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Review

Mouse Models of Cognitive Deficits Due to
Alpha-Synuclein Pathology

Iddo Magen and Marie-Frangoise Chesselet*
Department of Neurology, The David Geffen School of Medicine at UCLA, Westwood Plaza, Los Angeles, CA, USA

Abstract. Synucleopathies are neurodegenerative disorders characterized by abnormal accumulation of alpha—synuclein, most
often in neurons. Familial forms are due to mutations or multiplications of the gene encoding for alpha-synuclein but most
synucleopathies occur sporadically. They include Parkinson’s disease (PD) and dementia with Lewy Bodies (DLB), which are
both linked to cognitive decline. In DLB, dementia dominates the symptoms whereas in PD, subtle cognitive deficits are frequent
and may appear even before motor symptoms, but only a fraction of patients develop severe dementia-type cognitive deficits.
Several lines of mice were developed to model human synucleopathies by over-expressing the wild type or the mutated human
alpha-synuclein under a variety of promoters. In addition, mice lacking alpha-synuclein have been used to determine the role of
this protein in cognitive function. This chapter will review cognitive alterations observed in these models and discuss how they

may help understand the various forms and stages of cognitive deficits observed in patients with synucleopathies.
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INTRODUCTION

Alpha-synuclein (a-syn), a 140 amino acid pro-
tein encoded by the SNCA gene, is normally found in
neurons throughout the brain and the peripheral ner-
vous system. Three missense mutations (A30P and
AS53T, E46K) in the SNCA gene cause familial forms of
Parkinson’s disease (PD) [1-3]. Although not mutated
in idiopathic PD cases, a-syn accumulates in Lewy
bodies and Lewy neurites, which are key pathological
features of the disease [4]. Moreover, duplication or
triplication of the SNCA gene leads to PD, with a clear
relationship between level of a-syn expression and
age of onset of the disease [5, 6]. Interestingly, these
genetic alterations in a-syn cause cognitive dysfunc-
tion: carriers of the E46K, A30P and A53T mutations
displayed dementia and cognitive deficits [3, 7-9], and
a-syn multiplications caused cognitive deficits in PD
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patients, whose frequency and severity were dependent
on the number of gene copies [10-12]. Furthermore,
a-syn duplication also caused cognitive deficits in
healthy siblings of PD patients [13], and different hap-
lotypes of the a-syn gene associated with risk for,
or protection against PD differentially affected cog-
nitive sequence learning [14]. Polymorphisms in the
microtubule-associated protein tau (MAPT) were also
strongly associated with dementia in PD [15]. Hence,
it is not surprising that synucleopathies usually include
cognitive deficits of variable severity. In PD mild cog-
nitive deficits can appear in the pre-manifest stage of
the disease, before any severe motor symptoms are
observed. These deficits are primarily observed in the
attentional and executive domains [16, 17]. As disease
progresses, a subset of patients develops severe cog-
nitive deficits leading to dementia [18, 19]. A main
risk factor for the development of severe cognitive
deficits in PD is age, but the presence of early cognitive
deficits may also increase the risk of later, more severe,
cognitive symptoms [20, 21]. The same is true for
mutations in the glucocerebrosidase (GBA) or PRKN
[22, 23] genes and for AD neuropathology like AP
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and tau [24]. In contrast to PD, dementia with Lewy
bodies (DLB) is characterized by predominant early
cognitive deficits, which are linked to the presence of
extensive a-syn pathology in the cerebral cortex from
an early stage of the disease [25]. In the majority of
patients, these two synucleopathies can be differen-
tiable from the clinical perspective, with predominance
of dementia in DLB and of extrapyramidal symptoms
in PD [26, 27]. Specifically, cases where extrapyrami-
dal symptoms occur in succession with dementia are
classified as DLB if dementia occurs within 12 months
of parkinsonian features and as PD with dementia
(PDD) if dementia occurs a year or more after the
clinical diagnosis [26, 27]. However, it is still under
debate whether DLB and PDD are neuropathologically
distinguishable [26, 28]. Cognitive deficits are also
present to a lesser extent in multiple system atrophy
(MSA) [29], a disorder in which a-syn accumulates
in oligodendrocytes rather than in neurons. Recently, a
highly significant and negative correlation between the
density of a-syn pathology and the Mini-mental state
examination (MMSE) score that is used to screen cog-
nitive impairments was demonstrated in a large cohort
of patients that were diagnosed with different disor-
ders characterized by Lewy body pathology (including
DLB and PD) [30]. This suggests a possible causal
relationship between the burden of a-syn pathology
and cognitive deficits and highlights the importance
of further exploring, using mouse models, the mech-
anisms downstream to a-syn pathology, which may
cause cognitive deficits.

Numerous transgenic lines of mice overexpressing
either wild type or mutated human o-syn in neu-
rons or oligodendrocytes were created to mimic the
pathological and clinical features of PD and other
synucleopathies [31, 32]. Mice with a-syn deficiency,
which are less relevant to the naturally occurring
human disorders related to a-syn pathology, were also
created, in order to study the role of this protein
in molecular and cellular processes in neurons [33].
This chapter will review studies that have investigated
the cognitive aspects associated with a-syn pathol-
ogy induced in these various mouse models, excluding
MSA models, for which there are no reports in the
literature about cognitive deficits.

MOUSE MODELS OF ALPHA-SYNUCLEIN
DEFICIENCY

In view of the clear involvement of a-syn in a num-
ber of human disorders thatinclude cognitive deficits, it
was of interest to determine whether or not a-syn plays

a role in cognition. Indeed, even excess accumulation
of a pathological protein can lead to loss of function
by recruitment of the normal protein into patholog-
ical aggregates, as proposed for Huntington’s disease
[34]. A natural model was provided by a subpopulation
of C57BL/6J mice previously used for cognitive stud-
ies, the C57BL/6JOlaHsd mice, that was discovered
to carry a choromosomal deletion encompassing the
SNCA gene encoding for a-syn [35]. This raised the
possibility that differences in fear extinction between
this line and the 6N line resulted from the absence
of a-syn in the former line [36], but a comparison of
fear extinction behavior between these lines and the
B6Jax line that expresses a-syn ruled out an effect of
a-syn expression on fear extinction [37]. This suggests
that the differences found initially in fear extinction
between the mouse strains C57BL/6JOlaHsd and 6N
[36] are related to differences in the expression of other
genes. Likewise, the similar performance of a-syn
knock-out mice and wild type mice in the Morris water
maze at 6 months of age ruled out the relation of a-syn
deletion to cognitive function in this test, which was a
potential concern regarding the interpretation of cogni-
tive data obtained from C57BL/6JOlaHsd mice [38].
Other lines of mice deficient for a-syn were further
created to rule out or confirm the involvement of this
protein in cognitive function. Senior et al. have found
that deletion of either alpha or gamma synuclein alone
did not impair cognition, but deletion of both impaired
cognitive function in the T-maze at 12-20 weeks [39].
Additionally, electrically-evoked striatal DA release
was two-fold higher in the double-null mice than in
either alpha or gamma synuclein deficient mice, with
no change in striatal dopamine levels [39], consistent
with previous reports of no change in dopamine levels
following deletion of synucleins [40]. These results
suggest that gamma synuclein may compensate for
the absence of a-syn in regulating synaptic function,
and thus may prevent cognitive decline in the a-syn
deficient mice. These data support the hypothesis that
cognitive deficits in synucleopathies are more likely
related to a gain rather than a loss of a-syn function.
Table 1 below summarizes the cognitive phenotype
found in the different models of a-syn deficiency.

