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Abstract
Parkinson’s disease (PD) is a movement disorder caused by neurodegeneration in neocortex,
substantia nigra (SN) and brainstem and synucleinopathy. Some inherited PD is caused by
mutations in α-synuclein (αSyn), and inherited and idiopathic PD are associated with
mitochondrial perturbations. However, the mechanisms of pathogenesis are unresolved. We
characterized a human αSyn transgenic mouse model and tested the hypothesis that the
mitochondrial permeability transition pore (mPTP) is involved in the disease mechanisms.
C57BL/6 mice expressing human A53T-mutant αSyn driven by a Thy1 promoter develop a
severe, age-related, fatal movement disorder involving ataxia, rigidity, and postural instability.
These mice develop synucleinopathy and neocortical, SN, and cerebello-rubro-thalamic
degeneration involving mitochondriopathy and apoptotic and non-apoptotic neurodegeneration.
Interneurons undergo apoptotic degeneration in young mice. Mutant αSyn associated with
dysmorphic neuronal mitochondria and bound voltage-dependent anion channels. Genetic ablation
of cyclophilin D, an mPTP modulator, delayed disease onset and extended lifespans of mutant
αSyn mice. Thus, mutant αSyn transgenic mice on a C57BL/6 background develop PD-like
phenotypes, and the mPTP is involved in their disease mechanisms.
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1. Introduction
Parkinson’s disease (PD) is a chronically progressive, age-related, fatally incapacitating
movement disorder in humans. Estimates indicate that 4 to 6 million people are diagnosed
with PD, and this disease affects about 2% of the population at some time in life (van den
Eeden et al., 2003; Dorsey et al., 2007). The greatest prevalence of PD occurs in the USA,
with 100–250 cases per 100,000 (van den Eeden et al., 2003), placing PD as the 2nd most
common neurodegenerative disease with an adult onset (after Alzheimer’s disease).
Progressive resting tremor, rigidity, bradykinesia/akinesia, gait disturbance, and postural
instability characterize PD clinically (Olanow and Tatton, 1999; Jankovic, 2008). Cardinal
neuropathological features of PD are degeneration and elimination of dopamine neurons in
substantia nigra (SN) and in other brainstem regions, dopamine depletion in striatum, and α-
synuclein (αSyn) pathology (Lowe et al., 1997; Olanow and Tatton, 1999; Giasson et al.,
2000a; Dickson, 2012; Jellinger et al., 2012). The molecular pathogenesis of PD is not
understood. At least 2 forms of PD exist: idiopathic (sporadic) and heritable (familial)
(Olanow and Tatton, 1999; Schapira, 2006; Klein and Schlossmacher, 2007). The majority
of PD cases are sporadic with no known genetic component. Epidemiological studies reveal
several risk factors for developing idiopathic PD. Aging and αSyn are the most common risk
factors for idiopathic PD (Klein and Schlossmacher, 2007). Pesticides are also linked to the
origin of PD (Ascherio et al., 2006; Tanner et al., 2011). Herbicides, well water
(contaminated with pesticides), and industrial chemicals are possible environmental agents
related to the development of PD (Schapira, 2006).

Mitochondrial mechanisms are believed to be involved in PD pathogenesis (Olanow and
Tatton, 1999; Pilsl and Winklhofer, 2012; Coskun et al., 2012). Mitochondria became
suspects in PD etiology when heroine abusers presented with PD after exposure to 1-
methyl-4-phenyl-1,2,3,4-tetrahydropyridine (MPTP) (Langston et al., 1983) which is
converted by monoamine oxidase to a complex I inhibitor and free radical generator
(Nicklas et al., 1985; Ramsay et al., 1986; Cleeter et al., 1992). Mitochondrial involvement
in idiopathic PD etiology became more compelling by the discovery that complex I activity
(NAPH dehydrogenase) is reduced in the SN (Schapira et al., 1989) and skeletal muscle
(Bindoff et al., 1989) of PD cases. Complex I inhibitors, notably MPTP and the pesticide
rotenone, cause damage to dopaminergic neurons and are the basis of several animal and cell
models of PD (Shimohama et al., 2003). Although mitochondrial mechanisms have been
implicated in PD pathogenesis for over two decades, direct cause-effect relationships
between mitochondrial damage and disease initiation and progression are still unclear.
Mutations in nuclear genes encoding definite mitochondrial proteins such as complex I,
mitofusin 2, frataxin, and optic atrophy protein 1, as well as DNA polymerase δ, adenine
nucleotide translocase 1 and twinkle, have been linked to Leigh’s syndrome, Charcot-Marie-
Tooth disease type 2, Friedreich’s ataxia, autosomal dominant optic atrophy, and chronic
progressive external opthalmoplegia, respectively (Schapira, 2012), but linkage of these
mutations to PD has not been seen. Furthermore, mutations in the mitochondrial DNA
encoded complex I subunits cause Leber’s hereditary optic neuropathy (Vilkki et al., 1989)
but not PD (Olanow and Tatton, 1999). About 5–10% of people with PD have familial
inheritance (Schapira, 2006). Most identified mutations occur in genes encoding proteins
that have both non-mitochondrial and putative mitochondrial functions, including αSyn
(Polymeropoulos et al., 1997; Singleton et al., 2003), DJ-1 (Bonifati et al., 2003), parkin
(Leroy et al., 1998; Kitada et al., 1998), and leucine-rich repeat kinase-2 (Paisan-Ruiz et al.,
2004; Zimprich et al., 2004), confounding the interpretation of the intracellular mechanisms
leading to PD. However, mutations in phosphatase and tensin homolog-induced putative
kinase-1 (PINK1) do directly link mitochondrial dysfunction to the etiology of some early-
onset recessive forms of PD (Valente et al., 2004; Hatano et al., 2004; Pilsl and Winklhofer,
2012), but PINK1 null mice do not develop neurodegeneration, despite mitochondrial
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abnormalities (Gispert et al., 2009). Thus, further interrogation of mitochondrial dysfunction
as a general cause of PD is still needed.

Because αSyn and mitochondria both seem to have roles in PD, it is possible that interplay
between these two entities participates in PD pathogenesis. αSyn is largely a cytoplasmic
and nuclear protein that is enriched in nervous tissue axon terminals (Maroteaux et al., 1988;
Murphy et al., 2000; Lesuisse and Martin, 2002) and functions in presynaptic vesicle
dynamics during activity-dependent neurotransmitter release (Fortin et al., 2005; Chandra et
al., 2005); yet, it also has actions at mitochondria. αSyn associates with mitochondrial
membranes in neurons (Nakamura et al., 2008) and has been found to be imported into
mitochondria to cause complex I impairment (Devi et al., 2008). Human αSyn (hαSyn) with
an alanine-53→threonine mutation (A53T) directly interacts with mitochondria in transgenic
(tg) mice, and these mice develop mitochondrial abnormalities in association with a severe
movement disorder, synucleinopathy and a shortened lifespan (Lee et al., 2002; Martin et
al., 2006) but no loss of dopaminergic neurons in substantia nigra (Daher et al., 2012).
Unexpectedly, the motor abnormality and neuropathology in mice with prion protein
promoter-driven hαSyn-A53T transgene expression is more consistent with a motor neuron
disease, rather than a PD phenotype, because of the profound loss of spinal motor neurons
(Martin et al., 2006). Tg mice expressing hαSyn-A53T driven by the human neuron-specific
thymic antigen-1 (Thy1)-promoter have also been generated, but their neurological and
neuropathological characterization is limited (Chandra et al., 2005) and relevance to PD as a
disease model is uncertain. The brain distribution of pathology and possible mitochondrial
mechanisms of disease in these mice have not been studied. In this study we characterized
the neuropathology in Thy1-hαSyn-A53T tg mice and tested the hypothesis that
mitochondrial abnormalities are related causally to the disease process in PD-linked mutant
αSyn tg mice through the mitochondrial matrix protein cyclophilin D (CyPD) that
modulates the mitochondrial permeability transition pore (Crompton, 2004; Baines et al.,
2005; Nakagawa et al., 2005; Halestrap, 2009; Bernardi et al., 2006).

2. Materials and Methods
2.1 Transgenic mice

The PD mice studied here were Thy1-hαSyn-A53T tg mice. The original founder mouse of
line B6.Cg-Tg[Thy1-SNCA*A53T]M53Sud/J (stock #008135) was purchased from The
Jackson Laboratory (Bar Harbor, ME). There is no characterization of the brain
neuropathology in these mice. We bred this line, a hybrid of SV129 and C57BL/6 strains,
with pure C57BL/6 mice and then progeny were backcrossed at least 7 generations into a
pure C57BL/6 strain background with the goal of eliminating the SV129 background. The
SV129 genetic background is known to increase susceptibility to excitotoxic and necrotic
neurodegeneration (Schauwecker and Steward, 1997; Kofler et al., 2004), and thus we
wanted to minimize this prominent strain effect. All mice were genotyped at 1 month of age
to identify individuals with the A53T transgene. The primer pair used for PCR was: 5′-
GGCACCTAGAGGATCTCGACTAGTGG-3′ (forward) and 5′-
GGACCTCGACGCTTAAGGCTTCAGG-3′ (reverse). The agouti fur coat was eventually
eliminated and studies were conducted exclusively on Thy1-A53T tg mice on a C57BL/6
background (black fur coats). We evaluated A53T mice at presymptomatic stages of disease
(n= 10), early- to mid-stages of disease (n = 10), defined by presence of bradykinesia and
ataxia, and at near endstage disease (n =20), defined by postural stiffness and immobility
(Supplementary Data Videos 1 and 2). Age-matched non-tg littermates served as controls.
The CyPD null mice are described elsewhere (Basso et al., 2005; Martin et al., 2011). The
GlyT2-eGFP tg mice, with expression of eGFP only in glycinergic interneurons, are
described elsewhere (Zeilhofer et al., 2005; Martin, 2011). The institutional Animal Care
and Use Committee approved the animal protocols.
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2.2 Brain harvesting and processing for histology
Mice were anesthetized with an overdose of sodium pentobarbital and perfused through the
heart with ice-cold phosphate buffer-saline (PBS, 100 mM, pH 7.4) followed by ice-cold 4%
paraformaldehyde. After perfusion-fixation, the brain was removed after 2 hours, postfixed
overnight in 4% paraformaldehyde, and cryoprotected 24 hours in 20% glycerol-PBS. The
brains were frozen and serially sectioned from frontal pole to posterior cerebellum in the
coronal plane at 40 μm on a sliding microtome with every section being saved individually
in 96-well plates containing antifreeze buffer. The sections were stored at −20°C. For hi
stological analyses, sections were selected systematically and stained using cresyl violet
(CV) for cell morphology and counting, FD-silver for neurodegeneration, the terminal
transferase-mediated deoxyuridine triphosphate-biotin nick end labeling (TUNEL) method
(Portera-Cailliau et al., 1997; Martin, 1999; Martin et al., 2006), as an assay for cell death
based on the detection of DNA double-strand breaks, and immunohistochemistry.

