBO Mol Med 1:152-165.

Deng J, Lewis PA, Greggio E, Sluch E, Beilina A, Cookson MR (2008)
Structure of the ROC domain from the Parkinson’s disease-asso-
ciated leucine-rich repeat kinase 2 reveals a dimeric GTPase. Proc
Natl Acad Sci U S A 105(5):1499—-1504.

Eggers C, Schmidt A, Hagenah J, Briiggemann N, Klein JC, Tadic V,
Kertelge L, Kasten M, Binkofski F, Siebner H, Neumaier B, Fink
GR, Hilker R, Klein C (2010) Progression of subtle motor signs in
PINK1 mutation carriers with mild dopaminergic deficit. Neurology
74:1798-1805.

Frank-Cannon TC, Tran T, Ruhn KA, Martinez TN, Hong J, Marvin M,
Hartley M, Trevifio |, O’'Brien DE, Casey B, Goldberg MS, Tansey MG
(2008) Parkin deficiency increases vulnerability to inflammation-re-
lated nigral degeneration. J Neurosci 28:10825—-10834.

Downloaded for Anonymous User (n/a) at Brigham and Women's Hospital from ClinicalKey.com by Elsevier on December
12, 2023. For personal use only. No other uses without permission. Copyright ©2023. Elsevier Inc. All rights reserved.



G. Madeo et al. / Neuroscience 211 (2012) 126-135 133

Gasser T (2007) Update on the genetics of Parkinson’s disease. Mov
Disord 22(Suppl 17):S343-S350.

Geisler S, Holmstrom KM, Treis A, Skujat D, Weber SS, Fiesel FC,
Kahle PJ, Springer W (2010) The PINK1/Parkin-mediated mi-
tophagy is compromised by PD-associated mutations. Autophagy
6:871-878.

Goldberg MS, Fleming SM, Palacino JJ, Cepeda C, Lam HA, Bhatna-
gar A, Meloni EG, Wu N, Ackerson LC, Klapstein GJ, Gajendiran
M, Roth BL, Chesselet MF, Maidment NT, Levine MS, Shen J
(2003) Parkin-deficient mice exhibit nigrostriatal deficits but
not loss of dopaminergic neurons. J Biol Chem 278(44):
43628-43635.

Goldberg MS, Pisani A, Haburcak M, Vortherms TA, Kitada T, Costa
C, Tong Y, Martella G, Tscherter A, Martins A, Bernardi G, Roth
BL, Pothos EN, Calabresi P, Shen J (2005) Nigrostriatal dopami-
nergic deficits and hypokinesia caused by inactivation of the famil-
ial Parkinsonism-linked gene DJ-1. Neuron 45:489—-496.

Gureviciene |, Gurevicius K, Tanila H (2009) Aging and alpha-sy-
nuclein affect synaptic plasticity in the dentate gyrus. J Neural
Transm 116(1):13-22.

Hedrich K, Eskelson C, Wilmot B, Marder K, Harris J, Garrels J,
Meija-Santana H, Vieregge P, Jacobs H, Bressman SB, Lang AE,
Kann M, Abbruzzese G, Martinelli P, Schwinger E, Ozelius LJ,
Pramstaller PP, Klein C, Kramer P (2004) Distribution, type, and
origin of Parkin mutations: review and case studies. Mov Disord
19:1146-1157.

Hilker R, Klein C, Ghaemi M, Kis B, Strotmann T, Ozelius LJ, Lenz O,
Vieregge P, Herholz K, Heiss WD, Pramstaller PP (2001) Positron
emission tomographic analysis of the nigrostriatal dopaminergic
system in familial parkinsonism associated with mutations in the
Parkin gene. Ann Neurol 49:367-376.

Hu MT, Scherfler C, Khan NL, Hajnal JV, Lees AJ, Quinn N, Wood
NW, Brooks DJ (2006) Nigral degeneration and striatal dopami-
nergic dysfunction in idiopathic and Parkin-linked Parkinson’s dis-
ease. Mov Disord 21:299-305.