MICE OVER EXPRESSING HUMAN
ALPHA-SYNUCLEIN

Many genetic models of Parkinson’s disease are
based on overexpression of either the mutated or the
wild type human a-syn under various promoters. These
models are summarized in details in our previous
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Lines of mice with alpha-synuclein deficiency

Neuropathology

Cognitive phenotype

References Genetic background
Chen et al. (2002) 129/0la backcrossed to
C57BL/6
Siegmund et al. (2005) B6JOla
B6N
B6Jax
Senior et al. (2008) C57BL/6

Not documented

No change in DG

4 release of DA in STR

No deficits in Morris water maze

No differences in fear conditioning

Jalternations in T-maze only when combined with
gamma-synuclein deletion

DA, dopamine; DG, dentate gyrus; STR, striatum

review [31]. Most studies of these models focused on
their motor deficits with less attention paid to their
eventual cognitive deficits despite the frequency and
severity of cognitive symptoms in human synucle-
opathies. We will first describe mice with predominant
overexpression in the cerebral cortex, as they are more
likely to model human pathologies in which cognitive
deficits are early and severe as in DLB. Table 2 summa-
rizes the various models of a-syn overexpression and
the resulting pathological and cognitive alterations in
these models.

Mouse models of predominant forebrain
cortico/hippocampal-limbic a-syn pathology

Several lines of mice show extensive cortical a-syn
pathology, which led the authors to conclude that these
models reproduce DLB [41-45]. Nevertheless, it is
important to mention that despite the predominant cor-
tical pathology, nigral pathology also existed to some
extent in the PDGF-3 and CaMKIla models, which
could perhaps explain the impaired rotarod perfor-
mance in these models [46, 47].

Mice overexpressing human wild type
alpha-synuclein under the PDGF promoter

This line was the first published line of mice over-
expressing human a-syn [46]. These mice displayed
intraneuronal inclusions immunoreactive for a-syn
and sometimes ubiquitin in regions typically affected
in synucleopathies such as the neocortex, olfactory
bulb, and to a lesser extent, midbrain [46]. Neverthe-
less, TH-positive terminals in the striatum, as well as
striatal TH levels and activity were reduced in the line
with the highest transgene expression [48]. Although
further examination of this line also revealed a 25-50%
decrease in striatal dopamine at 12 months of age
and increased thigmotaxis [48], the extensive cortical
pathology led the authors to state that this model more
faithfully reproduces DLB than PD [41].

These mice did not show any loss of cholinergic
neurons in the basal nucleus, a region that provides a
major cholinergic projection to the cerebral cortex and
has been linked to cognitive deficits [49]. In contrast,
tests of hippocampal function such as the Morris water
maze were impaired at 9 [50] but not 6 months of
age [49]. This deficit could be related to a decrease in
hippocampal neurogenesis [51] or to an upregulation
of the metabotropic glutamate receptor (mGIuRS)
in the frontal cortex [50]. In accordance with these
findings, MPEP, an mGluRS5 antagonist, ameliorated
the deficits in the Morris water maze [50]. Deficits in
Morris water maze performance in the same line of
mice at 12 months were associated with a decrease
in both the post-synaptic densities and diameter of
pre-synaptic terminals in the temporal cortex [52].
The number of neurons expressing a«-syn in the
neuropil and in the cell body also increased in the
hippocampus and the neocortex of PDGF-aSyn mice,
as well as the expression of markers of autophagy
[52]. Passive immunization with an antibody against
the C-terminus (CT) of a-syn was able to clear a-syn
aggregates in PDGF-aSyn mice, restore pre-synaptic
terminals diameter and post-synaptic densities, and
ameliorate cognitive deficits at 12 months of age [52].
The results of these studies offer novel therapeutic
approaches for synucleopathies and suggest that the
associated cognitive deficits may be improved.

Mice overexpressing human A53T alpha-synuclein
under the prion promoter

The A53T mutation causes a rare form of familial
PD [1] and increases a-syn aggregation and pathol-
ogy when expressed in mice under the mouse prion
promoter, usually leading to more severe phenotypes
than the wild-type form of the protein [53]. This line
of mice displays a severe, even fatal, motor pheno-
type due to pathological alterations in motoneurons
of the spinal cord [53]. In contrast to the clear motor
phenotype, these mice were not cognitively impaired
when tested in the Barnes Maze (a dry form of the



Table 2

Different models of alpha-synuclein overexpression, grouped by the promoters to induce transgene expression; the data in each model are further subgrouped by different lines of mice generated
by different research groups, with the first reference referring to the originator of the line and followed by other groups using the same line in chronological order. The different models are ordered
chronologically (by the year of the first report of the model), and so are the different lines within each model. 0—6 Months of age are considered “young age”, 6-12 months “middle age”, and over
than 12 months “old age”. In cases where two age ranges appear separated by a slash (e.g., young/middle), the onset was either in the borderline between two ranges or was reported in different
age ranges by different groups using the same mice