2.3 Immunohistochemistry
We evaluated the localizations of hαSyn, tyrosine hydroxylase (TH), the interneuron marker
parvalbumin (Kita et al., 1990), selected cell death proteins, and putative mitochondrial
permeability transition pore (mPTP) proteins in the brains of A53T mice.
Immunoperoxidase histochemistry with diaminobenzidine (DAB) as chromogen or
immunofluorescence were used as before (Martin et al., 2005, 2006, 2007) to detect hαSyn
protein with a hαSyn-specific monoclonal Syn211 antibody (Giasson et al., 2000b; Sigma,
St. Louis, MO), TH with a rabbit polyclonal antibody (Novus Biologicals, Littleton, CO),
cleaved caspase-3 with a rabbit monoclonal antibody (R&D Systems, Minneapolis, MN),
and phospho-p53 (pp53) with a rabbit polyclonal antibody (R&D systems). Autophagy was
assessed using an antibody to LC3A (Cell Signaling Technology, Beverly, MA). In some
instances the immunoperoxidase sections were counterstained with CV before viewing.

We studied, as done for other mitochondrial proteins (Martin and Liu, 2002; Martin et al.,
2007, 2009), VDAC, ANT, and CyPD. Antibodies to these proteins were characterized
previously (Martin et al., 2009) by western blotting to determine specificity in brain extracts.
Additional negative controls for antibody specificity were incubating sections in the primary
antibody diluent without primary antibody with all other steps similar. Immunofluorescence
was used for dual labeling to colocalize putative mPTP protein regulators with the
mitochondrial marker manganese SOD (or SOD2) using a rabbit polyclonal antibody (Assay
Designs-Enzo Life Sciences, Farmingdale, NY). Immunoreactivity was visualized with
species-specific secondary antibodies (all raised in goat) conjugated to Alexa Fluor 488 or
Alexa Fluor 594 (Invitrogen Corporation, Carlsbad, CA).

2.4 Regional cell counting and neocortical measurements
Profile counting of Nissl-stained sections was done to estimate the numbers of neurons in
the substantia nigra pars compacta (SNc), red nucleus magnocellular division (RN), thalamic
ventrolateral nucleus (VL), and cerebellar deep interposed nucleus (DCN) in Thy1-A53T tg
and littermate non-tg mice at 1 and 12 months of age (n=4–6 mice/age/genotype). Neurons
in these regions were counted in anatomical level-matched sections (2–3 sections/region) at
1000x magnification. Corresponding to the mouse brain stereotaxic atlas (Franklin and
Paxinos, 1997), SNc neurons were counted at bregma −292, −3.16, and −3.52; RN neurons
were counted at bregma −3.52 and −3.80; VL neurons were counted at bregma −0.94 and
−1.22; and DCN neurons were counted at bregma −5,88 and −6.12. Strict morphological
criteria were applied when classifying normal appearing neurons, including a round, open,
euchromatic nucleus (not condensed and darkly stained), globular Nissl staining of the
cytoplasm, clear vacuole-free cytoplasm, and a cell body diameter of ~10–20 μm. With
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these criteria, degenerating neurons with necrotic, apoptotic, and necrotic-apoptotic hybrids
as well as astrocytes, oligodendrocytes, and microglia were excluded from the counts.

Dying cells in TUNEL preparations were counted in SNc and cerebral cortex of A53T and
control mice in six non-overlapping microscopic fields at 1000x magnification. Four to five
sections through the brain regions of interest were assessed. Only cells with clearly
discernible TUNEL+ nuclei were counted throughout the depth of the section.

Immunopositive cell bodies in immunoperoxidase- and immunofluorescence- stained
sections were also counted. Cleaved caspase-3+ cells were counted in six non-overlapping,
microscopic fields of striatum and cerebellar cortex at 400x magnification. Phospho-p53+

cells were counted in six non-overlapping, microscopic fields of striatum at 1000x
magnification. Parvalbumin+ cells were counted in four non-overlapping, microscopic fields
of striatum at 200x magnification.

Neocortical gray mantle and subcortical white matter thicknesses were measured by ocular
filar micrometry in brain sections at a level of bregma −0.58. Somatosensory (S1) cortex and
the subjacent external capsule were analyzed in five different sections in each mouse.

2.5 Silver staining
Silver staining was used to visualize degenerating neuronal elements in brain sections of
Thy1-A53T α-Syn mice and non-tg age-matched control mice. Sections were processed
using the FD NeuroSilver kit (FD Neurotechnologies Inc, Baltimore, MD).

2.6 Western blotting
The expression of hαSyn and the mitochondrial proteins CyPD, ANT, and VDAC in mouse
brain regions were evaluated by immunoblotting. HαSyn A53T tg mice at different stages of
disease, including pre-symptomatic, early- to mid-symptomatic, and end-stage (n=8/disease
stage), were deeply anesthetized, decapitated, and the brain and spinal cord were removed
quickly and rinsed in ice-cold Hanks buffer before snap freezing. Before freezing, the brain
was microdissected ice-cold Hanks buffer into olfactory bulb, cerebral cortex, hippocampus,
striatum, diencephalon, brainstem, and cerebellum. Crude tissue extracts were prepared and
protein fractions were subjected to SDS-PAGE and immunoblotting using enhanced
chemilumesence detection as described (Martin et al., 2003). The reliability of sample
loading and electroblotting in each experiment was evaluated by staining nitrocellulose
membranes with Ponceau S before immunoblotting. If transfer was not uniform, blots were
discarded and gels were run again. Monoclonal antibody Syn211 (Giasson et al., 2000b) was
used to detect hαSyn. For CyPD, a mouse monoclonal antibody (clone E11AE12BD4,
MitoSciences, Eugene, OR) was used. For ANT, a mouse monoclonal antibody
(MitoSciences, clone 5F51BB5AG7) and a rabbit polyclonal antibody (Santa Cruz, H-188)
were used. For VDAC, two mouse monoclonal antibodies (MitoSciences, clone 20B12AF2
and Calbiochem, clone 89-173/016) were used. ANT and VDAC antibodies were not
isoform specific. The antibodies were used at concentrations for visualizing protein
immunoreactivity within the linear range. To quantify protein immunoreactivity, films were
scanned and densitometry was performed as described (Martin et al., 2003). Protein levels
were expressed as relative optical density measurements. Immunodensities were normalized
to Ponceau S stained proteins.

2.7 Immunoprecipitation
Immunoprecipitation and western blot analysis of CNS region homogenates from A53T
mice and age-matched non-tg mice were used to identify interactions between hαSyn
protein and proteins putatively involved in mPTP operation. Protein (100 μg) from
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mitochondria-enriched membrane fractions from non-tg and A53T mouse brain was
immunoprecipitated using 5 μg of monoclonal Syn211 hαSyn antibody. After
immunocapture, the samples were subjected to SDS-PAGE and electroelution for western
blot detection of CyPD and VDAC using enhanced chemiluminescence detection.

2.8 Mouse crossing experiments
Mice homozygous for the CyPD targeted mutation on a C57/BL6 background are viable,
with normal growth and appearance, and are fertile (Basso et al., 2005; Martin et al., 2011).
Mitochondria isolated from heart and CNS of CyPD−/− (ppif−/−) mice are devoid of CyPD,
resistant to mitochondria swelling and mitochondrial permeability transition, and are
protected from mitochondrial Ca2+ overload and oxidative stress (Baines et al., 2005; Martin
et al., 2009; Martin et al., 2011). Adult mouse neurons without CyPD are protected from
necrosis and apoptosis (Martin et al., 2009; Martin et al., 2011; Martin, 2011). We crossed
A53T tg mice to ppif−/− mice (Basso et al., 2005) to test the hypothesis that CyPD, and
possibly the mPTP, has a role in neurodegeneration cell death caused by hαSyn-A53T. Mice
with targeted deletions of both CyPD alleles were crossed to A53T mice and F1 offspring
positive for the hαSyn-A53T transgene were crossed with F1 siblings lacking the transgene.
F2 generations yielded progeny carrying all PCR-confirmed CyPD genotypes (ppif+/+,
ppif+/−, and ppif−/−) with or without the hαSyn-A53T transgene. These mice were
maintained for 3 generations and followed longitudinally.

2.9 Statistical analyses
For histological and western blot measurements group means and variances were evaluated
statistically by one-way ANOVA followed by a Newman-Keuls post-hoc test.

2.10 Photography and figure construction
Marker comparisons between tg and non-tg mice were made from sections that were imaged
under identical conditions and analyzed using identical parameters. Original images used for
figure construction were generated using digital photography. Digital images were captured
as TiF files using a SPOT digital camera and SPOT Advanced software (Diagnostic
Instruments) or a Nikon digital camera (DXM1200) and ACT-1 software. Images were
altered slightly for brightness and contrast using ArcSoft PhotoStudio 2000 or Adobe
Photoshop software without changing the content and actual result. Figure composition was
done using CorelDraw software with final figures being converted to TiF files. Files of
composite figures were adjusted for brightness and contrast in Adobe Photoshop.