Khan NL, Brooks DJ, Pavese N, Sweeney MG, Wood NW, Lees AJ,
Piccini P (2002) Progression of nigrostriatal dysfunction in a Parkin
kindred: an [18F]dopa PET and clinical study. Brain 125:2248—
2256.

Khan NL, Jain S, Lynch JM, Pavese N, Abou-Sleiman P, Holton JL,
Healy DG, Gilks WP, Sweeney MG, Ganguly M, Gibbons V, Gan-
dhi S, Vaughan J, Eunson LH, Katzenschlager R, Gayton J, Len-
nox G, Revesz T, Nicholl D, Bhatia KP, Quinn N, Brooks D, Lees
AJ, Davis MB, Piccini P, Singleton AB, Wood NW (2005) Mutation
in the gene LRRK2 encoding dardarin (PARKS8) cause familial
Parkinson’s disease: clinical, pathological, olfactory and functional
imaging and genetic data. Brain 128:2786-2796.

Kim Y, Park J, Kim S, Song S, Kwon SK, Lee SH, Kitada T, Kim JM,
Chung J (2008) PINK1 controls mitochondrial localization of Parkin
through direct phosphorylation. Biochem Biophys Res Commun
377:975-980.

Kitada T, Asakawa S, Hattori N, Matsumine H, Yamamura Y,
Minoshima S, Yokochi M, Mizuno Y, Shimizu N (1998) Mutations in
the Parkin gene cause autosomal recessive juvenile Parkinsonism.
Nature 392:605-608.

Kitada T, Pisani A, Karouani M, Haburcak M, Martella G, Tscherter A,
Platania P, Wu B, Pothos EN, Shen J (2009) Impaired dopamine
release and synaptic plasticity in the striatum of Parkin—/—mice.
J Neurochem 110:613—-621.

Kitada T, Pisani A, Porter DR, Yamaguchi H, Tscherter A, Martella G,
Bonsi P, Zhang C, Pothos EN, Shen J (2007) Impaired dopamine
release and synaptic plasticity in the striatum of PINK1-deficient
mice. Proc Natl Acad Sci U S A 104:11441-11446.

Klein C, Lohmann-Hedrich K, Rogaeva E, Schlossmacher MG, Lang
AE (2007) Deciphering the role of heterozygous mutations in
genes associated with parkinsonism. Lancet Neurol 6:652—662.

Krebiehl G, Ruckerbauer S, Burbulla LF, Kieper N, Maurer B, Waak J,
Wolburg H, Gizatullina Z, Gellerich FN, Woitalla D, Riess O, Kahle

PJ, Proikas-Cezanne T, Kriger R (2010) Reduced basal
autophagy and impaired mitochondrial dynamics due to loss of
Parkinson’s disease-associated protein DJ-1. PLoS ONE 5:€9367.

Kurz A, Double KL, Lastres-Becker |, Tozzi A, Tantucci M, Bockhart V,
Bonin M, Garcia-Arencibia M, Nuber S, Schlaudraff F, Liss B,
Fernandez-Ruiz J, Gerlach M, Wiillner U, Liiddens H, Calabresi P,
Auburger G, Gispert S (2010) A53T-alpha-synuclein over expres-
sion impairs dopamine signaling and striatal synaptic plasticity in
old mice. PLoS ONE 5(7):e11464.

Lacey MG, Mercuri NB, North RA (1987) Dopamine acts on D2 recep-
tors to increase potassium conductance in neurones of the rat
substantia nigra zona compacta. J Physiol 392:397-416.

Li X, Patel JC, Wang J, Avshalumov MV, Nicholson C, Buxbaum JD,
Elder GA, Rice ME, Yue Z (2010) Enhanced striatal dopamine
transmission and motor performance with LRRK2 overexpression
in mice is eliminated by familial Parkinson’s disease mutation
G2019S. J Neurosci 30(5):1788-1797.