References Human syn  a-Promoter  Genetic background  Expression levels Neuropathology Cognitive dysfunction
Rockenstein WT Mu Thy-1 C57BL/6 2-3 fold of Young mice: I: SN, LC, 4-5m: deficits in reversal learning
et al. (2002) x DBA2 expression in WT other brain regions. (and reversal by L-DOPA), in novel
Fernagut No TH+ cell loss in SN or object recognition, novel place
et al. (2007) LCupto 18 m; recognition, 5-6 m, 7-9 m:
Fleming Decreased cortical NE deficits in Y-maze
et al. (2008) 7 m; decreased striatal
Magen TH and DA 14 m;
et al. (2010) decreased cortical ACh
6m;
Kahle et al. (2000) A30P Mu Thy-1 C57BL/6 ~two fold of I: A, B, Cx, H, SC, SN, STR; Old age onset: | fear response
Freichel et al. (2007) expression in WT B: TS amyloid staining; (freezing and active avoidance),
Schell et al. (2009) hyperphosphorylation of deficits in probe trial in
a-syn in cytosol in SC and Morris water maze
phospho-Ser129 staining in A and Cx;
Zhou et al. (2008) Y39C Mu Thy-1 FVB/N 2.5-fold of Cx: I, phospho-Ser129 Old age onset: |,
expression in WT staining, ubiquitin+, apoptosis. Morris water maze
No TH+ cell loss in SN
Masliah et al. (2000) WT PDGF-$3 C57BL/6 x 10-80% of Iin Cx, H, OB, and in 6 m: no impairments in
Masliah et al. (2001) DBA2 human loading TH+ cells in SN, ubiquitin+, Morris water maze, 9m: |
Hashimoto et al. (2003) control glia+in B, C, H, M, Th;| Morris water maze, reversal

Winner et al. (2004)
Price et al. (2010)
Masliah et al. (2011)

TH+ terminals and TH
levels and activity in STR,
| DA levels in STR;
No ChAT+ cell loss in NBM and
STR up to 22 m;
6 m: Cx: $mGIluRS
and colocalization of
a-syn and mGluRS
4m: | Neurogenesis and
1 apoptosis in DG
J post-synaptic density and pre-synaptic

terminals diameter in Cx, 1 markers of

autophagy, 1 number of a-syn

expressing neurons in H and Cx, reversal by

antibody against a-syn C-terminus

by MPEP (mGluR5 antagonist).
12 m: 4 thigmotaxis, |

Morris water maze, reversal by

immunization against o-syn
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Table 2

Continued
References Human syn o-Promoter  Genetic background  Expression levels Neuropathology Cognitive dysfunction
Giasson et al. AS53T Mouse prion  C57BL/C3H ~5-30-fold of I: B, C, SC, STR, Th; GFAP+ and Old age onset: |
(2002) end. a-syn gliosis in SC; altered neuronal morphology, Barnes circular maze
Clinton et al. diffuse accumulation of a-syn,
(2010) Wallerian degeneration in ventral root of SC,
axonal degeneration of sciatic nerve
Nuber et al. WT CaM-tTA C57BL/6 Less (<90%) than human  Trend to | TH+ neurons in SN; | Old age onset: | retention
(2008) (tet-off) control; non significant DA in OB (reversed by ceasing gene expression); in the Morris water maze
increase (112%) only in Jneurogenesis in
Cx of CaM-aSyn mice. DG (reversed by ceasing gene expression)
Highest expression
in the forebrain—
OB, Cx, and BG;
Lim et al. WT, CaM-tTA C57BL/6x Not documented A53T AS53T
(2011) AS53T (tet-off) B6C3H 4-8 months: progressive dot-like Middle age onset: | contextual fear

a-syn pathology in H, MB,

DG, Cg Cx, OB, S and STN; 8-20

months: progressive gliosis in MB; 12-20
months: progressive a-syn

phosphorylation and ubiquitination in H and
OB; a-syn phosphorylation in Cg

Cx and ubiquitination in MB;

20-22 months: cytoplasmic a-syn
accumulation and neuronal loss in Cx and
H (pyramidal and granule cells). Synaptic
structural defects and reversal by
Dox which suppresses a-syn expression

memory and reversal by Dox which
suppresses a-syn expression; No
change in cued fear memory

A, amygdala; ACh, acetylcholine; B, brainstem; BG, basal ganglia; C, cerebellum; CaM, calmodulin; Cg, cingulate; ChAT, choline acetyltransferase; Cx, cortex; DA, dopamine; DG, dentate gyrus;
end. a-syn, endogenous levels of a-syn; GFAP, glial fibrillary acidic protein; H, hippocampus; I, inclusions; LC, locus coeruleus; M, midbrain; MB, mamillary bodies; mGIuRS5, metabotropic
glutamate receptor 5; NBM, nucleus basalis of Meynert; NE, norepinephrine; OB, olfactory bulb; S, septum; SC, spinal cord; SN, substantia nigra; STN, subthalamic nucleus; STR, striatum; T,
telencephalon; Tg, transgenic; Th, thalamus; TH, tyrosine hydroxylase; TS, thioflavine S; WT, wild-type.
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Morris water maze); indeed number of errors and
escape latency in retention trials or escape latency
were not altered at most of the time points tested
[54]. However, when triple transgenic mice that model
Alzheimer’s disease (AD) were crossed with these
mice to model the Lewy body variant of AD (DLB-
AD), the resulting mice displayed greater cognitive
deficits at 6 and 9 months than the triple transgen-
ics alone, suggesting an interaction between a-syn and
beta-amyloid (AR) that may contribute to the enhanced
cognitive phenotype [54].

Alpha-synuclein over expression under the
CaMKinase promoter

The CaMKinase promoter confers high levels of
expression in the forebrain, thus providing an ideal
tool for generating models with predominant pathol-
ogy in cortex and hippocampus, as in DLB, although
the nigrostriatal system is affected as well as shown by
the presence of dark cell degeneration in the substan-
tia nigra pars compacta [47]. In a conditional model of
wild type a-syn over expression under the CaM pro-
moter, a reduced retention in the Morris water maze
was found 7 days after a single probe trial, at 1 year
of age. Neurodegeneration was found in the hippocam-
pus of these mice at 20 months of age and neurogenesis
in the hippocampus was already reduced at 24 weeks,
perhaps leading to the cognitive phenotype. However,
expression of the transgene can be turned off with
doxycycline in these mice, which led to restoration
of neurogenesis but cognitive improvement after dox
treatment has not been tested yet. Thus a possible link
between decreased neurogenesis, a-syn pathology, and
cognitive deficits remains unclear [47].

Mice that conditionally expressed mutant A53T o-
syn under the same promoter showed a progressive
impairment of contextual fear memory from 4 to 8
months of age. This deficit was reversed by turning off
transgene expression with doxycycline for 3 months,
indicating that cognitive impairments depend on the
transgene expression. Synaptic structural defects in
the hippocampus, a brain region involved in contex-
tual memory, were also reversed by turning off the
transgene and were also progressive, becoming more
severe from 8 to 12 months, further pointing to a link
between a-syn expression, synaptic pathology in the
hippocampus, and memory impairments [45]. A pro-
gressive gliosis was found in the mamillary bodies and
other regions starting at 8 months of age and became
more severe at 20 months of age. However, neuronal
loss was found in the cortex and hippocampus only
at 20-22 months, preceded by ubiquitination, phos-

phorylation and dot-like pathology of a-syn in those
regions, suggesting that the memory impairments did
not depend on neuronal loss but rather on a-syn asso-
ciated synaptic failure [45].

