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A progressive dopaminergic phenotype associated
with neurotoxic conversion of a-synuclein in
BAC-transgenic rats
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Conversion of soluble a-synuclein into insoluble and fibrillar inclusions is a hallmark of Parkinson’s disease and other synu-

cleinopathies. Accumulating evidence points towards a relationship between its generation at nerve terminals and structural

synaptic pathology. Little is known about the pathogenic impact of a-synuclein conversion and deposition at nigrostriatal

dopaminergic synapses in transgenic mice, mainly owing to expression limitations of the a-synuclein construct. Here, we

explore whether both the rat as a model and expression of the bacterial artificial chromosome construct consisting of human

full-length wild-type a-synuclein could exert dopaminergic neuropathological effects. We found that the human promoter

induced a pan-neuronal expression, matching the rodent a-synuclein expression pattern, however, with prominent

C-terminally truncated fragments. Ageing promoted conversion of both full-length and C-terminally truncated a-synuclein
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species into insolube and proteinase K-resistant fibres, with strongest accumulation in the striatum, resembling biochemical

changes seen in human Parkinson’s disease. Transgenic rats develop early changes in novelty-seeking, avoidance and smell

before the progressive motor deficit. Importantly, the observed pathological changes were associated with severe loss of the

dopaminergic integrity, thus resembling more closely the human pathology.
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Abbreviations: BAC = bacterial artificial chromosome; BrdU = bromodeoxyuridine; DAB = diaminobenzidine; DTT = dithiothreitol;
GFAP = glial fibrillary acidic protein; HPLC = high pressure liquid chromatography; LDS = lithium dodecyl sulfate; NAC = non-amyloid
component; 6-OHDA = 6-hydroxydopamine; PCR = polymerase chain reaction; RIPA = radio-immunoprecipitation assay;
SDS = sodium dodecyl sulfate; SNCA = alpha-synuclein gene; TBS = Tris-buffered saline; TX = triton X-100

Introduction
Human �-synuclein protein has been implicated in the pathogen-

esis of several neurodegenerative disorders, such as Parkinson’s

disease, dementia with Lewy bodies and multiple system atrophy,

which are characterized by the presence of Lewy bodies, Lewy

neurites or glial inclusions, consisting of insoluble �-synuclein fibrils

(Spillantini et al., 1997, 1998). These structures are typically pro-

teinase K resistant (Miake et al., 2002; Neumann et al., 2004) and

post-translationally modified by truncation, phosphorylation, oxi-

dation, nitrosylation or ubiquitination (recently reviewed Oueslati

et al., 2010). In addition to missense mutations in families with

autosomal dominant Parkinson’s disease (Polymeropoulos et al.,

1997; Krüger et al., 1998; Zarranz et al., 2004), genetic studies

in humans and transgenic mice have indicated that an excess of

the wild-type �-synuclein protein load increases susceptibility of

Parkinson’s disease. Evidence for the latter was obtained from

experiments showing that transcriptional upregulation owing to

gene multiplications (Singleton et al., 2003; Chartier-Harlin

et al., 2004), polymorphic variations in the untranslated regions

(Krüger et al., 1999; Maraganore et al. 2006; Jowaed et al., 2010;

Matsumoto et al., 2010) and high immunoreactivity of �-synuclein

in mice (Masliah et al., 2000; Giasson et al., 2002; Lee et al.,

2002; Daher et al., 2009) correlates with the risk of developing

Parkinson’s disease. It also suggests that the full �-synuclein gene

locus may contribute to Parkinson’s disease pathogenesis. This is

further endorsed by the observation that post-transcriptional

modifications such as alternative splicing of the �-synuclein mes-

senger RNA lead to an increase in C-terminally truncated isoforms

in Lewy body disorders (Beyer et al., 2004). C-terminal truncated

�-synuclein species have been detected predominantly in the core

of Lewy body formations (Dufty et al., 2007; Muntane et al.,

2012), implying its function as a possible ‘seed’ of protein aggre-

gation. The topographical mapping of Lewy body pathology re-

vealed that both the limbic and motor system brain nuclei are

vulnerable and may directly correlate with Parkinson’s disease

symptoms (Braak et al., 2003). However, although olfactory dys-

function, anxiety and depression are frequent symptoms of early

Parkinson’s disease, correlating Lewy bodies in olfactory bulb and

other limbic nuclei in Braak stage 1 is low (Sengoku et al., 2008;

Ubeda-Banon et al., 2010). This observation implies that in these

brain regions, generation of �-synuclein intermediates before the

fibrillization process might incite the underlying neuropathology.