3. Results
3.1 Thy1-A53T tg mice develop profound fatal age-related disease mimicking neurological
aspects of PD

Thy1-A53T tg C57BL/6 mice were born in normal-sized litters and had no overt phenotype
at birth. Juvenile mice also appeared overtly normal as did young adult mice. Thy1-A53T tg
mice at 2 and 4 months of age had normal spontaneous motor activity (Fig. 1A). However tg
mice at 6 months of age showed deficits in motor activity compared to non-tg littermate
controls and Thy1-A53T tg mice at 2 and 4 months of age (Fig. 1A). Motor activity
progressively deteriorated to complete immobility by 12 months of age (Fig. 1A,B,
Supplementary Videos 1 and 2). This period of progressive neurological deterioration was
characterized by prominent motor phenotypes. A53T mice began to show spasticity and
tremors at about 6 months of age. Rigidity emerged at about 8 months of age coinciding
with the development of bradykinesia and gait abnormalities such as jerking movements
(Supplementary Video 1). Mice that were about 1 year old showed 100% penetrance in the
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development of rigidity, postural instability, and immobility (Fig. 1B, Supplementary Video
2). There was no indication of flaccid paralysis at any stage in the disease process. Thy1-
A53T tg mice had a much shortened lifespan. Most mice died between 10 and 12 months of
age (Fig. 1C).

3.2 Expression and localization of hαSyn protein in Thy1-A53T tg mice
Monoclonal Syn211 antibody with putative specificity for hαSyn (with no detection of
endogenous mouse αSyn) (Giasson et al., 2000b) was used to map by western blotting the
regional expression of hαSyn-A53T transgene in the CNS of tg mice. Syn211 antibody had
confirmed specificity for hαSyn because it did not detect endogenous α-Syn in non-tg
mouse brain (Fig. 2A). In contrast, in A53T mouse brain extracts, Syn211 antibody detected
monomeric hαSyn at ~16 kDa and higher molecular weight forms at ~60 kDa and larger
(Fig. 2A). Microdissected brain regions and spinal cord samples showed robust expression
of A53T-hαSyn throughout the CNS in A53T mice at 6 months of age with early disease
(Fig. 2B) and at 12 months of age with endstage disease (Fig. 2C). hαSyn was detected in
cerebral cortex, olfactory bulb, striatum, diencephalon, brainstem, cerebellum, and spinal
cord. The individual CNS regions showed different propensities for the development of
higher molecular weight species of hαSyn early in the disease (Fig. 2B). High molecular
weight (aggregated) forms of A53T-hαSyn were seen most prominently in spinal cord,
brainstem, cerebellum, and hippocampus early in disease. At endstage disease high
molecular weight forms of A53T-hαSyn were detected in all CNS regions examined (Fig.
2C).

Immunohistochemistry was used to localize hαSyn protein in different brain regions in
Thy1-A53T tg mice. Monoclonal Syn211 antibody showed immunohistochemical
specificity for hαSyn because it did not detect endogenous αSyn in perfusion-fixed non-tg
mouse brain sections, including the cerebral cortex (Fig. 2D inset), SN (Fig. 2H), and
cerebellar cortex (Fig. 2J inset). In contrast, in A53T tg mouse cerebral cortex, hαSyn
immunoreactivity was localized to neurons and the neuropil (Fig. 2D–F). Glial cells did not
appear immunoreactive for A53T-hαSyn during the course of disease (data not shown).
hαSyn+ neuronal cell bodies were observed in cerebral cortical superficial (Fig. 2E) and
deep (Fig. 2F) layers where it was localized to the cytoplasm and nucleus in a subset (about
35%) of cortical neurons. Cortical neurons showed prominent cytoplasmic and intranuclear
aggregates of hαSyn (Fig. 2F left inset). Axons in subcortical white matter were also
positive for hαSyn (Fig. 2F right inset). Basal ganglia and related compartments of the brain
were enriched in hαSyn. Neurons in the SNc were strongly immunoreactive for hαSyn (Fig.
2G). The striatum had robust hαSyn immuoreactivity in the neuropil (Fig. 2I), consistent
with expression of hαSyn in nigrostriatal SNc projection neurons (Fig. 2G), but the majority
of striatal neuron cell bodies were negative (Fig. 2I). However, a minor subset of neuronal
cell bodies was positive for hαSyn (Fig. 2I) which were subsequently identified as
interneurons (see below). The globus pallidus was enriched in punctate immunoreactivity
for hαSyn that was found in the neuropil and decorating the surfaces of pallidal neurons
(Fig. 2I upper inset). The ventral anterior-ventral lateral nuclei of thalamus contained
numerous hαSyn+ neurons (Fig. 2I lower inset). The cerebellum and brainstem also had
prominent hαSyn immunoreactivity. The cerebellar cortex showed fine hαSyn punctate
labeling in the molecular layer (Fig. 2J), but Purkinje cells were generally negative for
hαSyn (Fig. 2J). The granule cell layer had prominent large clusters of immunoreactivity for
hαSyn (Fig. 2K). These clusters were consistent with the appearance of mossy fiber
terminals (Weissman et al., 2011). Granule cell bodies were uniformly negative for hαSyn
(Fig. 2K), but their surfaces were decorated with hαSyn immunoreactivity (Fig. 2K inset). In
contrast, larger cells near the granule cell layer-Purkinje cell layer border were hαSyn+ (Fig.
2K inset). These cells were subsequently identified as Golgi interneurons, consistent with
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the known size and locations of these neurons (Crook et al., 2006; Simat et al., 2007; Sillitoe
et al., 2008). In brainstem, numerous neurons in the pontine and medullary reticular
formation, including the pontine nuclei and gigantocellular reticular nucleus, were hαSyn+

(Fig. 2L). These neuronal cell bodies are known to be the origin of mossy fiber terminals in
the cerebellar granule cell layer (Voogd et al., 1985) and would be congruent with the
presence of hαSyn+ mossy fiber ending in this layer (Fig. 2K)

3.3 Nigral neuron degeneration in Thy1-A53T tg mice
Thy1-A53T tg C57BL/6 mice were assessed for degeneration of neurons in the SNc using
Nissl staining and immunohistochemistry for TH (Fig. 3). CV-stained sections of midbrain
suggested loss of neurons in the SNc in A53T tg mice at endstage disease compared to age-
match non-tg littermate controls (Fig. 3A). Closer inspection supported this impression
noted at low magnification as there was an apparent dropout of larger neurons in the SNc in
of A53T tg mice when compared to controls (Fig. 3C,D). Counts of SNc neurons in CV-
stained sections of midbrain revealed a major (~60%) loss of neurons (Fig. 3E). The loss of
SNc neurons was age-related because 1 month-old A53T tg mice had a normal complement
of SNc neurons (Fig. 3E). Immunohistochemical staining for TH in midbrain and forebrain
sections corroborated the loss of SNc neurons in A53T tg mice. Mice at endstage showed
diminished TH immunoreactivity in the SNc compared to age-matched non-tg littermate
controls (Fig. 3F–I). This finding was reflected by an attenuation of TH immunostaining of
neuronal cell bodies and the neuropil (Fig. 3H,I). The loss of TH immunoreactivity in the
SNc was corroborated by dissipation of TH immunoreactivity in the striatum of A53T tg
mice (Fig. 3J,K). TH immunoreactivity in the striatal neuropil of tg mice (Fig. 3K) was
weak compared to the rich TH staining of controls (Fig. 3J). Moreover, dystrophic TH+

axons were seen in the striatum of tg mice (Fig. 3K inset). The dissipation of TH in the
forebrain of A53T mice was more dramatic in the dorsal striatum compared to the olfactory
tubercle of ventral striatum (Fig. 3J,K) that receives dopaminergic innervation from the
ventral tegmental area instead of the SNc (Fallon and Loughlin, 1985).

3.4 Nigral neurons in Thy1-A53T tg mice undergo apoptotic cell death
Additional evidence for the degeneration of the ventral midbrain in Thy1-A53T tg C57BL/6
mice was the presence of conspicuous argyrophilia within the SNc and surrounding gray
matter and white matter regions in silver-stained sections (Fig. 4A). Nearby regions that
showed marked argyrophilic degeneration were the red nucleus (RN), superior cerebellar
peduncle (scp), medial lemniscus, and cerebral peduncle, but the adjacent substantia nigra
reticulata appeared mostly free of degeneration (Fig. 4A). This degeneration was evidenced
by silver-positive axons, cell bodies, and puncta (Fig. 4B), while age-matched non-tg control
sections were blank for argyrophilia (Fig. 4C). Some silver+ degenerating neurons (Fig. 4B
inset) had cell body and dendrite morphologies typical of dopaminergic SNc neurons (Fallon
and Loughlin, 1985). The presence of robust degeneration in the SNc is consistent with the
high expression of mutant hαSyn in neurons in this region (Figs. 2G,4D). Some
degenerating SNc neurons in Thy1-A53T tg showed cytoplasmic Lewy-body-like inclusions
that were hαSyn+ (Fig. 4D inset). These degenerating SNc neurons also appeared to receive
axosomatic innervation from hαSyn+ neurons (Fig. 4D inset).

Thy1-A53T tg mice showed evidence for apoptotic cell death in the SNc. hαSyn+ neurons
had nuclei condensed into masses consistent with apoptosis (Fig. 4D inset).
Immunohistochemistry revealed subsets of attritional SNc cells positive for cleaved
caspase-3. Some cleaved caspase-3+ SNc cells were round and had a distinct halo of
separation from the extracellular matrix (Fig. 4E), indicative of apoptosis (Martin et al.,
1998). Nissl staining confirmed the presence of apoptotic cells within the SNc of Thy1-
A53T tg mice (Fig. 4E inset). TUNEL was used to demonstrate the presence of cell death in
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the SNc (Fig. 4F). TUNEL+ cell numbers were increased significantly in the SNc of Thy1-
A53T tg mice at 8 and 12 months of age compared to age-matched non-tg littermate controls
(Fig. 4G). No difference between tg and non-tg mouse SNc were seen with TUNEL at 1
month of age (Fig. 4G). A robust activation of p53, identified by immunohistochemistry for
phospho-p53, was observed in subsets of SNc neurons in Thy1-A53T tg mice (Fig. 4H), but
not in littermate non-tg controls (Fig. 4I).