Mice overexpressing mutated human
alpha-synuclein under the Thyl promoter

The a-syn overexpressing mouse that has so far
been the most extensively studied for cognitive func-
tion is a transgenic line of mice expressing the A30P
mutated human a-syn under the murine Thy-1 pro-
moter, created by Kahle et al. [55]. At 12 months of
age, these mice exhibited deficits in the probe trial
of the Morris water maze that were not related to
decreased swimming speed [42]. Impairments in fear-
conditioning behavior were found at 17-20 months
and were associated with distinct staining patterns
of phosphorylated serine residue (phospho-serine-129
(PSer129)) [43], which is one of the features of neu-
ropathological lesions in PD patients [56, 57]. Somal
and nuclear PSer129 immunoreactivity increased with
age in hippocampal and cortical areas as well as
the lateral/basolateral amygdala nuclei and were also
present in young, presymptomatic mice but not WT
controls [43]. These mice further developed age-
dependent, specific neuritic/terminal a-syn pathology
in the medial parts of the central nucleus of the amyg-
dala nucleus and one of its projection areas, the lateral
hypothalamus. This suggests that a-syn becomes phos-
phorylated in distinct parts of the brain in this mouse
model, showing age-dependent increases of nuclear
PSer129 in cortical brain areas and the formation of
neuritic/terminal PSer129 neuropathology within the
fear-conditioning circuitry [43].

A line of transgenic mice overexpressing the human
o-syn with the mutation Y39C under the Thy-1 pro-
moter, showed cognitive impairments in the Morris
water maze starting at 15-18 months and deteriorat-
ing at 21-24 months. This mutation is not observed in
human patients but was used to enhance neurotoxicity
by promoting protein aggregation. These mice widely
expressed the mutant protein in the brain, includ-
ing the cortex, hippocampus, striatum, thalamus, and
substantia nigra, resulting in 2.5 fold higher level of
expression than the wild type endogenous protein. At
24 months, transgenic mice developed neuropathology,
such as a-syn and ubiquitin-positive inclusions, phos-
phorylation at Ser(129) of human a-syn, and increased
apoptotic cell death in the cortex, which were not
present at 18 months. Therefore, these pathological
anomalies seem to follow the progression of cognitive
dysfunction [44].
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Mouse models of predominant brainstem
cortico/subcortical-limbic a-syn pathology

Several lines of mice have been generated to
reproduce the predominantly subcortical pathology
associated with PD, which according to the Braak stag-
ing, starts in the olfactory bulb and ventral medulla,
then progressively include raphe, locus coeruleus, and
subsequently substantia nigra, basal nucleus of Meyn-
ert and amygdala, before invading the cerebral cortex
at the latest stages of disease [58, 59]. As discussed
earlier, this pattern of a-syn pathology is compatible
with the progressive nature of cognitive deficits in PD,
that consists of subtle impairments in executive func-
tion and attention at early stages of the disease [16,
17] and only evolve toward frank dementia at later
stages in a subset of patients [18, 19]. Furthermore,
the cognitive decline was found to correlate with the
neuropathological stages of PD, suggesting that the
risk to develop dementia increases with disease pro-
gression [60]. Although several lines of mice were
generated to over-express a-syn specifically in cate-
cholaminergic neurons under the tyrosine hydroxylase
promoter, the cognitive function of these lines has not
been characterized yet [61-65].

Mice overexpressing wild-type human
alpha-synuclein under the Thyl promoter

More recently, our laboratory has characterized the
cognitive deficits of mice over-expressing human wild-
type a-syn under the Thyl-promoter, generated in the
laboratory of E. Masliah [41], with a focus on the early
impairments that could correspond to cognitive deficits
reported during the pre-manifest phase of PD [66, 67].
This mouse model of a-syn overexpression recapitu-
lates most of the other non-motor symptoms typical to
the preclinical stage of PD [31]. As PD patients display
difficulties in reversal learning [66], Thyl-aSyn and
WT mice were tested in a reversal learning task that
assesses cognitive flexibility. Male Thyl-aSyn mice
at 4-5 months of age learned a simple operant strat-
egy as well as controls but showed greater difficulty
than WT littermates in switching their responses at
reversal, although they were eventually able to achieve
criteria and learn the reversed contingency [68]. These
mice also showed memory deficits in the novel object
recognition (NOR) and novel place recognition tests
at 4-5 months, and in the Y-maze test at 5-6 and 7-9
months. However, they showed no deficits in the cog-
nitive aspects of the holeboard at 3—4 months, and
in the Y-maze at 3—4 months and 11-13 months [69
and Magen et al. unpublished]. The latter observation

is in agreement with previous evidence that deficits
in Y-maze performance are associated with increased
extracellular levels of dopamine [70]. Indeed the time
course of increase in extracellular dopamine levels par-
allels that of the Y-maze performance as the earliest
time point when dopamine was shown to be elevated in
the striatum in Thy1-aSyn mice was 6 months while at
older ages the hyperdopaminergic tone subsides, lead-
ing to loss of striatal dopamine by 14 months of age
[71]. However, the deficits in the Y-maze and NOR
test, both of which involve the cholinergic system [72,
73], also point to cholinergic deficits in the Thy1-aSyn
mice. Human a-syn was indeed found to be expressed
in cholinergic neurons in the basal nucleus and medial
septum of Thy1-aSyn mice, which might have implica-
tions on the function of these neurons, and ACh levels
decreased in the cortex of 6 month old Thy1-aSyn mice
by 30% [Magen et al. unpublished], consistent with
reports of degeneration of cortical cholinergic fibers in
Thy1-[A30P]-aSyn mice at the same age [74].