Li Y, Liu W, Oo TF, Wang L, Tang Y, Jackson-Lewis V, Zhou C,
Geghman K, Bogdanov M, Przedborski S, Beal MF, Burke RE, Li
C (2009) Mutant LRRK2(R1441G) BAC transgenic mice recapitu-
late cardinal features of Parkinson’s disease. Nat Neurosci 12(7):
826-—-828.

Lin X, Parisiadou L, Gu XL, Wang L, Shim H, Sun L, Xie C, Long CX,
Yang WJ, Ding J, Chen ZZ, Gallant PE, Tao-Cheng JH, Rudow G,
Troncoso JC, Liu Z, Li Z, Cai H (2009) Leucine-rich repeat kinase
2 regulates the progression of neuropathology induced by Parkin-
son’s-disease-related mutant alpha-synuclein. Neuron 64(6):807—
827.

Lohmann E, Periquet M, Bonifati V, Wood NW, De Michele G, Bonnet
AM, Fraix V, Broussolle E, Horstink MW, Vidailhet M, Verpillat P,
Gasser T, Nicholl D, Teive H, Raskin S, Rascol O, Destée A,
Ruberg M, Gasparini F, Meco G, Agid Y, Durr A, Brice A (2003)
How much phenotypic variation can be attributed to Parkin geno-
type? Ann Neurol 54:176-185.

Lovinger DM (2010) Neurotransmitter roles in synaptic modulation,
plasticity and learning in the dorsal striatum. Neuropharmacology
58:951-961.

Martella G, Platania P, Vita D, Sciamanna G, Cuomo D, Tassone A,
Tscherter A, Kitada T, Bonsi P, Shen J, Pisani A (2009) Enhanced
sensitivity to group Il mGlu receptor activation at corticostriatal
synapses in mice lacking the familial Parkinsonism-linked genes
PINK1 or Parkin. Exp Neurol 215:388-396.

McLean PJ, Kawamata H, Ribich S, Hyman BT (2000) Membrane
association and protein conformation of alpha-synuclein in intact
neurons. Effect of Parkinson’s disease-linked mutations. J Biol
Chem 275:8812—-8816.

Melrose HL, Dachsel JC, Behrouz B, Lincoln SJ, Yue M, Hinkle KM,
Kent CB, Korvatska E, Taylor JP, Witten L, Liang YQ, Beevers JE,
Boules M, Dugger BN, Serna VA, Gaukhman A, Yu X, Cas-
tanedes-Casey M, Braithwaite AT, Ogholikhan S, Yu N, Bass D,
Tyndall G, Schellenberg GD, Dickson DW, Janus C, Farrer MJ
(2010) Impaired dopaminergic neurotransmission and microtu-
bule-associated protein tau alterations in human LRRK2 trans-
genic mice. Neurobiol Dis 40(3):503-517.

Mercuri NB, Saiardi A, Bonci A, Picetti R, Calabresi P, Bernardi G,
Borrelli E (1997) Loss of autoreceptor function in dopaminergic
neurons from dopamine D2 receptor deficient mice. Neuroscience
79:323-327.

Meshul CK, Emre N, Nakamura CM, Allen C, Donohue MK, Buckman
JF (1999) Time-dependent changes in striatal glutamate synapses
following a 6-hydroxydopamine lesion. Neuroscience 88:1-16.

Nandhagopal R, Mak E, Schulzer M, McKenzie J, McCormick S, Sossi
V, Ruth TJ, Strongosky A, Farrer MJ, Wszolek ZK, Stoessl AJ
(2008) Progression of dopaminergic dysfunction in a LRRK2 kin-
dred: a multitracer PET study. Neurology 71:1790-1795.

Obeso JA, Rodriguez-Oroz MC, Rodriguez M, Lanciego JL, Artieda J,
Gonzalo N, Olanow CW (2000) Pathophysiology of the basal gan-
glia in Parkinson’s disease. Trends Neurosci 23:S8-19.

Downloaded for Anonymous User (n/a) at Brigham and Women's Hospital from ClinicalKey.com by Elsevier on December
12, 2023. For personal use only. No other uses without permission. Copyright ©2023. Elsevier Inc. All rights reserved.