Further, growing evidence points towards alteration of synaptic

plasticity of newborn neurons in olfaction (recently reviewed by

Lazarini and Lledo, 2011), and depression as �-synuclein has been

shown to decrease olfactory bulb neurogenesis (Winner et al.,

2004; Marxreiter et al., 2009; Lelan et al., 2011), whereas treat-

ment with antidepressants resulted in an increased neurogenesis in

�-synuclein transgenic mice (Kohl et al., 2012; Ubhi et al., 2012).

However, �-synuclein transgenic mice that model mesolimbic

synucleinopathy often fail to mimic in parallel nigrostriatal path-

ology of dopaminergic neurons, which may either relate to inte-

gration effects or promoter-restricted expression (Matsuoka et al.,

2001; Giasson et al., 2002; Neumann et al., 2002; Lim et al.,

2011; Nuber et al., 2011; Rieker et al, 2011) or relate to strain

differences, as it was suggested that rats might be more sensitive

to dopamine psychomotor stress than mice (Ralph-Williams et al.,

2003; Ponnusamy et al., 2005; Ralph and Caine, 2005), thus high-

lighting the need for novel animal models.

To overcome limitations in promoter-restricted direction of

transgene expression, i.e. to address �-synuclein-induced vulner-

ability in all Parkinson’s disease-relevant brain regions and to

create the precondition for modifications on a transcriptional and

post-transcriptional level, we generated a bacterial artificial

chromosome (BAC) �-synuclein transgenic rat model carrying the

full-length human wild-type SNCA locus, including all introns and

exons, the upstream localized regulatory promoter sequences

and parts of the 30untranslated region. Further, usage of the BAC

construct will allow us to study gene dosage underlying the neuro-

pathology of �-synuclein multiplication disorder (PARK4) in more

detail.

Detailed analyses of �-synuclein expression pattern revealed a

relatively strong accumulation of insoluble full-length and

C-terminal truncated �-synuclein, paralleled by the presence of

proteinase K resistant fibres and inclusion body formation in aged

rat brain. Increase in striatal insoluble full-length and C-terminal

truncated �-synuclein re-emphasized biochemical changes seen in

Parkinson’s disease brain within Braak staging. Changes in

�-synuclein pattern were functionally accompanied by early

changes in avoidance behaviour and smell deficit and late loco-

motor impairments. Underlying neuropathological analyses re-

vealed an increase in olfactory bulb neurogenesis in young

animals, a strong reduction of striatal dopamine transmission asso-

ciated with a severe degeneration of dopaminergic nerve terminals

and astrogliosis in aged animals. Thus, our findings suggest a high
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vulnerability of rat dopaminergic synapses to conversion of trans-

genic human �-synuclein into insoluble neurotoxic conformers.

Materials and methods

Generation of BAC transgenic rats
For the generation of transgenic rats, we used a 190-kb fused