CONCLUSION

In summary, although cognitive deficits have been
less studied in mouse models of a-syn overexpression
than motor function, a number of models have proven
to show reliable deficits that can provide end-point
measures to test new therapies for cognitive deficits
in patients with synucleopathies. Like in humans with
DLB, some models show predominant cortical and
hippocampal pathology with associated deficits in
hippocampal function. In these models, hippocampal
dependent functions such as contextual fear memory
and long-term spatial memory in the Morris water
maze, as well as amygdalar functions like cued fear
memory, were impaired beginning at middle or old
age (8-9 months at the earliest) [42-45, 47, 50]. a-syn
overexpression could also worsen associated amyloid
pathology [54] and cognitive deficits could be reversed
in some models by turning off the transgene [45].
In contrast, models with predominantly subcortical
pathology more closely mimic the pathology seen in
PD than in DLB, since the former is restricted to the
brain stem in the early stages of the disease and only
invades the cortex in the final stages [58, 59]. These
models show early deficits at 4-6 months of age in
a wide range of cognitive domains, such as short-
term spatial working memory (Y-maze and novel place
recognition tests), short-term non-spatial recognition
memory (novel object recognition test) and cognitive
flexibility (reversal learning) [68, 69, and Magen et al.
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unpublished]. It is not known whether the cognitive
domains affected in models with predominant sub-
cortical pathology are also affected in models with
predominant cortical pathology and vice versa, as Mor-
ris water maze was not used in the former models due
to poor swimming ability of the mice, and on the other
hand, the tests used in the Thy 1-[WT]aSyn model were
not reported to be used in other models. Therefore,
one should not conclude that different types of cogni-
tive deficits necessarily result from different regional
patterns of a-syn pathology.

Three lines of mice in which the overexpression of
a-syn was driven by the Thy1 promoter — Thy1-[WT]
aSyn, Thyl-[A30P]aSyn and Thyl-[Y39C]aSyn —
showed cognitive deficits, with variable age of onset,
depending on the type of test used and whether
the transgene overexpressed is wild type or mutant
[42-44]. In the two latter lines, deficits progressed
towards hippocampal involvement with deficits in the
Morris water maze only at ages >12 months, compared
to the earlier deficits in the WT aSyn model.

Although few mouse models develop the character-
istic pathological finding of PD — dopaminergic cell
loss in the substantia nigra — the presence of mul-
tiple deficits, including cognitive deficits in several
lines of mice implicates an effect of the transgene on
brain function at a relatively young age. Indeed, a-syn
pathology and neurochemical changes were present in
regions involved in cognition in a number of models,
even though a direct causal link has not been demon-
strated. The availability of multiple genetic models
of synucleopathies provides a tool to investigate new
neuroprotective therapies, and treatments specifically
directed at cognitive dysfunction. Strategies found to
improve cognition in models with predominant fore-
brain cortico/hippocampal-limbic pathology include
turning off the transgene expression with doxycy-
cline in conditional models [45, 47], or immunizing
against the overexpressed a-syn protein [52], thereby
preventing its aggregation and accumulation and the
resulting downstream behavioral and neurochemi-
cal abnormalities. These strategies are particularly
promising because they not only reverse cognitive
deficits but also prevent their main potential cause.
Other drugs target specific neurotransmitter systems
and dysfunctional mechanisms resulting from a-syn
accumulation, like the mGluRS5 antagonist MPEP [50]
and can be potentially employed for the treatment of
cognitive deficits in DLB. In the a-syn models with
predominant subcortical pathology, no treatment was
used so far to reverse cognitive deficits. However, the
early cognitive phenotype of the Thy1-aSyn model has

only been characterized recently [69 and Magen et al.
unpublished], and it is possible that novel therapeu-
tic approaches currently under study may lead to the
development of drugs for the early cognitive impair-
ments in PD which, although mild, significantly affect
the quality of life of patients and represent an unmet
medical need in the treatment of the disease.

ACKNOWLEDGMENTS

Supported by PHS grant PS0O NS38367 (UCLA Mor-
ris K. Udall Parkinson’s Disease Research Center of
Excellence), and gifts to the Center for the Study of
Parkinson’s Disease at UCLA.

REFERENCES

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

[2] Kriger R, Kuhn W, Miiller T, Woitalla D, Graeber M, Kosel S,
Przuntek H, Epplen JT, Schols L, & Riess O (1998) Ala30Pro
mutation in the gene encoding alpha-synuclein in Parkinson’s
disease. Nat Genet, 18, 106-108.

[3] Zarranz JJ, Alegre J, Gémez-Esteban JC, Lezcano E, Ros
R, Ampuero I, Vidal L, Hoenicka J, Rodriguez O, Atarés
B, Llorens V, Gomez Tortosa E, del Ser T, Mufioz DG, &
de Yebenes JG (2004) The new mutation, E46K, of alpha-
synuclein causes Parkinson and Lewy body dementia. Ann
Neurol, 55, 164-173.

[4] Spillantini MG, Crowther RA, Jakes R, Hasegawa M, &
Goedert M (1998) Alpha-Synuclein in filamentous inclusions
of Lewy bodies from Parkinson’s disease and dementia with
lewy bodies. Proc Natl Acad Sci U S A, 95, 6469-6473.

[5] Chartier-Harlin MC, Kachergus J, Roumier C, Mouroux V,
Douay X, Lincoln S, Levecque C, Larvor L, Andrieux J, Huli-
han M, Waucquier N, Defebvre L, Amouyel P, Farrer M, &
Destée A (2004) Alpha-synuclein locus duplication as a cause
of familial Parkinson’s disease. Lancet, 364, 1167-1169.

[6] Ibanez P, Bonnet AM, Débarges B, Lohmann E, Tison F,
Pollak P, Agid Y, Diirr A, & Brice A (2004) Causal rela-
tion between alpha-synuclein gene duplication and familial
Parkinson’s disease. Lancet, 364, 1169-1171.

[71 Kriger R, Kuhn W, Leenders KL, Sprengelmeyer R, Miiller
T, Woitalla D, Portman AT, Maguire RP, Veenma L, Schroder
U, Schols L, Epplen JT, Riess O, & Przuntek H (2001) Famil-
ial parkinsonism with synuclein pathology: Clinical and PET
studies of A30P mutation carriers. Neurology, 56, 1355-1362.

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

[9] Puschmann A, Ross OA, Vilarino-Guell C, Lincoln SJ,
Kachergus JM, Cobb SA, Lindquist SG, Nielsen JE, Wszolek
ZK, Farrer M, Widner H, van Westen D, Hagerstrom D,
Markopoulou K, Chase BA, Nilsson K, Reimer J, & Nilsson C
(2009) A Swedish family with de novo alpha-synuclein AS3T



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

1. Magen and M.-F. Chesselet / Alpha-Synuclein and Cognitive Deficits 225

mutation: Evidence for early cortical dysfunction. Parkinson-
ism Relat Disord, 15, 627-632.

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, Blan-
cato J, Hardy J, & Gwinn-Hardy K (2003) Alpha-Synuclein
locus triplication causes Parkinson’s disease. Science, 302,
841.

Farrer M, Kachergus J, Forno L, Lincoln S, Wang DS, Hulihan
M, Maraganore D, Gwinn-Hardy K, Wszolek Z, Dickson D,
& Langston JW (2004) Comparison of kindreds with parkin-
sonism and alpha-synuclein genomic multiplications. Ann
Neurol, 55, 174-179.