134 G. Madeo et al. / Neuroscience 211 (2012) 126-135

Obi T, Nishioka K, Ross OA, Terada T, Yamazaki K, Sugiura A,
Takanashi M, Mizoguchi K, Mori H, Mizuno Y, Hattori N (2008)
Clinicopathologic study of a SNCA gene duplication patient with
Parkinson disease and dementia. Neurology 70:238-241.

Paisan-Ruiz C, Jain S, Evans EW, Gilks WP, Simén J, van der Brug M,
, Lopez de Munain A, Aparicio S, Gil AM, Khan N, Johnson J,
Martinez JR, Nicholl D, Carrera IM, Pena AS, de Silva R, Lees A,
Marti-Massé JF, Pérez-Tur J, Wood NW, Singleton AB (2004)
Cloning of the gene containing mutations that cause PARK8-linked
Parkinson’s disease. Neuron 44:595—-600.

Park J, Lee G, Chung J (2009) The PINK1-Parkin pathway is involved
in the regulation of mitochondrial remodeling process. Biochem
Biophys Res Commun 378:518-523.

Piccini P, Whone A (2004) Functional brain imaging in the differential
diagnosis of Parkinson’s disease. Lancet Neurol 3:284-290.

Picconi B, Pisani A, Centonze D, Battaglia G, Storto M, Nicoletti F,
Bernardi G, Calabresi P (2002) Striatal metabotropic glutamate
receptor function following experimental parkinsonism and chronic
levodopa treatment. Brain 125:2635-2645.

Pisani A, Centonze D, Bernardi G, Calabresi P (2005) Striatal synaptic
plasticity: implications for motor learning and Parkinson’s disease.
Mov Disord 20:395—-402.

Pisani V, Madeo G, Tassone A, Sciamanna G, Maccarrone M, Stan-
zione P, Pisani A (2011) Homeostatic changes of the endocan-
nabinoid system in Parkinson’s disease. Mov Disord 26:216-222.

Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, Dutra A,
Pike B, Root H, Rubenstein J, Boyer R, Stenroos ES, Chan-
drasekharappa S, Athanassiadou A, Papapetropoulos T, Johnson
WG, Lazzarini AM, Duvoisin RC, Di lorio G, Golbe LI, Nussbaum
RL (1997) Mutation in the alpha-synuclein gene identified in fam-
ilies with Parkinson’s disease. Science 276:2045-2047.

Ross OA, Braithwaite AT, Skipper LM, Kachergus J, Hulihan MM,
Middleton FA, Nishioka K, Fuchs J, Gasser T, Maraganore DM,
Adler CH, Larvor L, Chartier-Harlin MC, Nilsson C, Langston JW,
Gwinn K, Hattori N, Farrer MJ (2008) Genomic investigation of
alpha-synuclein multiplication and Parkinsonism. Ann Neurol 63:
743-750.

Schiesling C, Kieper N, Seidel K, Kriiger R (2008) Familial Parkinson’s
disease—genetics, clinical phenotype and neuropathology in rela-
tion to the common sporadic form of the disease. Neuropathol Appl
Neurobiol 34:255-271.

Schneider SA, Talelli P, Cheeran BJ, Khan NL, Wood NW, Rothwell
JC, Bhatia KP (2008) Motor cortical physiology in patients and
asymptomatic carriers of Parkin gene mutations. Mov Disord
23:1812-1819.

Shen J, Cookson MR (2004) Mitochondria and dopamine: new insights
into recessive Parkinsonism. Neuron 43:301-304.

Shimura H, Hattori N, Kubo S, Mizuno Y, Asakawa S, Minoshima S,
Shimizu N, Iwai K, Chiba T, Tanaka K, Suzuki T (2000) Familial
Parkinson disease gene product, Parkin, is a ubiquitin-protein li-
gase. Nat Genet 25:302-305.