3.5 The cerebral cortex degenerates in Thy1-A53T tg mice
Nissl-stained sections through the forebrain of Thy1-A53T tg C57BL/6 mice suggested
pathology in cerebral cortex (Fig. 5A,B). The ventricular system appeared dilated in mice at
endstage disease (Fig. 5B) compared to age matched non-tg controls (Fig. 5A). These
sections also suggested thinning of the cortical mantle in tg mice (Fig. 5A,B). Ocular filar
measurements revealed significant reductions in the thicknesses of the sensorimotor cortical
gray matter (Fig. 5C) and subcortical white matter (Fig. 5D) in tg mice. Silver staining
demonstrated axonal degeneration in the cortical gray matter and subcortical white matter
(Fig. 5F) and in the cerebral peduncle (Fig. 4A) which contains corticobulbar and
corticospinal axons. TUNEL was used to assay for cell death in the cerebral cortex (Fig. 5F).
TUNEL+ cell numbers were increased significantly in layer V of Thy1-A53T tg mice at 8
and 12 months of age compared to non-tg littermate controls (Fig. 5G). Cleaved caspase-3
immunostaining was present in the cerebral cortex of symptomatic tg mice (Fig. 5H), while
being undetectable in age-matched non-tg control cerebral cortex (Fig. 5H upper right inset).
In tg mice, cleaved caspase-3 immunoreactivity was found throughout the cortical neuropil
and in pyramidal neurons in layer V (Fig. 5H lower right inset). Some cortical neurons that
were cleaved caspase-3+ were found to have intranuclear hαSyn aggregates (Fig. 5H left
inset). Nissl-staining revealed morphological evidence for apoptosis in cortical neurons of
Thy1-A53T tg mice (Fig. 5J), and LC3A immunohistochemistry indicated enhanced
autophagy in cortical pyramidal neurons of tg mice (Fig. 5J) compared to age-matched non-
tg mice (Fig. 5K).

In comparison to neocortex the hippocampus displayed less remarkable neuropathology in
Thy1-A53T tg mice. Nissl staining and cleaved caspase-3 immunohistochemistry yielded
scant indication of disease, but silver staining showed modest neuropil punctate
degeneration in the stratum radiatum of CA3 and stratum lacunosum-moleculare of CA1
(data not shown).

3.6 Striatal interneurons degenerate in Thy1-A53T tg mice
In the course of surveying tg mouse forebrain sections stained immunohistochemicaly for
hαSyn we found occasional cell bodies in striatum that were positive for hαSyn (Fig. 2I).
These cells were identified as striatal interneurons because they were positive for the
interneuron marker parvalbumin (Fig. 6A). The majority of medium-sized striatal neurons
were not positive for hαSyn, although they received extensive innervation from apparent
presynaptic boutons that were positive for hαSyn (Fig. 6A). In the course of the disease in
Thy1-A53T tg mice a small subset of striatal neurons was positive for phospho-p53 (Fig.
6B,F) and cleaved caspase-3 (Fig. 6C,D,F) as visualized by immunoperoxidase
histochemistry and immunofluorescence. Some of the cleaved caspase-3+ neurons were
large compared to the majority of medium sized neurons (Fig. 6C). Immunoreactivity for
cleaved caspese-3 was undetectable in parallel-processed sections from non-tg littermates
(Fig. 6E). Cell counting revealed an age-related increase in the number of striatal neurons
that were positive for cleaved caspase-3 or pp53 (Fig. 6F), along with a corresponding
decrease in the number of parvalbumin+ interneurons in striatum of tg mice (Fig. 6G).
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3.7 Cerebellar interneurons degenerate early in the course of the disease in Thy1-A53T tg
mice

Silver-stained sections of the cerebellum of Thy1-A53T tg mice at endstage disease
displayed remarkable argyrophilic degeneration (Fig. 7A), while age-matched non-tg mouse
sections had scant argyrophilic degeneration (Fig. 7B). Prominent axonal and terminal
degeneration was observed in cerebellar cortex of tg mice (Fig. 7A). Degenerating axons
and putative terminals were concentrated in the white matter and the granule cell layer,
respectively (Fig. 7A). The molecular layer, although overall less argyrophilic than deeper
layers, also contained discernable degenerating axons and cell bodies (Fig. 7A).
Immunohistochemical staining for cleaved caspase-3 disclosed several salient findings in
cerebellar cortex (Fig. 7C), while non-tg control sections were blank for cleaved caspase-3
immunoreactivity (Fig. 7C inset). The molecular layer neuropil was enriched in cleaved
caspase-3 immunoreactivity, but the Purkinje cell bodies were not obviously labeled (Fig.
7C). In the granule cell layer, subsets of cells larger than granule cells were cleaved
caspase-3+ (Fig. 7C,D). These latter cells were often found at the granule cell layer-Purkinje
cell layer border (Fig. 7C,D) and were likely to be Golgi cells (Zeilhofer et al., 2005; Simat
et al., 2007; Sillitoe et al., 2008). The dendritic arbors of Golgi cells immunoreactive for
cleaved caspase-3 would contribute to the observed immunostaining (Fig. 7C) in the
molecular layer neuropil (Sillitoe et al., 2008). Counts of cleaved caspase-3+ putative Golgi
cells revealed significant increases above non-tg age-matched controls as early as 1 month
of age, and progressive increases in the number of positive cells were seen thereafter (Fig.
7E). Silver-stained sections of cerebellum from 1-month-old Thy1-A53T tg mice showed
isolated degenerating cell bodies in the granule cell layer, apoptotic cells in the molecular
layers, and terminal degeneration at the granule cell layer-Purkinje cell layer border (Fig.
7F). Neurons thought to be Golgi cells in cerebellar cortex were hαSyn+ (Fig. 7F inset). To
identify that early-degenerating cells in the cerebellum were Golgi cells, Thy1-A53T tg mice
were crossed to GlyT2-eGFP tg which, among other cells throughout the CNS (Zeilhofer et
al., 2005), express eGFP in cerebellar Golgi cells (Simat et al., 2007; Sillitoe et al., 2008).
Subsets of eGFP-positive Golgi cells that expressed hαSyn aggregates in their cytoplasm
were found to be apoptotic in Thy1-A53T tg mice (Fig. 7G).

Thy1-A53T tg C57BL/6 mice at endstage disease also had prominent degeneration of the
deep cerebellar nuclei. Nissl and silver staining gave indications of pathology in this region.
The interposed nucleus contained neurons with prominent large vacuoles, apparent cell
elimination, and nests of small inflammatory-like cells (Fig. 7H). The vacuolar type of
neuronal pathology has been seen with chronic deafferentation (Ginsberg and Martin, 1998).
Age-matched non-tg controls had normal appearing neurons in cerebellar deep nuclei (Fig.
7I). Counts of neurons in the interposed nucleus confirmed the impression of cell dropout by
demonstrating severe (~80%) loss of neurons in endstage mice but a normal complement of
neurons in young adult tg mice (Fig. 7J). The interposed and lateral deep cerebellar nuclei
also had degeneration in silver-stained preparations (data not shown).

3.8 Red nucleus degeneration in Thy1-A53T tg mice
Attention was directed to the red nucleus (RN) in Thy1-A53T tg C57BL/6 mice because of
the degeneration of the cerebellar interpositus nucleus (Fig. 7H), which projects to the
contralateral RN through the superior cerebellar peduncle (Voogd et al., 1985), and because
damage within the RN was suggested while examining midbrain sections for SNc pathology
(Figs. 3A,B, 4A,B). Nissl staining indicated a loss of magnocellular neurons (Figs. 3A,B,
8A,B) in the RN at endstage disease. Cell counting showed a significant loss (~60%) of RN
neurons in mice at endstage disease but not in young adult tg mice (Fig. 8D). Many of the
remaining neurons in tg mice had marked chromatolytic changes (Fig. 8C) indicative of
axonal injury (Martin and Liu, 2002) or accumulation of granulovacuole-like inclusions
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(Fig. 8E). Apoptotic cells were observed in the RN in tg mice (Fig. 8F). Silver staining
demonstrated prominent axonal and punctate degeneration in the RN and intermingling
superior cerebellar peduncle of tg mice (Figs. 4A,B, 8G,) while the RN in age-matched non-
tg mice was blank for argyrophilic degeneration (Figs. 4C, 8G inset). Immunohistochemistry
for LC3A was done to examine whether the granulovacuole-like inclusions reflected
autophagy. LC3A-positive granule inclusions accumulated in subsets of remaining RN
neurons in A53T mice (Fig. 8I) but not in control mouse RN neurons (Fig. 8H).

3.9 Motor thalamus degeneration in Thy1-A53T tg mice
The thalamus receives cerebellar input (Voogd et al., 1985; Bostan and Strick, 2010), and
because of the degeneration of the nucleus interpositus of cerebellum and superior cerebellar
peduncle near the RN, our attention was directed to the motor thalamus. Silver staining
offered the first indication of degeneration in this region (Fig. 9). Highly selective nuclear-
specific degeneration was seen in the ventral anterior (VA) and ventral lateral (VL) thalamic
nuclei in Thy1-A53T tg mice at endstage disease (Fig. 9B), while the thalamus in age-
matched non-tg mice was negative for argyrophilia (Fig. 9A). The central medial, central
lateral, and paracentral thalamic nuclei were also affected (data not shown). Closer
examination showed the presence of degeneration cell bodies, axons, and puncta in these
regions (Fig. 9C,D). Nissl staining suggested reactive changes in response to
neurodegeneration in the VA/VL of Thy1-A53T tg mice (Fig. 9F,H), while controls gave no
indication of neurodegeneration and small cell changes (Fig. 9E,G). Apoptotic profiles were
encountered in the VA/VL of Thy1-A53T tg mice at endstage disease (Fig. 9H). Neuronal
cell counting revealed a significant loss of neurons (~40%) in the VA/VL of 12 month old tg
mice but not in 1 month old tg mice (Fig. 9I).