AF163864 PAC/AC097478 BAC clone (Yamakado et al., 2012). It

contained the entire human SNCA sequence (GenBank AF163864),

with 30-kb upstream regulatory promoter sequences and a 45-kb

flanking downstream region, cloned into pBACe3.6 vector as described

previously (Yamakado et al., 2012). BAC-DNA was separated from the

vector by NotI and FseI restriction and purified by Agarase digestion

(Thermo Scientific). Subsequently, the DNA solution was concentrated

with Microcon� concentrators, followed by dialysis in injection buffer

(10 mM Tris pH 7.4, 0.15 mM EDTA pH 8.0, 100 mM NaCl). The size

and integrity of the purified BAC DNA fragment was analysed by

pulse-field gel electrophoresis. Transgenic rats were obtained by inject-

ing the purified BAC fragment into fertilized Sprague–Dawley oocytes

at a concentration of 1.5 mg/ml. Founder animals were identified by

PCR using DNA isolated from ear biopsies and primers specific for

human �-synuclein promoter (SynProm-F: 50-ccgctcgagcggtaggaccgct

tgttttagac-30, SynProm-R: 50-tccccgcggggacctctagcctgtcgtcgaat-30); for

testing integrity of the construct, founders were also genotyped for

human SNCA exon 2 (exon2F: 50-gtaaaacgacggccagtgccccgaaagttctc

attcaa-30, exon2R: 50-ggaaacagctatgaccatgacccatcactcatgaacaagc-30),

human SNCA exon 4 (exon4F: 50-gtaaaacgacggccagtgctaccaccctttaat

ctgttg-30, exon4R: 50-ggaaacagctatgaccatgataacacaaaacgtacacagcc-30)

and human SNCA exon 6 (exon6F: 50-gtaaaacgacggccagtgtgtaagtggg

gagccatttc-30, exon6R: 50-ggaaacagctatgaccatgaggatggaacatctgtca

gca-30). To distinguish between homozygous and heterozygous ani-

mals, the relative number of DNA copies was estimated by quantita-

tive real-time PCR on a LightCycler� 2.0 (Roche) using a LightCycler�

FastStart DNA MasterPLUS SYBR Green I kit (Roche) and rat tail gen-

omic DNA. Reactions were performed in 20ml of mixture containing

10 pmol of each primer, 40 ng DNA and 1 � SYBR Green Mix (Roche).

Quantitative PCR was carried out in duplicates and normalized to a

reference gene (b-actin; b-actin-F: 50-agccatgtacgtagccatcca-30;

b-actin-R: 50-tctccggagtccatcacaatg�30). Primer sequences to detect

the copy number of the �-synuclein transgene were located in the

promoter sequence (SynProm-F: 50-ccgctcgagcggtaggaccgcttgttttag

ac�30; LC-SynPromR: 50-cctctttccacgccactatc-30). The amplification

conditions were as follows: 10 min at 95�C; 45 cycles of 20 s at

95�C, 20 s at 58�C, 20 s at 72�C; melting curve: 10 s at 95�C, 20 s

at 60�C; cooling: 30 s 40�C.

All rats were kept in normal light dark cycle (12 h light/12 h dark) and

had free access to food and water. All procedures used followed the

guidelines by international standards for the care and use of laboratory

animals and were approved by the local Animal Welfare and Ethics

committee of the Country Commission Tuebingen, Germany.

Sequential extraction
Expression pattern of �-Syn was examined at 3 and 16 months of age

(wild-type n = 3, synuclein n = 3). Animals were anaesthetized, decapi-

tated and dissected brains subdivided on a chilled stage. Sequential

extraction of �-synuclein was performed as described previously

(Tofaris et al., 2006). Tissues were homogenized in 2.5 vol of

TBS + (50 mM Tris-HCl, pH 7.4, 175 mM NaCl; 5 mM EDTA, protease

inhibitor cocktails) (Calbiochem, CA) and spun for 30 min at 120 000 g.

The pellet was subsequently extracted in TBS + containing 1% Triton�

X-100, and TBS + , 1 M sucrose and RIPA buffer (TBS + , 1% NP-40,

and 0.5% sodium deoxycholate, 0.1% SDS), and each extraction step

was followed by centrifugation for 20 min at 120 000 g. The

detergent-insoluble pellet was solubilized in 8 M urea/5% SDS.