Ikeuchi T, Kakita A, Shiga A, Kasuga K, Kaneko H, Tan
CF, Idezuka J, Wakabayashi K, Onodera O, Iwatsubo T,
Nishizawa M, Takahashi H, & Ishikawa A (2008) Patients
homozygous and heterozygous for SNCA duplication in a
family with parkinsonism and dementia. Arch Neurol, 65,
514-519.

Kéri S, Moustafa AA, Myers CE, Benedek G, & Gluck MA
(2010) {alpha}-Synuclein gene duplication impairs reward
learning. Proc Natl Acad Sci U S A, 107, 15992-15994.

Kéri S, Nagy H, Myers CE, Benedek G, Shohamy D, &
Gluck MA (2008) Risk and protective haplotypes of the
alpha-synuclein gene associated with Parkinson’s disease dif-
ferentially affect cognitive sequence learning. Genes Brain
Behav, 7, 31-36.

Goris A, Williams-Gray CH, Clark GR, Foltynie T, Lewis
SJ, Brown J, Ban M, Spillantini MG, Compston A, Burn DJ,
Chinnery PF, Barker RA, & Sawcer SJ (2007) Tau and alpha-
synuclein in susceptibility to, and dementia in, Parkinson’s
disease. Ann Neurol, 62, 145-153.

Watson GS, & Leverenz JB (2010) Profile of cognitive impair-
ment in Parkinson’s disease. Brain Pathol, 20, 640-645.
Rodriguez-Oroz MC, Jahanshahi M, Krack P, Litvan I, Macias
R, Bezard E, & Obeso JA (2009) Initial clinical manifesta-
tions of Parkinson’s disease: Features and pathophysiological
mechanisms. Lancet Neurol, 8, 1128-1139.

Aarsland D, & Kurz MW (2010) The epidemiology of demen-
tia associated with Parkinson’s disease. Brain Pathol, 20,
633-639.

Docherty MJ, & Burn DJ (2010) Parkinson’s disease demen-
tia. Curr Neurol Neurosci Rep, 10, 292-298.

Janvin CC, Aarsland D, & Larsen JP (2005) Cognitive predic-
tors of dementia in Parkinson’s disease: A community-based,
4-year longitudinal study. J Geriatr Psychiatry Neurol, 18,
149-154.

Janvin CC, Larsen JP, Aarsland D, & Hugdahl K (2006) Sub-
types of mild cognitive impairment in Parkinson’s disease:
Progression to dementia. Mov Disord, 21, 1343-1349.
Neumann J, BrasJ, Deas E, O’Sullivan SS, Parkkinen L, Lach-
mann RH, Li A, Holton J, Guerreiro R, Paudel R, Segarane
B, Singleton A, Lees A, Hardy J, Houlden H, Revesz T, &
Wood NW (2009) Glucocerebrosidase mutations in clinical
and pathologically proven Parkinson’s disease. Brain, 132,
1783-1794.

Alcalay RN, Mejia-Santana H, Tang MX, Rakitin B, Rosado
L, Ross B, Verbitsky M, Kisselev S, Louis ED, Comella CL,
Colcher A, Jennings D, Nance MA, Bressman S, Scott WK,
Tanner C, Mickel SF, Andrews HF, Waters CH, Fahn S, Cote
LJ, Frucht SJ, Ford B, Rezak M, Novak K, Friedman JH, Pfeif-
fer R, Marsh L, Hiner B, Siderowf A, Ottman R, Clark LN,
Marder KS, & Caccappolo E (2010) Self-report of cognitive
impairment and mini-mental state examination performance

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

in PRKN, LRRK?2, and GBA carriers with early onset Parkin-
son’s disease. J Clin Exp Neuropsychol, 32, 775-779.
Compta Y, Parkkinen L, O’Sullivan SS, Vandrovcova J,
Holton JL, Collins C, Lashley T, Kallis C, Williams DR, de
Silva R, Lees AJ, & Revesz T (2011) Lewy- and Alzheimer-
type pathologies in Parkinson’s disease dementia: Which is
more important? Brain, 134, 1493-1505.

Geser F, Wenning GK, Poewe W, & McKeith I (2005) How
to diagnose dementia with Lewy bodies: State of the art. Mov
Disord, 20(Suppl 12), S11-S20.

Halliday GM, Holton JL, Revesz T, & Dickson DW (2011)
Neuropathology underlying clinical variability in patients
with synucleinopathies. Acta Neuropathol, 122, 187-204.
McKeith IG, Dickson DW, Lowe J, Emre M, O’Brien JT, Feld-
man H, Cummings J, Duda JE, Lippa C, Perry EK, Aarsland
D, Arai H, Ballard CG, Boeve B, Burn DJ, Costa D, Del Ser T,
Dubois B, Galasko D, Gauthier S, Goetz CG, Gomez-Tortosa
E, Halliday G, Hansen LA, Hardy J, Iwatsubo T, Kalaria RN,
Kaufer D, Kenny RA, Korczyn A, Kosaka K, Lee VM, Lees
A, Litvan I, Londos E, Lopez OL, Minoshima S, Mizuno Y,
Molina JA, Mukaetova-Ladinska EB, Pasquier F, Perry RH,
Schulz JB, Trojanowski JQ, Yamada M, & Consortium on
DLB (2005) Diagnosis and management of dementia with
Lewy bodies: Third report of the DLB Consortium. Neurol-
0gy, 65, 1863-1872.

Dickson DW, Braak H, Duda JE, Duyckaerts C, Gasser T, Hal-
liday GM, Hardy J, Leverenz JB, Del Tredici K, Wszolek ZK,
& Litvan I (2009) Neuropathological assessment of Parkin-
son’s disease: Refining the diagnostic criteria. Lancet Neurol,
8, 1150-1157. Review.

Kao AW, Racine CA, Quitania LC, Kramer JH, Christine CW,
& Miller BL (2009) Cognitive and neuropsychiatric profile of
the synucleopathies: Parkinson disease, dementia with Lewy
bodies, and multiple system atrophy. Alzheimer Dis Assoc
Disord, 23, 365-370.

Beach TG, Adler CH, Lue L, Sue LI, Bachalakuri J, Henry-
Watson J, Sasse J, Boyer S, Shirohi S, Brooks R, Eschbacher
J, White CL, 3rd, Akiyama H, Caviness J, Shill HA, Connor
DJ, Sabbagh MN, & Walker DG (2009) Arizona Parkinson’s
Disease Consortium Unified staging system for Lewy body
disorders: Correlation with nigrostriatal degeneration cogni-
tive impairment and motor dysfunction. Acta Neuropathol,
117, 613-634.