3.10 Mitochondrial permeability transition pore (mPTP) involvement in disease
mechanisms in Thy1-A53T tg mice

Mitochondria have been implicated in the pathogenesis of PD in humans (Olanow and
Tatton, 1999; Beal, 2005; Martin, 2010; Reddy and Reddy, 2011; Pilsl and Winklhofer,
2012; Csokun et al., 2012) and in A53T-hαSyn tg mice (Martin et al., 2006). The mPTP
may have particular importance in this regard (Martin, 2010). We attempted to establish
direct cause-effect relationships between the mPTP and disease mechanisms in PD using tg
mice. Putative components or regulators of the mPTP are expressed in mouse SNc neurons
(Fig. 10A,B). CyPD (Fig. 10A) and the ANT (Fig. 10B) are present in mitochondria marked
by SOD2. Western blotting for mPTP components revealed a modest increase in CyPD
levels in brainstem, striatum and cortex of early and late symptomatic Thy1-A53T tg mice,
but ANT and VDAC levels were not different from age-matched non-tg mice (Fig. 10C,D).
Co-immunoprecipitation showed that A53T-hαSyn avidly binds VDAC in brainstem,
striatum and cortex of early and late symptomatic Thy1-A53T tg mice, but only slightly
binds CyPD in cortex in vivo (Fig. 10E). A53T-hαSyn associates with neuronal
mitochondria that appear aggregated and swollen in Thy1-A53T tg mouse SNc neurons (Fig.
10F). Reducing the levels of CyPD by genetic ablation significantly delayed disease onset
and extended the lifespan of Thy1-A53T tg mice (Fig. 10G).

4. Discussion
This study provides new information on the pathogenesis of PD using a tg mouse model.
This mouse model expresses the human A53T mutant variant of αSyn driven by a Thy1
promoter. The original tg mouse line was generated in the Sudhof laboratory on a hybrid
background (Chandra et al., 2005), and we backcrossed this original tg mouse line over
many generations into a pure C57BL/6 background. These Thy1-A53T-hαSyn C57BL/6 tg
mice develop robust neurological and neuropathological phenotypes and a fully penetrant
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fatal disease consistent with PD. They show age-related ataxia, bradykinesia, postural
instability, and rigidity (see supplemental Videos 1 and 2) and have motor system-
preferential neuropathology involving synucleinopathy and interneuron degeneration early
in the disease. HαSyn-A53T mutant protein associates with putative components of the
mPTP in these mice and genetic inactivation of the ppif gene encoding CyPD, a major
regulator of the mPTP (Baines et al., 2005; Basso et al., 2005), in Thy1-A53T-α-Syn
C57BL/6 tg mice delays disease onset and extends lifespan. These results demonstrate for
the first time that Thy1-A53T-α-Syn C57BL/6 tg mice are a useful model that faithfully
simulates neurological and neuropathological aspects of human PD and that the mPTP is
involved directly in the disease mechanisms in these mice.

Many tg mouse lines have been engineered to express hαSyn controlled by different
promoters. These mice have varying neurological and pathological characteristics, some of
which may be present in human PD, but most hαSyn tg mouse models are imperfect for
modeling human PD (Chesselet and Richter, 2011; Antony et al., 2011). Mice expressing
wildtype hαSyn driven by a human platelet-derived growth factor-β promoter displayed a
mild motor phenotype, developed amorphous nonfilamentous intranuclear inclusions, and
reduced striatal TH immunoreactivity, but did not have SNc neuron loss or fatal disease
(Masliah et al., 2000). Mice expressing wildtype or mutant (A53T or A30P) hαSyn driven
by the rat TH promoter did not develop clinical or neuropathological phenotypes
(Matsukoka et al., 2001), but, mice expressing doubly mutant (G88C and G209A) hαSyn
driven by a rat TH promoter showed reduced locomotor activity, mild loss of striatal
dopamine, and moderate reduction of TH immunostained SNc neurons, but no fatal disease
(Richfield et al., 2002; Thiruchelvam et al., 2004). Tg mice expressing truncated hαSyn
driven by a rat TH promoter developed a mild motor phenotype, mild loss of striatal
dopamine, and non-progressive loss (~50%) of SNc neurons, but no fatal disease
(Wakamatsu et al., 2008). Tg mice expressing hαSyn (wildtype, A53T and A30P variants)
under the control of the murine Thy-1 promoter developed pronounced motor deficits on the
rotating rod task, intraneuronal hαSyn accumulation, axonal degeneration in spinal roots,
and evidence for muscle denervation, but no reported loss of SNc neurons or fatal disease
(van der Putten et al., 2000). In contrast, using the mouse prion protein (PrP) promoter,
Giasson et al engineered mice expressing A53T mutant hαSyn and found that these mice
become paralyzed and develop hαSyn inclusions, primarily in brainstem and spinal cord,
and axonal degeneration in spinal roots (Giasson et al., 2002). Similarly, Lee et al generated
tg mice expressing hαSyn wildtype, A53T, and A30P variants driven by a murine PrP
promoter and showed A53T mice with a fatal paralytic disease phenotype (Lee et al., 2002).
These mice also showed mitochondrially-associated A53T hαSyn, mitochondrial
morphology and biochemical abnormalities, and neuronal cell death in neocortex, brainstem,
and spinal cord (Martin et al., 2006). However, no evidence of neurodegeneration and
neuronal cell death in the SNc of PrP hαSyn tg mice has been reported (Giasson et al.,
2002; Lee et al., 2002; Martin et al., 2006). Recently, tg mice with conditional expression of
hαSyn-A53T in midbrain dopaminergic neurons using a tetracycline-regulated inducible
PITX3 promoter failed to develop major neurological disease but were reported to have
deficits in striatal dopamine release and early onset loss of dopaminergic neurons in SNc
and VTA (Lin et al., 2012). The distinguishing observations that set apart our study from
these earlier studies are the findings that human Thy1- driven A53T-hαSyn C57BL/6 tg
mice show cardinal neurological and motor system-preferential pathological abnormalities
and fatal disease consistent with PD. The pronounced clinical neurological features of these
mice were rigidity/spasticity, postural instability, bradykinesia, and akinesia (Videos 1 and
2). The robust neuropathological features in these mice, that are also cardinal pathologies in
PD, were major age-related loss of SNc neurons, denervation of striatum, neocortical
degeneration, and formation of intraneuronal hαSyn+ inclusions. Additional pathological
changes in these mice, which are not examined commonly in human PD, include cerebellar
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and red nucleus degeneration and loss of striatal and cerebellar cortical inhibitory
interneurons.

PD is a multisystem neural circuit disorder (DeLong and Wichmann, 2007; Jellinger 2012).
We show that A53T-hαSyn tg mice have neuropathology consistent with a neural circuit
degenerative disorder organized by connectivity. This is best illustrated by the degeneration
in the SNc and nigrostriatal pathway and in the known network formed by the DCN, RN,
VA/VL thalamus, and motor-sensory neocortex. The striking selective degeneration of VA/
VL regions of thalamus highlights a probable transynaptic mechanism related to basal
ganglia and cerebellar degeneration in these mice. Most investigations of PD focus on the
basal ganglia; in contrast, the cerebellum has received little attention, but a cerebellar role in
PD is now realized (Helmich et al., 2012; Wu and Hallett, 2013). fMRI studies have found
hyperactivation of the cerebellum in human PD (Rascol et al., 1997; Yu et al., 2007).
Cerebellar abnormalities may contribute directly to manifestation of resting tremor in PD
oscillatory activity (Bostan and Strick, 2010; Helmich et al., 2012). Our work on a tg mouse
model of PD reinforces the idea that be cerebellum may have a role in the pathophysiology
of PD. However, the cerebellum, red nucleus, globus pallidus, and thalamus in human PD
are generally thought spared from neuropathology (Dickson, 2012), but these regions, as
well as the SNc and striatum, are affected human progressive supranuclear palsy (PSP)
(Dickson, 2012). Like PD, PSP is characterized clinically by postural instability and rigidity
(Dickson, 2012). Thus, it is possible that this A53T-hαSyn C57BL/6 tg mouse is a model of
PSP, although this interpretation is contingent on a characterization of the tau pathology in
these mice.

The early degeneration of cerebellar Golgi interneurons and striatal parvalbumin
interneurons in A53T-hαSyn tg mice is instructive by demonstrating that 1) interneurons are
involved in the disease process in PD mice, and 2) interneuron disease emerges early in life,
but the overt clinical manifestations appear much later in life. Epidemiological accounts
suggest that individuals with PD may have a preclinical phase spanning decades (Savica et
al., 2010). A clinical study of the orbicularis oculi reflex in PD patients found indications of
brainstem interneuron dysfunction (Kimura, 1973). The 6-hydroxydopamine model of PD
has also revealed evidence for interneuron abnormalities. Striatal interneuron innervation of
striatopallidal and striatonigral neurons undergoes differential structural (Salin et al., 2009)
and functional (Gittis et al., 2011) remodeling of synapses after toxin exposure.
Electrophysiological studies support the idea that inhibitory interneurons may be vulnerable
in hαSyn tg mice. Patch-clamp recording shows deficits in GABAergic inhibitory
transmission in frontal cortex of these mice (Ito et al., 2012). Early presymptomatic
degeneration or dysfunction of interneurons has also been found in mouse models of
amyotrophic lateral sclerosis (Martin and Chang, 2012) and Huntington’s disease
(Dougherty et al., 2014). The disease within the cerebello-rubro-thalamo-cortical circuit in
our tg mice possibly starts with the degeneration of hαSyn+ Golgi cell interneurons in
cerebellar cortex because we found these neurons degenerating in 1-month old mice. In
human Thy1-driven A53T-hαSyn C57BL/6 tg mice, hαSyn protein levels are generally
higher in hindbrain structures than in forebrain/diencephalic structures early in disease, but,
later in disease, hαSyn protein is present more globally throughout the brain. A cerebellum
to midbrain to diencephalon to forebrain spread of pathology would be consistent with a
prion-like neuron-to-neuron transmission of hαSyn-mediated disease (Desplats et al., 2009).