Western blot analyses
For western blot analyses, 25mg of TBS, Triton� X-100 and urea of

human and rat brain protein extracts and 0.5 mg recombinant

�-synuclein cleaved by calpain I were run on 4–12% Bis-Tris gels

(Invitrogen, Life Technologies) and electroblotted onto nitrocellulose

membranes (Millipore). For improved immunodetection of �-synuclein,

membranes were fixed in 0.4% paraformaldehyde for 30 min (Lee and

Kamitani, 2011). After washing in PBS, membranes were blocked for

30 min in PBS and 0.2% Tween-20 (PBST) containing 5% bovine

serum albumin at room temperature and subsequently incubated

with human-specific antibody 15G7 (1:20) (Kahle et al., 2000) or

antibody that recognizes both rodent and human �-synuclein (BD

Bioscience, clone 42; syn1) (1:1000) in PBST containing 5% bovine

serum albumin overnight. After washing with PBST, membranes were

probed with corresponding secondary antibodies (1:5000, American

Qualex), visualized with enhanced chemiluminescence (PerkinElmer)

and analysed usign the VersaDoc gel imaging system (BioRad).

Proteins were normalized to b-actin (1:3000), used as a loading con-

trol. Quantification of signal intensities was performed as previously

described (Nuber et al., 2008).

Fibril assembly
Purified �-synuclein was fibrillized as described previously (Herrera

et al., 2008). Briefly, soluble recombinant �-synuclein (1 mg/ml) was

incubated in assembly buffer (20 mM Tris, 150 mM NaCl, pH 7.4,

containing 0.1% NaN3) with constant agitation (200 rpm). The reac-

tion was stopped after 72 h, and proteins diluted with PBS to a final

concentration of 10 mM and stored at �20�C. Fibrillization was moni-

tored by thioflavin S assay, and the presence of high molecular struc-

tures was verified by western blot technique.

Dot blot analysis
Formation of �-synuclein fibrils in urea extracts was confirmed by dot

blot measurements (Schleicher & Schuell Minifold-I Dot-Blot System,

Whatman) with the FILA-1 antibody, which specifically detects oligo-

meric and insoluble �-synuclein aggregates, but not the monomeric

form of �-synuclein (Lindersson et al., 2004; Paleologou et al., 2009).

The procedure was followed as described by the manufacturer. Briefly,

8 mg samples of the urea fraction (see sequential protein extraction)

were spotted as duplicates on a polyvinylidene difluoride membrane

and subsequently blocked for 30 min with 5% bovine serum albumin

in PBST and incubated with FILA-1 for 1.5 h at room temperature and

then treated with horseradish peroxidase-conjugated secondary anti-

body for 45 min. Bands were visualized with an enhanced chemilumin-

escence detection kit and densitometric analysis of dots representing

the �-synuclein fibrils performed using ImageQuant Software

(Amersham Bioscience). Membrane was re-probed with human spe-

cific antibody (15G7, 1:20) and human + rodent anti-�-synuclein (BD

biosciences, 1:1000) in PBST containing 5% bovine serum albumin

overnight to confirm specificity of FILA-1 towards human �-synuclein

fibrils in standard and urea extracts of transgenic rats.
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Proteinase K digest
In situ detection of proteinase K-resistant, �-synuclein was performed

with the proteinase K–PET blot method as previously described

(Neumann et al., 2004; Freichel et al., 2007). Briefly, 7 mm paraffin

sections were transferred and fixed onto a nitrocellulose membrane,

digested with proteinase K (50 mg/ml, 3 h at 55�C) and stained with

human specific monoclonal 15G7 anti-�-synuclein (dilution 1:20)

(Kahle et al., 2000). Antibody binding was detected by an alkaline

phosphatase-coupled secondary anti-rat antibody and formazan reac-

tion using nitrotetrazolium blue/5-bromo-4-chloro-3-indolyl phosphat-

ase P-toluidine salt. For higher power photomicrographs of proteinase

K-resistant structures in aged homozygous rats, free floating vibratome

sections were digested with proteinase K as described previously

(Taschenberger et al., 2012). Staining was performed using antibodies

against human anti-�-synuclein (1:20; 15G7) and anti-b-syn (1:1000;

BD Biosciences).