Magen I, & Chesselet MF (2010) Genetic mouse models of
Parkinson’s disease The state of the art. Prog Brain Res, 184,
53-87. Review.

Kahle PJ (2008) Alpha-Synucleopathy models and human
neuropathology: Similarities and differences. Acta Neu-
ropathol, 115, 87-95. Review.

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-synuclein display functional deficits in
the nigrostriatal dopamine system. Neuron, 25, 239-252.
Zuccato C, Ciammola A, Rigamonti D, Leavitt BR, Goffredo
D, Conti L, MacDonald ME, Friedlander RM, Silani V, Hay-
den MR, Timmusk T, Sipione S, & Cattaneo E (2001) Loss
of huntingtin-mediated BDNF gene transcription in Hunting-
ton’s disease. Science, 293, 493-498.

Specht CG, & Schoepfer R (2004) Deletion of multimerin-1
in alpha-synuclein-deficient mice. Genomics, 83, 1176-1178.
Stiedl O, Radulovic J, Lohmann R, Birkenfeld K, Palve M,
Kammermeier J, Sananbenesi F, & Spiess J (1999) Strain
and substrain differences in context- and tone-dependent fear
conditioning of inbred mice. Behav Brain Res, 104, 1-12.



226

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

1. Magen and M.-F. Chesselet / Alpha-Synuclein and Cognitive Deficits

Siegmund A, Langnaese K, & Wotjak CT (2005) Differences
in extinction of conditioned fear in C57BL/6 substrains are
unrelated to expression of alpha-synuclein. Behav Brain Res,
157, 291-298.

Chen PE, Specht CG, Morris RG, & Schoepfer R (2002) Spa-
tial learning is unimpaired in mice containing a deletion of
the alpha-synuclein locus. Eur J Neurosci, 16, 154-158.
Senior SL, Ninkina N, Deacon R, Bannerman D, Buchman
VL, Cragg SJ, & Wade-Martins R (2008) Increased striatal
dopamine release and hyperdopaminergic-like behaviour in
mice lacking both alpha-synuclein and gamma-synuclein. Eur
J Neurosci, 27, 947-957.

Robertson DC, Schmidt O, Ninkina N, Jones PA, Sharkey J,
& Buchman VL (2004) Developmental loss and resistance to
MPTP toxicity of dopaminergic neurones in substantia nigra
pars compacta of gamma-synuclein, alpha-synuclein and dou-
ble alpha/gamma-synuclein null mutant mice. J Neurochem,
89, 1126-1136.

Rockenstein E, Mallory M, Hashimoto M, Song D, Shults
CW, Lang I, & Masliah E (2002) Differential neuropatholog-
ical alterations in transgenic mice expressing alpha-synuclein
from the platelet-derived growth factor and Thy-1 promoters.
J Neurosci Res, 68, 568-578.

Freichel C, Neumann M, Ballard T, Miiller V, Woolley M,
Ozmen L, Borroni E, Kretzschmar HA, Haass C, Spooren
W, & Kahle PJ (2007) Age-dependent cognitive decline and
amygdala pathology in alpha-synuclein transgenic mice. Neu-
robiol of Aging, 28, 1421-1435.

Schell H, Hasegawa T, Neumann M, & Kahle PJ (2009)
Nuclear and neuritic distribution of serine-129 phosphory-
lated alpha-synuclein in transgenic mice. Neuroscience, 160,
796-804.

Zhou W, Milder JB, & Freed CR (2008) Transgenic mice
overexpressing tyrosine-to-cysteine mutant human alpha-
synuclein: A progressive neurodegenerative model of diffuse
Lewy body disease. J Biol Chem, 283, 9863-9870.

Lim Y, Kehm VM, Lee EB, Soper JH, Li C, Trojanowski JQ,
& Lee VM (2011) {alpha}-Syn suppression reverses synaptic
and memory defects in a mouse model of dementia with Lewy
Bodies. J Neurosci, 31, 10076-10087.

Masliah E, Rockenstein E, Veinbergs I, Mallory M,
Hashimoto M, Takeda A, Sagara Y, Sisk A, & Mucke L (2000)
Dopaminergic loss and inclusion body formation in alpha-
synuclein mice: Implications for neurodegenerative disorders.
Science, 287, 1265-1269.

Nuber S, Petrasch-Parwez E, Winner B, Winkler J, von
Horsten S, Schmidt T, Boy J, Kuhn M, Nguyen HP, Teismann
P, Schulz JB, Neumann M, Pichler BJ, Reischl G, Holzmann
C, Schmitt I, Bornemann A, Kuhn W, Zimmermann F, Ser-
vadio A, & Riess O (2008) Neurodegeneration and motor
dysfunction in a conditional model of Parkinson’s disease. J
Neurosci, 28, 2471-2484.

Hashimoto M, Rockenstein E, & Masliah E (2003) Trans-
genic models of alpha-synuclein pathology: Past, present, and
future. Ann N'Y Acad Sci, 991, 171-188. Review.

Masliah E, Rockenstein E, Veinbergs I, Sagara Y, Mallory
M, Hashimoto M, & Mucke L (2001) Beta-amyloid peptides
enhance alpha-synuclein accumulation and neuronal deficits
in a transgenic mouse model linking Alzheimer’s disease and
Parkinson’s disease. Proc Natl Acad Sci U S A, 98, 12245-
12250.

Price DL, Rockenstein E, Ubhi K, Phung V, MacLean-Lewis
N, Askay D, Cartier A, Spencer B, Patrick C, Desplats P,
Ellisman MH, & Masliah E (2010) Alterations in mGIuR5
expression and signaling in Lewy body disease and in

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

transgenic models of alpha-synucleopathy—implications for
excitotoxicity. PLoS One, 5, €14020.

Winner B, Lie DC, Rockenstein E, Aigner R, Aigner L,
Masliah E, Kuhn HG, & Winkler J (2004) Human wild-
type alpha-synuclein impairs neurogenesis. J Neuropathol
Exp Neurol, 63, 1155-1166.

Masliah E, Rockenstein E, Mante M, Crews L, Spencer B,
Adame A, Patrick C, Trejo M, Ubhi K, Rohn TT, Mueller-
Steiner S, Seubert P, Barbour R, McConlogue L, Buttini
M, Games D, & Schenk D (2011) Passive immunization
reduces behavioral and neuropathological deficits in an alpha-
synuclein transgenic model of Lewy body disease. PLoS One,
6,19338.

Giasson BI, Duda JE, Quinn SM, Zhang B, Trojanowski JQ,
& Lee VM (2002) Neuronal alpha-synucleopathy with severe
movement disorder in mice expressing AS3T human alpha-
synuclein. Neuron, 34, 521-533.