There is little doubt about the loss of SNc dopamine neurons in PD (Rudow et al., 2008), yet
an important unresolved basic question is how SNc neurons degenerate and are eventually
eliminated. Cells can die by different ways through the involvement of different molecular
mechanisms. Apoptosis, necrosis, autophagy, and hybrids of apoptosis and necrosis are
forms of cell death (Martin et al., 1998; Klionsky and Emr, 2000; Martin, 2010). The reports
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on the incidence of dying cells in the PD SNc with DNA fragmentation based on in situ end
labeling methods are conflicting. Some studies report no labeling (Jellinger, 1999; Jellinger,
2000), but other studies have found nuclear DNA fragmentation (Tompkins et al., 1997;
Tatton et al., 1998; Martin, 2010). Some studies report evidence for apoptosis in PD
(Anglade et al., 1997; Tatton et al., 1998; Hartmann et al., 2000), but other studies reveal
little evidence of apoptosis (Burke and Kholodilov, 1998; Wullner et al., 1999). Some of the
confusion might be due to the use of DNA fragmentation detection systems that do not
distinguish between DNA strand breaks associated with apoptosis or necrosis and to
arbitrary morphological interpretations of nuclear morphology and chromatin condensation
(Martin et al., 1998; Jellinger, 1999). In human PD, despite the reported presence of
TUNEL+ and cleaved caspase-3+ neurons in the SNc (Hartmann et al., 2000; Martin, 2010),
the morphology of degenerating SNc neurons appears different from classical apoptosis
(Martin, 2001, 2010). In contrast, in A53T-hαSyn tg mice we find that SNc neuron death
appears to be consistent with a caspase-3-driven classically apoptotic form of degeneration.
The activation of p53 in SNc neurons suggested DNA damage induced by mutant hαSyn as
a possible upstream mechanism of SNc neuron apoptosis. Apoptosis and cleaved caspase-3
immunoreactivity was also observed in the neocortex, striatum, thalamus, red nucleus, and
cerebellar cortex in these mice, while evidence for necrotic-like cell death was found in the
deep cerebellar nuclei. The absence of neurodegenerative phenotype that fully manifests as
classical apoptosis has been seen also in human ALS (Martin, 1999; Martin, 2010). It is
unknown why rodent experimental systems appear to more readily engage classically
apoptotic forms of neuronal cell death in mature CNS compared to adult human CNS. It is
possible that the molecular regulations of neuronal aging, compensation, and cell death are
nuanced in human and rodent neurons because of differences in DNA damage and repair
mechanisms, DNA methylation, gene promoter and transcriptome activity, senescence,
caspase activation and utilization, and mitochondrial biology (Panov et al., 2007; Horvath et
al., 2007; Odom et al., 2007; Loerch et al., 2008; Banuelos et al., 2008; Westerman, 2010;
Bell et al., 2012). Therefore, the value of this tg mouse as a translational model for testing
therapies for neuroprotection in PD warrants exploration.

In addition to the new clinical and neuropathological description of this tg mouse model of
PD, a novel contribution of this work relates to the identification of the role of the mPTP in
the disease process in these mice. Mitochondrial permeability transition is a mitochondrial
state in which the proton-motive force is disrupted (Crompton, 1999; van Gurp et al., 2003;
Bernadri et al., 2006; Leung and Halestrap, 2008; Bernardi, 2013). This disruption involves
the mPTP that functions as a voltage, thiol, and Ca2+ sensor. Conditions of mitochondrial
Ca2+ overload, excessive oxidative stress, and decreased electrochemical gradient (ΔP),
ADP, and ATP can favor mitochondrial permeability transition. The mPTP is believed to be
a transmembrane channel formed at the contact sites between the inner mitochondrial
membrane (IMM) and the outer mitochondrial membrane (OMM). The components of the
mPTP are still controversial. Dimers of the F0F1 ATP synthase (complex V) form a channel
that appears electrophysiologically equivalent to the mPTP (Bernardi, 2013). The VDAC in
the OMM, the ANT in the IMM, and CyPD in the matrix are also believed to have some
involvement (Crompton, 1999; van Gurp et al., 2003; Bernardi et al., 2006), but they are not
obligatory for mPTP formation (Bernardi et al., 2006; Bernardi, 2013). The VDAC adopts
an open conformation at low or zero membrane potential and a closed conformation at
potentials above 30–40 mV making the OMM permeable to most small hydrophilic
molecules up to 1.3 kDa for free exchange of respiratory chain substrates (Rostovtseva et al.,
2005). The ANT is a multi-pass membrane protein, with odd-numbered transmembrane
helices having kinks because of proline residues, which mediates the exchange of cytosolic
ADP for mitochondrial ATP (Graham et al., 1997). During normal mitochondrial function
the OMM and the IMM are separated by the intermembrane space, and the VDAC and the
ANT do not interact (Crompton, 1999). Permeability transition is activated by the formation
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of the mPTP; the IMM loses its integrity and the ANT changes its conformation from its
native state into a non-selective pore (Crompton, 2003). This process is catalyzed by CyPD
which is a peptidylprolyl isomerase (PPIase) that functions in protein cis-trans isomerization
and chaperoning (Waldmeier et al., 2003). The ANT and CyPD interact directly (Woodfield
et al., 1998). The molar concentration of CyPD (in heart mitochondria) is much less (>5%)
than ANT; thus, under normal conditions only a minor fraction of the ANT can be in a
complex with CyPD (Johnson et al., 1999; Leung and Halestrap, 2008). When this occurs,
small ions and metabolites permeate freely across the IMM and oxidation of metabolites by
O2 proceeds with electron flux not coupled to proton pumping, resulting in collapse of ΔP,
dissipation of ATP production, production of ROS, equilibration of ions between the matrix
and cytosol, matrix volume increases, and mitochondrial swelling (van Gurp et al., 2003;
Rostovtseva et al., 2005). We demonstrate that putative components or regulators of the
mPTP are present in mouse SNc neurons. We also show that A53T-hαSyn associates with
neuronal mitochondria and interacts with VDAC and CyPD in vivo. Mitochondria positive
for A53T-hαSyn undergo prominent morphological changes in SNc neurons in these mice.
Other groups have shown that hαSyn is imported into mitochondria in cultured
dopaminergic neurons and in human PD brain neurons (Devi et al., 2008) and that this
impairs complex I activity (Devi et al., 2008; Liu et al., 2009). Mitochondrial membrane
associated A53T-hαSyn can cause morphological changes in HeLa cell mitochondria
(Nakamura et al., 2011). Moreover, hαSyn interacts with the ANT in rat midbrain (Zhu et
al., 2011). Finally, we show that the genetic deletion of a major mPTP regulator, CyPD, has
robust effects in PD mice by delaying disease onset and extending survival. Our finding that
the mPTP has a role in the development of PD in A53T-hαSyn mice is consistent with
observations made in cell culture showing that loss of PINK1 and DJ-1 function mutations
result in mPTP opening (Giaime et al., 2012; Gautier et al., 2012). Noteworthy in this regard
is the finding that CyPD deletion protects interneurons from apoptosis in the adult CNS
(Martin, 2011). This work shows for the first time a direct causal role of a mitochondrial
mechanism (i.e., the mPTP) in the pathobiology of a genetic mouse model of PD.

In summary we characterized the neurological abnormalities, neuropathology, and
mechanisms of disease in Thy1-hαSyn-A53T C57BL/6 tg mice. We found that these mice
develop a profound movement disorder with many PD-like features and develop a motor
circuit neuropathology and synucleinopathy involving the nigrostriatal and cerebellar
pathways. Interneurons degeneration is a prominent early feature of the disease in these
mice suggesting that interneuron disease emerging early in life may have neurological
consequences later in life. Genetic deletion of the mPTP regulator CyPD had major disease
modifying effects. We conclude that the mPTP actively participates in the mechanisms of
neurodegeneration in this PD mouse model. This work defines new cellular and
mitochondrial mechanisms for neurodegeneration in PD that might be useful for preclinical
translation studies and the identification of molecular mechanism-based therapies for
treating this debilitating fatal disease.
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Figure 1.
Thy1-A53T hαSyn C57BL/6 tg mice develop a PD-like neurological phenotype. A. Thy1-
A53T mice develop over the first year of life an age-dependent loss of motor activity in the
running wheel. Values are mean ± SD (n = 6 mice/group). Significant differences from age-
matched control are indicated: *p < 0.05, **p < 0.01, and ***p < 0.001 (n= 6). B.
Photograph of an endstage Thy1-A53T mouse in an akinetic, rigid, and stooped posture (see
Video 2). C. Thy1-A53T mice develop fatal disease and have a shortened lifespan compared
to non-tg littermate controls.
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Figure 2.
Expression, aggregation, and localization of hαSyn in Thy1-A53T hαSyn C57BL/6 tg
mouse CNS. A. Western blot demonstrating the specificity of monoclonal Syn211 antibody
for hαSyn. In young tg mouse whole brain extracts subjected to SDS-PAGE, hαSyn was
detected as a monomer at ~14–16 kDa (arrow) and, at lower amounts, as stable high
molecular forms greater than 112 kDa, consistent with the size and in vivo aggregation
propensity of hαSyn (Giasson et al., 2002). These immunoreactive proteins were not
detected in non-tg mouse brain (right lane). Ponceau S stained membrane shows protein
loading. B. Thy1-A53T hαSyn tg mice at early symptomatic stages of disease expressed
monomeric hαSyn (arrow) in all CNS regions analyzed as well as apparent stable dimeric
and oligomeric forms in many regions, except olfactory bulb and cerebral cortex. Stable
higher molecular weight aggregates were detected robustly in hindbrain and spinal cord (and
also in hippocampus). Ponceau S stained membrane shows protein loading. C. In Thy1-
A53T hαSyn tg mice at endstage disease, detection of hαSyn aggregates was shifted to the
much higher molecular weight forms in most brain regions, while monomer levels (arrow)
tended to be lower than in mice at earlier disease. Ponceau S stained membrane shows
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protein loading. D–F. Localization of hαSyn in Thy1-A53T tg mouse somatosensory
cerebral cortex by immunohistochemistry (with DAB as chromogen, brown staining) and
cresyl violet counterstaining (blue) at low (D) and higher magnifications (E,F). hαSyn
immunoreactivity was seen throughout the neuropil in all six layers of cerebral cortex in tg
mice (D), but no immunoreactivity was detected in non-tg mice (D, inset). Scale bars = 120
μm (D), 62 μm (D inset). At higher magnification hαSyn immunoreactivity was seen in the
cytoplasm and nucleus of subsets of neurons in superficial layers (E, arrows) and deeper
layers (F, arrows) as well as in the neuropil. Cerebrocortical neurons developed cytoplasmic
and intranuclear inclusions positive for hαSyn (F, left inset, arrow). Axons in subcortical
white matter were also hαSyn+ (F, right inset). Scale bars = 25 μm (E and F), 14 μm (F left
inset), 62 μm (F right inset). G–I. Localization of hαSyn in Thy1-A53T tg mouse basal
ganglia circuit regions. hαSyn immunoreactivity was enriched in subsets of nigral neurons
(G, arrows), while midbrain sections in non-tg mice were completely blank after probing
with Syn211 antibody (H). hαSyn immunoreactivity was present in the neuropil of striatum
(I) and globus pallidus (I upper inset). Some neuronal cell bodies in striatum were hαSyn+