Calpain digestion
Calpain digestion of recombinant �-synuclein was performed as pre-

viously described (Dufty et al., 2007). Briefly, 15mg of recombinant

�-synuclein was incubated with calpain I (2 U) in buffer containing

40 mM HEPES and 1 mM calcium at 37�C. To demonstrate fragment

specificity to calpain cleavage, 4 mM calpeptin was added to calpain

buffer and co-incubated for 60 min. To stop proteolysis, LDS sample

buffer with 100 mM DTT (Invitrogen) was added and samples either

heated at 70�C for 10 min and used for western blot analysis or stored

at �20�C.

Immunohistochemistry
Rats were anaesthetized with an intraperitoneal injection of a mixture

of xylazine (10 mg/kg)/ketamine (100 mg/kg) followed by intracardial

perfusion with PBS and 4% of ice cold (w/v) paraformaldehyde in PBS

(pH 7.4). The brain was dissected out of the skull and post-fixed in

4% paraformaldhyde for an additional 72 h at 4�C. Brains were either

embedded in paraffin and cut into 7-mm sagittal sections for in situ

analyses of proteinase K-resistant �-synuclein or were sagittally cut

into 40-mm vibratome sections and immunostained as previously

described (Nuber et al., 2008). After treatment with H202 (0.3% in

PBS, 20 min) and blocking (10% normal serum; 0.1% Triton� X-100,

1 h), sections were incubated for 24 h at 4�C with anti-human

�-synuclein (15G7; 1:50) or anti-rodent/human �-synuclein (syn1,

BD Bioscience; 1:2000) in 10% normal serum. After washing with

PBS, sections were incubated with the respective biotinylated second-

ary antibodies (Vector; 1:200 in PBS) and subsequently transferred in

ABC solution (Vector; Vectastain Kit) (1:500 in PBS) for 1 h and visua-

lized with 3,30 diaminobenzidene. Double labelling was performed as

previously described (Masliah et al., 2001). Briefly, sections were

blocked in 10% normal serum and then incubated with anti-human

�-synuclein (15G7; 1:500) overnight at 4�C, followed by detection

with Tyramide Signal Amplification-Direct (Red) system (1:100 NEN

Life Sciences). Thereafter, sections were incubated with rabbit anti-

GFAP (1:500, Millipore) or rabbit tyrosine hydroxylase (1:200,

Chemicon), followed by incubation with FITC-conjugated secondary

antibodies (1:75 in PBS). Confocal microscopy was carried out as

described with Axiovert 35 microscope (Zeiss) mounted on a

MRC1024 laser scanning confocal microscope (Bio-Rad).

Electron microscopy
For ultrastructural analyses, vibratome sections were post-fixed with

2% glutaraldehyde/0.1% osmium tetroxide in 0.1 M sodium cacody-

late buffer, embedded in epoxy and analysed on a Zeiss EM 10 elec-

tron microscope as described (Masliah et al., 2000).

Cell counting
The number of tyrosine hydroxylase-positive cells was estimated with

systematic random sampling of approximately every 10th section to

yield six to eight sections to encompass the full rostral-caudal extent of

the substantia nigra. The respective region was outlined using a �4

objective attached to an Olympus BX51 microscope. Tyrosine hydro-

xylase positive neurons of wild-type and BAC �-synuclein transgenic

rats (3 months: n = 5; 18 months: n = 5 per group) were estimated

using Stereo-Investigator 8.21.1 Software (MicroBrightField,

Biosciences) as previously described (Jaffar et al., 2001; Overk et al.,

2009). Total cell numbers were estimated according to the optical

fractionator method according to West et al. (1991). To avoid count-

ing of tyrosine hydroxylase-positive cells of the ventral tegmental area,

we used a conservative approximation of the substantia nigra. Besides

a possible shrinkage of sections, this likely led to the relative low cell

numbers presented, which are, however, still in range when compared

with previous studies (Sugama et al., 2003; Mantoan et al., 2005;