Clinton LK, Blurton-Jones M, Myczek K, Trojanowski JQ, &
LaFerla FM (2010) Synergistic Interactions between Abeta,
tau, and alpha-synuclein: Acceleration of neuropathology and
cognitive decline. J Neurosci, 30, 7281-7289.

Kahle PJ, Neumann M, Ozmen L, Muller V, Jacobsen H,
Schindzielorz A, Okochi M, Leimer U, van Der Putten H,
Probst A, Kremmer E, Kretzschmar HA, & Haass C (2000)
Subcellular localization of wild-type and Parkinson’s disease-
associated mutant alpha -synuclein in human and transgenic
mouse brain. J Neurosci, 20, 6365-6373.

Fujiwara H, Hasegawa M, Dohmae N, Kawashima A, Masliah
E, Goldberg MS, Shen J, Takio K, & Iwatsubo T (2002) Alpha-
Synuclein is phosphorylated in synucleopathy lesions. Nat
Cell Biol, 4, 160-164.

Neumann M, Kahle PJ, Giasson BI, Ozmen L, Borroni E,
Spooren W, Miiller V, Odoy S, Fujiwara H, Hasegawa M,
Iwatsubo T, Trojanowski JQ, Kretzschmar HA, & Haass
C (2002) Misfolded proteinase K-resistant hyperphosphory-
lated alpha-synuclein in aged transgenic mice with locomotor
deterioration and in human alpha-synucleopathies. J Clin
Invest, 110, 1429-1439.

Braak H, Del Tredici K, Riib U, de Vos RA, Jansen Steur
EN, & Braak E (2003) Staging of brain pathology related to
sporadic Parkinson’s disease. Neurobiol Aging, 24, 197-211.
Braak H, Del Tredici K, Bratzke H, Hamm-Clement J,
Sandmann-Keil D, & Riib U (2002) Staging of the intrac-
erebral inclusion body pathology associated with idiopathic
Parkinson’s disease (preclinical and clinical stages). J Neurol,
249(Suppl 3:11I/1-5). Review.

Braak H, Riib U, & Del Tredici K (2006) Cognitive decline
correlates with neuropathological stage in Parkinson’s dis-
ease. J Neurol Sci, 248, 255-258.

Thiruchelvam MJ, Powers JM, Cory-Slechta DA, & Rich-
field EK (2004) Risk factors for dopaminergic neuron loss in
human alpha-synuclein transgenic mice. Eur J Neurosci, 19,
845-854.

Richfield EK, Thiruchelvam MJ, Cory-Slechta DA, Wuertzer
C, Gainetdinov RR, Caron MG, Di Monte DA, & Federoff
HJ (2002) Behavioral and neurochemical effects of wild-type
and mutated human alpha-synuclein in transgenic mice. Exp
Neurol, 175, 35-48.

Tofaris GK, Garcia Reitbock P, Humby T, Lambourne SL,
O’Connell M, Ghetti B, Gossage H, Emson PC, Wilkin-
son LS, Goedert M, & Spillantini MG (2006) Pathological
changes in dopaminergic nerve cells of the substantia nigra
and olfactory bulb in mice transgenic for truncated human
alpha-synuclein(1-120): Implications for Lewy body disor-
ders. J Neurosci, 26, 3942-3950.



[64]

[65]

[66]

[67]

[68]

[69]

1. Magen and M.-F. Chesselet / Alpha-Synuclein and Cognitive Deficits 227

Wakamatsu M, Ishii A, Iwata S, Sakagami J, Ukai Y, Ono
M, Kanbe D, Muramatsu S, Kobayashi K, Iwatsubo T,
& Yoshimoto M (2008) Selective loss of nigral dopamine
neurons induced by overexpression of truncated human alpha-
synuclein in mice. Neurobiol Aging, 29, 574-585.
Wakamatsu M, Iwata S, Funakoshi T, & Yoshimoto M (2008)
Dopamine receptor agonists reverse behavioral abnormali-
ties of alpha-synuclein transgenic mouse, a new model of
Parkinson’s disease. J Neurosci Res, 15, 640-646.

Peterson DA, Elliott C, Song DD, Makeig S, Sejnowski TJ, &
Poizner H (2009) Probabilistic reversal learning is impaired
in Parkinson’s disease. Neuroscience, 163, 1092-1101.
Gurvich C, Georgiou-Karistianis N, Fitzgerald PB, Millist L,
& White OB (2007) Inhibitory control and spatial working
memory in Parkinson’s disease. Mov Disord, 22, 1444-1450.
Fleming SM, Garcia E, Masliah E, Chesselet MF, & Jentsch
JD (2008) Impaired reversal learning in transgenic mice over-
expressing human wildtype alpha synuclein. Neurosci Abst,
341.1.

Magen I, Cardiff KM, Maidment NT, Masliah E, & Chesselet
MF (2010) Hyperactivity and reduced anxiety in young mice
over-expressing wild-type human alpha-synuclein under the
Thy-1 promoter. Neurosci Abst, 750.26.

[70]

[71]

[72]

[73]

[74]1

Li B, Arime Y, Hall FS, Uhl GR, & Sora I (2010) Impaired
spatial working memory and decreased frontal cortex BDNF
protein level in dopamine transporter knockout mice. Eur J
Pharmacol, 628, 104-107.

Lam HA, Wu N, Cely I, Kelly RL, Hean S, Richter F, Magen
I, Cepeda C, Ackerson LC, Walwyn W, Masliah E, Chesse-
let MF, Levine MS, & Maidment NT (2011) Elevated tonic
extracellular dopamine concentration and altered dopamine
modulation of synaptic activity precede dopamine loss in
the striatum of mice overexpressing human a-synuclein. J
Neurosci Res, 89, 1091-1102.

Botton PH, Costa MS, Ardais AP, Mioranzza S, Souza DO,
daRochaJB, & Porcitincula LO (2010) Caffeine prevents dis-
ruption of memory consolidation in the inhibitory avoidance
and novel object recognition tasks by scopolamine in adult
mice. Behav Brain Res, 214, 254-259.

Yang JH, Han SJ, Ryu JH, Jang IS, & Kim DH (2009)
Ginsenoside Rh2 ameliorates scopolamine-induced learning
deficit in mice. Biol Pharm Bull, 32, 1710-1715.

Szego EM, Gerhardt E, Outeiro TF, & Kermer P (2011)
Dopamine-depletion and increased a-synuclein load induce
degeneration of cortical cholinergic fibers in mice. J Neurol
Sci, 310, 90-95.