(I, arrows), but most neuronal cell bodes were not positive. Neuronal cell bodies in
ventrolateral nucleus (VL) of motor thalamus were enriched in hαSyn immunoreactivity.
Scale bars = 33 μm (G), 21 μm (H), 24 μm (I), 125 μm (I upper inset), 44 μm (I lower inset).
J. Localization of hαSyn in Thy1-A53T tg mouse cerebellum. hαSyn immunoreactivity was
found in the neuropil of the molecular layer (ML) and granule cell layer (GCL) of cerebellar
cortex. Purkinje cell bodies in the Purkinje cell layer (PCL) were not immunoreactive for
hαSyn. Cerebellar sections in non-tg mice were completely blank after probing with hαSyn
antibody (inset). Scale bars = 23 μm, 47 μm (inset) . K. In the granule cell layer of Thy1-
A53T tg mouse cerebellum, numerous clusters of hαSyn immunoreactivity, likely
corresponding to mossy fiber rosettes, were seen in the neuropil, and granule cell bodies,
although not hαSyn+, had their surface contours decorated with hαSyn immunoreactivity
(inset). Cell bodies in the granule cell layer that were much larger than granule cells and less
numerous were hαSyn+ and were likely Golgi cells (inset arrow). Scale bar = 25 μm, 20 μm
(inset). L. Numerous large neuronal cell bodies in the brainstem reticular formation (arrows)
were positive for hαSyn. Scale bar = 30 μm.
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Figure 3.
The substantia nigra compacta (SNc) undergoes age-related degeneration in Thy1-A53T
hαSyn tg mice. A, B. Low magnification images of cresyl violet (Nissl) stained midbrain
hemisections of age-matched non-tg (A) and Thy1-A53T (B) mice suggesting neuronal
dropout in the SNc of tg mice. The nearby red nucleus (RN) also appears affected in tg mice.
Scale bar = 400 μm. C,D. Nissl staining of age-matched mouse midbrain sections shows the
SNc of non-tg mice (C) populated with large darkly staining neurons and the SNc of A53T
tg mice (D) depopulated of neurons and having reactive changes. Remaining SNc neurons in
A53T tg mice contained round cytoplasmic inclusions (D left inset) or displayed
chromatolytic changes in the cell body (D right inset). Scale bars: C (same for D) = 20 μm,
D left inset (same for right inset) = 12 μm. E. Counts of SNc neurons in Nissl-stained
sections revealed a significant loss (asterisk, p < 0.01) in Thy1-A53T tg mice at 12 months
of age but not in tg mice at 1 month of age. Values are mean ± SD (n = 6 mice/group). F,G.
Low magnification images of tyrosine hydroxylase (TH) immunohistochemically-stained
midbrain hemisections of age-matched non-tg (F) and Thy1-A53T (G) mice showing
attenuation of TH immunoreactivity (brown labeling) in the SN of A53Tmice. Scale bar in F
(same for G) = 400 μm. H,I. TH immunoreactivity was enriched in SNc neuronal cell bodies
(H arrows), processes, and neuropil in non-tg mice. TH immunoreactivity was attenuated in
SNc neuronal cell bodies, processes, and neuropil in Thy1-A53T tg mice (I) compared to the
staining in non-tg mice (H). Scale bar in H (same for I) = 25 μm. J,K. Low magnification
images of TH immunohistochemically-stained forebrain hemisections of age-matched non-
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tg (J) and Thy1-A53T (K) mice showing attenuation of TH immunoreactivity (brown
labeling) in the striatum of tg mice. TH immunoreactivity was highly enriched in the striatal
neuropil of non-tg mice (J inset) compared to the striatum of tg mice (K inset). The loss of
striatal neuropil TH immunoreactivity in A53T mice was accompanied by accumulation of
numerous dystrophic axons (K inset). The olfactory tubercle (OT) in tg mice was mostly
spared compared to the dorsal striatum, consistent with its dopaminergic innervation derived
from the ventral tegmental area instead of the SNc. Scale bars: J (same for K) = 800 μm, J
inset (same for K inset) = 50 μm.

Martin et al. Page 28

Neurobiol Aging. Author manuscript; available in PMC 2015 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Substantia nigra compacta (SNc) neurons undergo apoptotic cell death in Thy1-A53T hαSyn
tg mice. A. Low magnification image of a silver-stained midbrain section of a Thy1-A53T
mouse demonstrating degeneration (dark gray/black staining) of the SNc and nearby
structures including the red nucleus (RN) and major white matter axonal pathways such as
the superior cerebellar peduncle (scp), medical lemniscus (ml), and cerebral peduncle (cp).
The substantia nigra reticulata (SNr) appeared unaffected as evidenced by the negligible
argyrophilia. Scale bar = 312 μm. B,C. At higher magnification, silver staining revealed
ubiquitous degeneration (black staining) of axons and neuronal cell bodies in the SNc, RN,
and scp. Silver impregnated profiles of degenerating SNc neuronal cell bodies and processes
could be seen detail in tg mice (B inset). Age-matched non-tg mouse midbrain sections were
essentially blank for argyrophilia (C). Scale bars = 25 μm (B), 14 μm (B inset), 17 μm (C).
D. Immunohistochemistry for hαSyn (brown) and Nissl counterstaining (blue) showed that
subsets of SNc neurons had strong sustained expression of hαSyn (hatched arrows), but
nearby neurons were not hαSyn+ (open arrows) in symptomatic Thy1-A53T hαSyn tg mice.
Inset shows a degenerating nigral neuron with a condensed nucleus, a cytoplasmic hαSyn+