Winner et al., 2011). Region definitions were based on the Paxinos

and Watson (2005) rat brain atlas, and sections were analysed using a

�100 1.3 Plan Apo oil immersion objective. Average thickness was

�40mm, and a guard height of 5 mm was used for sampling brick

depth of �20 mm. Counts were taken at predetermined intervals

(x = 150, y = 150) and with a counting frame of 86 � 86mm

(7.396 mm2). For assessment of tyrosine hydroxylase and GFAP immu-

noreactivity levels in striatum of BAC �-synuclein transgenic rats and

respective wild-type control subjects, sections were digitized to grey-

scale pictures and analysed for optical densities using ImageQuant

1.43 software (NIH). Data were corrected for tissue background stain-

ing by subtracting optical density values from fibre tracts within iden-

tical sections and presented as corrected optical density. All analyses

were performed on a blinded basis.

Human samples
Control and Parkinson’s disease human brain samples (Supplementary

Table 1) were supplied by the Parkinson’s UK Tissue Bank, funded by

Parkinson’s UK, a charity registered in England and Wales (258197)

and Scotland (SC037554), and analyses were carried out in accordance

with the Ethics Committee guidelines. Tissue was sequentially ex-

tracted and 25 mg of TBS and urea extracts used for immunoblot

studies as described earlier in the text.

High performance liquid
chromatography
For estimation of olfactory bulb and striatal amine levels, 12-month-

old synuclein transgenic (n = 7) and wild-type control rats (n = 5) were

deeply anaesthetized with CO2, decapitated, and the striatum and

olfactory bulb were dissected out on ice and homogenized in 0.5 M

perchloric acid, centrifuged, filtered and stored at �80�C until analysis

for monoamine content estimation (Pum et al. 2008). Samples con-

taining 500 pg dihydroxybenzylamine as an internal standard were

analysed by HPLC with electrochemical detection. The column was

DAergic synucleinopathy in BAC �-synuclein rats Brain 2013: 136; 412–432 | 415

http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/aws358/-/DC1
http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/aws358/-/DC1
http://brain.oxfordjournals.org/lookup/suppl/doi:10.1093/brain/aws358/-/DC1


an ET 125/2, Nucleosil 120-5, C-18 reversed phase column (Macherey

and Nagel). For detecting noradrenaline and serotonin (5-HT), the

mobile phase consisted 75 mM NaH2PO4, 4 mM KCl, 20mM EDTA,

1.5 mM SDS, 100ml/l diethylamine, 12% methanol and 12% acetoni-

tril adjusted to pH 6.0 using phosphoric acid. The electrochemical de-

tector (Intro) was set at 500 mV versus an ISAAC reference electrode

(Antec) at 30�C (Amato et al., 2011). For detection of dopamine, the

mobile phase was composed of 99.5 mM chloroacetic acid, 0.53 mM

SDS, 0.5 mM EDTA, 4 mM KCl, with 6% v/v acetonitrile and 0.8% v/

v tetrahydrofuran, with the pH adjusted to 3.25 using 6 M NaOH

solution. Quantification was performed by amperometric detection

(Decade) with the potential set at + 530 mV versus an ISAAC refer-

ence electrode (Antec) at 30�C (Jocham et al., 2007).

Study of olfactory bulb neurogenesis
To determine the impact of BAC �-synuclein expression on neurogen-

esis, 3-month-old rats (n = 7 per group) received daily intraperitoneal

injections of bromodeoxyuridine (BrdU) (50 mg/kg; Sigma) for 5 con-

secutive days starting at 20 weeks of age and were analysed 4 weeks

after the BrdU injections. Immunohistochemistry and double-labelling

immunofluorescence with antibody against BrdU were performed as

previously described (Winner et al., 2004).