Singleton AB, Farrer M, Johnson J, Singleton A, Hague S, Kachergus
J, Hulihan M, Peuralinna T, Dutra A, Nussbaum R, Lincoln S,
Crawley A, Hanson M, Maraganore D, Adler C, Cookson MR,
Muenter M, Baptista M, Miller D, Blancato J, Hardy J, Gwinn-Hardy
K (2003) Alpha-synuclein locus triplication causes Parkinson’s dis-
ease. Science 302:841.

Spira PJ, Sharpe DM, Halliday G, Cavanagh J, Nicholson GA (2001)
Clinical and pathological features of a Parkinsonian syndrome in a
family with an Ala53Thr alpha-synuclein mutation. Ann Neurol
49:313-319.

Steidl JV, Gomez-Isla T, Mariash A, Ashe KH, Boland LM (2003)
Altered short-term hippocampal synaptic plasticity in mutant alpha-
synuclein transgenic mice. Neuroreport 14(2):219-223.

Tong Y, Pisani A, Martella G, Karouani M, Yamaguchi H, Pothos EN,
Shen J (2009) R1441C mutation in LRRK2 impairs dopaminergic
neurotransmission in mice. Proc Natl Acad Sci U S A 106(34):
14622—-14627.

Tong Y, Shen J (2009) Alpha-synuclein and LRRK2: partners in crime.
Neuron 64(6):771-773.

Tong Y, Yamaguchi H, Giaime E, Boyle S, Kopan R, Kelleher RJ,
Shen J (2010) Loss of leucine-rich repeat kinase 2 causes impair-
ment of protein degradation pathways, accumulation of alpha-
synuclein, and apoptotic cell death in aged mice. Proc Natl Acad
Sci U S A 107(21):9879-9884.

Tozzi A, Costa C, Siliquini S, Tantucci M, Picconi B, Kurz A, Gispert S,
Auburger G, Calabresi P (in press) Mechanisms underlying altered
striatal synaptic plasticity in old A53T-a synuclein overexpressing
mice. Neurobiol Aging.

Unoki M, Nakamura Y (2001) Growth-suppressive effects of BPOZ
and EGR2, two genes involved in the PTEN signaling pathway.
Oncogene 20:4457—-4465.

Valente EM, Abou-Sleiman PM, Caputo V, Mugit MM, Harvey K,
Gispert S, Ali Z, Del Turco D, Bentivoglio AR, Healy DG, Alba-
nese A, Nussbaum R, Gonzalez-Maldonado R, Deller T, Salvi S,
Cortelli P, Gilks WP, Latchman DS, Harvey RJ, Dallapiccola B,
Auburger G, Wood NW (2004) Hereditary early-onset Parkin-
son’s disease caused by mutations in PINK1. Science
304:1158-1160.

Valente EM, Brancati F, Ferraris A, Graham EA, Davis MB, Breteler
MM, Gasser T, Bonifati V, Bentivoglio AR, De Michele G, Diirr A,
Cortelli P, Wassilowsky D, Harhangi BS, Rawal N, Caputo V, Filla
A, Meco G, Oostra BA, Brice A, Albanese A, Dallapiccola B, Wood
NW (2002) PARKG6-linked parkinsonism occurs in several Euro-
pean families. Ann Neurol 51:14-18.

van der Vegt JP, van Nuenen BF, Bloem BR, Klein C, Siebner HR
(2009) Imaging the impact of genes on Parkinson’s disease. Neu-
roscience 164:191-204.

van Nuenen BF, van Eimeren T, van der Vegt JP, Buhmann C, Klein
C, Bloem BR, Siebner HR (2009) Mapping preclinical compensa-
tion in Parkinson’s disease: an imaging genomics approach. Mov
Disord 24(Suppl 2):S703-S710.

Varrone A, Pellecchia MT, Amboni M, Sansone V, Salvatore E, Ghezzi
D, Garavaglia B, Brice A, Brunetti A, Bonavita V, De Michele G,
Salvatore M, Pappata S, Barone P (2004) Imaging of dopaminergic
dysfunction with [123I]JFP-CIT SPECT in early-onset Parkin dis-
ease. Neurology 63:2097-2103.