inclusion (hatched arrow), and apparent innervation from hαSyn+ axon terminals (solid
arrow) in a tg mouse at endstage disease. Scale bar = 7 μm, 10 μm (inset). E.
Immunohistochemistry for cleaved caspase-3 (brown) showed that subsets of SNc cells were
positive for cleaved caspase-3 (hatched arrows) in symptomatic Thy1-A53T hαSyn tg mice.
Some cleaved caspase-3+ cells appeared shrunken and rounded-up and were separating from
the extracellular matrix (as seen by the white pericellular halo, open arrows), features typical
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of apoptosis (Martin et al., 1998; Martin and Liu, 2002). Nissl staining revealed shrunken
cells with apoptotically condensed chromatin (E inset arrow) in the SNc of A53T mice.
Scale bar = 10 μm, 7 μm (inset). F. Cell death detection by DNA fragmentation
demonstrated TUNEL+ cells (open arrows) and apoptotic fragments (hatched arrows) in the
SNc of symptomatic Thy1-A53T hαSyn tg mice. Scale bar = 7 μm. G. Counting of
TUNEL+ cells in SNc revealed significant elevations above age-matched non-tg control
levels in Thy1-A53T tg mice at 8 and 12 months of age but not in tg mice at 1 month of age
(*, p < 0.05; **, p < 0.01). Values are mean ± SD (n = 6 mice/group). H,I.
Immunohistochemistry for activated phospho-p53 (brown) showed that subsets of SNc
neurons accumulated phospho-p53-immunoreactivity in their cell bodies and nuclei (H,
arrow). Midbrain sections of age-matched non-tg mice were generally blank for activated
p53 immunoreactivity, except for occasional phospho-p53+ intravascular cells (I, arrow).
Scale bar (in I same for H) = 10 μm.
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Figure 5.
The cerebral cortex degenerates in Thy1-A53T hαSyn tg mice. A, B. Low magnification
images of cresyl violet (Nissl) stained forebrain sections of age-matched non-tg (A) and
Thy1-A53T (B) mice suggesting atrophy of the neocortex in tg mice. The lateral ventricle
(lv) was dilated and the cortical mantle appeared thinned in A53T mice at endstage disease
(B) compared to age-matched non-tg mice (A). Scale bar (in A, same for B) = 273 μm C.
Ocular filar micrometer measurements revealed a significant reduction (asterisk, p < 0.05) in
gray matter cortical thickness in endstage Thy1-A53T hαSyn tg mice compared to age-
matched non-tg littermate mice (n=6/group). Values are mean ± SD. D. Ocular filar
micrometer measurements revealed a significant reduction (asterisk, p < 0.01) in subcortical
white matter thickness in endstage Thy1-A53T hαSyn tg mice compared to age-matched
non-tg littermate mice (n=6/group). Values are mean ± SD. E. Silver staining revealed
degeneration axons (arrows) in cortical gray matter and subcortical white matter in A53T tg
mice. Scale bar = 35 μm. F. Cells with TUNEL+ nuclei (arrows) were observed in the
neocortex of symptomatic Thy1-A53T hαSyn tg mice. Scale bar = 10 μm. G. Counting of
TUNEL+ cells in motor-sensory cortex revealed significant elevations above age-matched
non-tg control levels in Thy1-A53T tg mice at 8 and 12 months of age but not in tg mice at 1
month of age (*, p < 0.01; **, p < 0.001). Values are mean ± SD (n = 6 mice/group). H.
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Immunohistochemistry for cleaved caspase-3 (brown) showed positive staining throughout
the cortical neuropil and in some neuronal cell bodies in symptomatic Thy1-A53T hαSyn tg
mice, while the cerebral cortex of age-matched non-tg littermates was blank (H upper right
inset). Layer V pyramidal neurons were positive for cleaved caspase-3 (arrows) in A53T
mice (lower right inset). Some cleaved caspase-3+ cortical neurons contained prominent
intranuclear hαSyn+ inclusions (left inset) as seen by immunofluorescence. Scale bars = 75
μm, 100 μm (upper right inset), 25 μm (lower right inset), 8 μm (lower right inset). I. Nissl
staining identified layer V pyramidal neuron cell bodies undergoing shrinkage, chromatin
clumping, and separation for the extracellular matrix (arrow). Scale bar = 4 μm. J,K.
Immunohistochemistry for autophagy marker LC3A (brown) showed enhanced LC3A
immunostaining in layer V cortical neurons in A53T tg mice compared to age-matched non-
tg littermates. Scale bar (in J, same for K) = 35 μm.
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Figure 6.
Striatal interneurons degenerate in Thy1-A53T tg mice. A. Immunofluorescence showing
that parvalbumin+ striatal interneurons express hαSyn in Thy1-A53T tg mice (arrow).
hαSyn was present in the cytoplasm and nucleus of parvalbumin+ neurons and was enriched
in the neuropil, but the majority of striatal neurons were hαSyn− (asterisks). Scale bar = 6
μm. B. Immunoperoxidase staining shows that a minority of striatal neurons in Thy1-A53T
tg mice accumulates phospho-p53 (pp53) immunoreactivity (arrow). Scale bar = 8 μm. C.
Immunoperoxidase staining (brown) identifies some large striatal neurons that are cleaved
caspase-3+ in A53T tg mice. Scale bar = 5 μm. D,E. Immunofluorescence confirms the
cleaved caspase-3 staining in subsets of striatal neurons (D, arrows) in tg mice, while striatal
neurons in littermate non-tg mice were negative for cleaved caspase-3 (E). Scale bar (in A,
same for E) = 12 μm F. Graph showing the numbers of cleaved caspase-3+ and phospho-p53
(pp53)+ cells in the striatum of Thy1-A53T tg mice at 1 and 12 months of age. Values are
mean ± SD. Non-tg littermates were negative. G. Graph showing the numbers of
parvalbumin+ cells in the striatum of Thy1-A53T tg mice and non-tg littermates at 1 and 12
months of age. Values are mean ± SD. Asterisk denotes significantly different from control
(p < 0.01).
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Figure 7.
Cerebellar interneurons and deep nuclei degenerate in Thy1-A53T tg mice. A,B. Silver-
stained sections of cerebellum from endstage Thy1-A53T tg mice displayed robust
degeneration (black staining) of axons in white matter (wm, arrows) and ubiquitous puncta
in the granule cell layer (GL). Occasional degeneration of cell bodies was seen in the
molecular layer (ML, open arrows). Age-matched non-tg mouse cerebellar sections were
blank for argyrophilia (B). Scale bars = 35 μm (A), 25 μm (B). C,D. Immunohistochemistry
for cleaved caspase-3 (brown) showed positive staining throughout the molecular layer
(ML) neuropil and in some cell bodies (C, arrows) in the granule cell layer (near the
Purkinje cell layer border) in symptomatic Thy1-A53T hαSyn tg mice, while the cerebellar
cortex of age-matched non-tg littermates was blank for immunoreactivity (C inset). Cleaved
caspase-3+ cells in the granule cell layer were large cells (D, arrows) compared to the
predominating granule cells that were negative. Scale bars = 25 μm (C), 50 μm (C inset),
15μm (D). E. Counts of cleaved caspase-3+ cells in the granule cell layer of Thy1-A53T tg
mice at 1, 8, and 12 months of age revealed significant elevations above age-matched non-tg
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control levels (*, p < 0.05; **, p < 0.01, ***, p < 0.001). Values are mean ± SD (n = 6 mice/
group). F. Silver-stained sections of cerebellum from 1-month-old Thy1-A53T tg mice
confirmed the isolated degeneration of cells in the granule cell layer (GL, arrow) and
demonstrated punctate degeneration at the GL-Purkinje cell layer (PL) border. Occasional
apoptotic cells were also seen in the molecular layer (ML, arrow). hαSyn
immunohistochemistry identified hαSyn+ cells in the GL that were attritional and separating
from the extracellular matrix (inset arrow), as well as hαSyn immunoreactivity enriched in
putative mossy fibers rosettes and decorating the surfaces of granule cells (inset). Scale bars
= 8 μm (F), 25 μm (F inset). G. Double tg mice expressing Thy1-A53T hαSyn and GlyT2-
eGFP showed that cerebellar Golgi cells expressing hαSyn undergo apoptosis. Scale bar = 6
μm. H,I. Nissl staining of cerebellar sections from endstage Thy1-A53T tg mice (H) and
age-matched non-tg littermates (I) revealed degeneration neurons in the interpositus deep
nucleus in tg mice including apparent cell dropout , reactive cell nests (H inset hatched
arrow), and cytoplasmic vacuolation of residual neurons (H inset open arrow). Scale bars =
20 μm (H, same for I), 10 μm (H inset). J. Counts of nucleus interpositus neurons revealed a
significant loss (asterisk, p < 0.01) in Thy1-A53T tg mice at 12 months of age but not in tg
mice at 1 month of age. Values are mean ± SD (n = 6 mice/group).
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Figure 8.
Red nucleus (RN) degeneration in Thy1-A53T hαSyn tg mice. A–C. Nissl staining of
midbrain sections from age-matched non-tg littermates (A) and endstage Thy1-A53T tg
mice (B,C) revealed degeneration neurons in the RN in tg mice including apparent cell
dropout and reactive cell changes (B,C). Many remaining neurons showed chromatolytic
changes (C, arrows). Scale bar = 42 μm (A, same for B), 19 μm (C). D. Counts of RN
neurons revealed a significant loss (asterisk, p < 0.01) in Thy1-A53T tg mice at 12 months
of age but not in tg mice at 1 month of age. Values are mean ± SD (n = 6 mice/group). E.
Some residual RN neurons (arrow) accumulated granulovacuole-like inclusions in their
cytoplasm. Scale bar = 11 μm. F. Apoptotic profiles (arrow) were present in the RN of tg
mice. Scale bar = 8 μm. G. Silver staining revealed severe degeneration of axons and puncta
(black) in the red nucleus neuropil, while the RN in age-matched non-tg littermates was
blank for argyrophilia (inset). Scale bar = 33 μm (same for inset). H,I.
Immunohistochemistry for autophagy marker LC3A (brown) showed enhanced LC3A
immunostaining of granules in the cytoplasm of RN neurons (I, arrows) in A53T tg mice
compared to neurons in age-matched non-tg littermates (H). Scale bar (in H, same for I) =
17 μm.
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Figure 9.
Motor thalamus degeneration in Thy1-A53T hαSyn tg mice. A–D. Silver-stained sections
through the diencephalon of endstage Thy1-A53T tg mice displayed selective robust
degeneration (black staining) of the ventrolateral nucleus (VL) of thalamus (B,C), while the
thalamus in age-matched non-tg littermates was blank for argyrophilia (A). Some of the
territory designated as VL might include the the ventral anterior (VA) thalamic nucleus.
Reticular thalamic nucleus (Rt), globus pallidus (GP), internal capsule (ic). Degenerating
axons (D, open arrow), cell bodies (D, hatched arrow), and puncta were abundant in the VL
of A53T tg mice. Scale bars = 150 μm (A), 200 μm (B), 100 μm (C), 40 μm (D). E–H.
Nissl-stained sections through diencephalon viewed at low magnification (E,F) revealed
dilation of the lateral ventricle (lv) and 3rd ventricular cavities of the cerebroventricular
system and dark-staining enhancement in VL of Thy1-A53T hαSyn tg mice. At higher
magnification, the VL thalamus contained numerous apoptotic profiles (H, arrows) and
chromatolytic neurons (H, open arrows), and apparent small cell infiltrates. Scale bars = 200
μm (E, same for F), 25 μm (G, same for H). I. Counts of VL neurons revealed a significant
loss (asterisk, p < 0.01) in Thy1-A53T tg mice at 12 months of age but not in tg mice at 1
month of age. Values are mean ± SD (n = 6 mice/group).
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Figure 10.
The mitochondrial permeability transition pore (mPTP) contributes to disease mechanisms
in Thy1-A53T hαSyn tg mice. A,B. Putative components of the mPTP are enriched in
substantia nigra compacta (SNc) neurons compared to substantia nigra reticulata (SNr)
neurons as shown by immunofluorescence for cyclophilin D (CyPD, A, red) and adenine
nucleotide translocator (ANT, B, red) and co-labeling with the mitochondrial marker
superoxide dismutase-2 (SOD2, A and B, green). Co-localization is seen as yellow. Nuclei
were stained with DAPI (blue). Scale bars = 12.5 μm (A), 4 μm (A inset), 10 μm (B), 5 μm
(B inset). C. Western blots for putative components of the mPTP, including ANT, voltage-
dependent anion channel (VDAC), and CyPD, in the brainstem, striatum, and cerebral
cortex of early and late symptomatic Thy1-A53T hαSyn tg mice and non-tg mice. A
representative Ponceau S-stained membrane shows protein loading. D. Quantification of
immunoreactivity by densitometry showed a significant increase (*, p < 0.05) in CyPD
levels in brainstem of early symptomatic Thy1-A53T hαSyn tg mice compared to non-tg
controls. Similar elevations in CyPD were seen in brainstem, striatum, and cortex of early
and late symptomatic mice. E. hαSyn interacts strongly with VDAC (all brain regions) and
slightly with CyPD (cortex) as shown by co-immunoprecipitation. F. hαSyn associates with
mitochondria as shown by the immunofluorescent co-localization of hαSyn (red) and the
mitochondrial marker SOD2 (green) in SNc neurons. Co-localization is seen as yellow.
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Some mitochondria positive for hαSyn appear swollen (arrow). Scale bar = 4 μm. G.
Genetic deletion of CyPD delayed disease onset and extended lifespan in Thy1-A53T hαSyn
tg mice.
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