Vekrellis K, Rideout HJ, Stefanis L (2004) Neurobiology of alpha-
synuclein. Mol Neurobiol 30:1-21.

Watson JB, Hatami A, David H, Masliah E, Roberts K, Evans CE,
Levine MS (2009) Alterations in corticostriatal synaptic plasticity
in mice overexpressing human alpha-synuclein. Neuroscience
159(2):501-513.

West AB, Moore DJ, Biskup S, Bugayenko A, Smith WW, Ross CA,
Dawson VL, Dawson TM (2005) Parkinson’s disease-associated
mutations in leucine-rich repeat kinase 2 augment kinase activity.
Proc Natl Acad Sci U S A 102:16842—16847.

West AB, Moore DJ, Choi C, Andrabi SA, Li X, Dikeman D, Biskup S,
Zhang Z, Lim KL, Dawson VL, Dawson TM (2007) Parkinson’s
disease-associated mutations in LRRK2 link enhanced GTP-bind-
ing and kinase activities to neuronal toxicity. Hum Mol Genet
16:223-232.

Xiong H, Wang D, Chen L, Choo YS, Ma H, Tang C, Xia K, Jiang W,
Ronai Z, Zhuang X, Zhang Z (2009) Parkin, PINK1, and DJ-1 form
a ubiquitin E3 ligase complex promoting unfolded protein degra-
dation. J Clin Invest 119:650—-660.

Yang Y, Gehrk S, Imai Y, Huang Z, Ouyang Y, Wang JW, Yang L, Beal
MF, Vogel H, Lu B (2006) Mitochondrial pathology and muscle and
dopaminergic neuron degeneration caused by inactivation of Dro-
sophila Pink1 is rescued by Parkin. Proc Natl Acad Sci U S A
103:10793-10798.

Zarranz JJ, Alegre J, Gémez-Esteban JC, Lezcano E, Ros R, Ampu-
ero |, Vidal L, Hoenicka J, Rodriguez O, Atarés B, Llorens V,
Gomez Tortosa E, del Ser T, Mufioz DG, de Yebenes JG (2004)

Downloaded for Anonymous User (n/a) at Brigham and Women's Hospital from ClinicalKey.com by Elsevier on December
12, 2023. For personal use only. No other uses without permission. Copyright ©2023. Elsevier Inc. All rights reserved.



G. Madeo et al. / Neuroscience 211 (2012) 126-135 135

Pfeiffer RF, Trenkwalder C, Homann N, Ott E, Wenzel K, Asmus F,
Hardy J, Wszolek Z, Gasser T (2004) The PARKS locus in autosomal
dominant parkinsonism: confirmation of linkage and further delineation of
the disease-containing interval. Am J Hum Genet 74:11-19.

The new mutation, E46K, of alpha-synuclein causes Parkinson
and Lewy body dementia. Ann Neurol 55:164—173.

Zimprich A, Miller-Myhsok B, Farrer M, Leitner P, Sharma M, Hulihan M,
Lockhart P, Strongosky A, Kachergus J, Calne DB, Stoessl J, Uitti RJ,

(Accepted 26 July 2011)
(Available online 2 August 2011)

Downloaded for Anonymous User (n/a) at Brigham and Women's Hospital from ClinicalKey.com by Elsevier on December
12, 2023. For personal use only. No other uses without permission. Copyright ©2023. Elsevier Inc. All rights reserved.



	Aberrant striatal synaptic plasticity in monogenic parkinsonisms
	Monogenic parkinsonisms
	Autosomal dominant forms of PD
	Autosomal recessive forms of PD

	Alterations of striatal synaptic activity in autosomal dominant forms of PD
	Dopamine dysfunction and abnormalities in corticostriatal synaptic plasticity in mouse models of ...
	Homeostatic circuit reorganization
	Conclusions
	Acknowledgments
	References