Positron emission tomography of
dopamine transporter binding
Neuroimaging of dopamine transporter ligand-binding capacity pro-

vides a measure to estimate dopamine terminal function and to

assess striatal dopamine deficiency (recently reviewed by Brooks

et al., 2010). To analyse striatal dopamine transporter function

in vivo, four 16-month-old synuclein transgenic rats and three respect-

ive wild-type control rats were used with the dopamine transporter

radioligand 11C-d-threo-methylphenidate PET imaging studies as

described previously (Nuber et al., 2008). Briefly, rats were anaesthe-

tized with 1.5% isoflurane (Vetland Anesthesia System) at a flow rate

of 0.8 l/min oxygen. PET imaging studies were performed with an

Inveon dedicated small-animal PET scanner (Siemens Preclinical

Solutions), and data were acquired in list mode 43600 s and histo-

grammed into 16 time frames. The radiolabelling was performed in a

PET tracer synthesizer for 11C methylations from GE Healthcare. The

total synthesis time was 60 min, and specific activities of 75–140 GBq/

mmol at the end of synthesis were obtained. The mean injected activity

of 11C-d-threo-methylphenidate was 27.7 � 1.5 MBq, which corres-

ponds to a mean carrier of 650 ng. Data were acquired in full 3D

mode, and images were reconstructed using filtered back projection

with a matrix size of 256 � 256 and a zoom of two.

Behavioural assessment in automated
cages
The circadian pattern of home cage activity was conducted with the

LabMaster homecage apparatus (TSE Systems). Rats (wild-type: n = 12,

synuclein: n = 12) were placed individually during the light phase with

200 g of sawdust in the LabMaster cage, and a grid of photocells automat-

ically detected horizontal (x, y level; locomotor activity) and vertical (z-

level; rearing, defined as a simultaneous break of light beam on both

cage bottom and top level) activity in both light and dark phase (each

12 h in duration) during a 72 h testing period. All parameters were mea-

sured continuously and analysed with custom-made software. Horizontal

activity was summed for 60 min intervals and presented as mean � SEM of

the sum (x + y) of recorded ambulatory activity.

Smell test
For testing olfactory discrimination in rats, only male rats were tested,

as variations in oestrogen level may influence smell performance

(Sorwell et al., 2008) and locomotor behaviour (Ogawa et al.,

2003) in rodents. A smell task was assessed as described for

Parkinson’s disease rat models by Prediger et al. (2006, 2009) with

3-month-old BAC �-synuclein transgenic rats (n = 8) and wild-type

control rats (n = 6), and 16-month-old BAC �-synuclein transgenic

rats (n = 9) and wild-type control rats (n = 5). This task was based

on the preference of rodents for bedding impregnated with their

own odour (familiar compartment) when compared with fresh sawdust

(novel compartment). Briefly, each rat was placed into a testing arena

(920 � 920 mm), which was divided into two equal compartments,

one containing fresh sawdust and one containing 3-day-old bedding

of the rat’s home cage. The time the animal spent in each compart-

ment was recorded for a 5-min period.

Challenging beam walking
To assess motor performance, rats were tested in a challenging beam

traversal modified from Fleming et al. (2004). Briefly, 3- and

12-month-old animals (n = 6 per group) were placed on a wide

square beam (3 cm � 2 m) and a narrow square beam (2 cm � 2 m),

which ended at the animal home cage; thus, animals were encouraged

to move along the beam. After four assisted trials, animals able to

traverse the entire length of the beam unassisted were tested on

their latency to traverse the middle section (160 cm) of the beams

with and without a mesh grid (2 cm squares) of corresponding width.

Statistical analysis
Phenomaster data, collected for 72 h periods, were evaluated with

two-way ANOVA and post hoc Bonferroni as described previously

(Nuber et al., 2011). Significant main effects were analysed further

using one-way ANOVA followed by planned comparisons (post hoc

Bonferroni) based on the expectation of genotype (software: Prism 6.0

software, GraphPad). The Kaplan–Meyer survival curve, a log-rank

(Mantel–Cox) test was performed using Prism 6. Statistical analysis

for HPLC, PET imaging, stereology and protein expression between

genotypes was assessed by unpaired two-tailed t-tests. Significance

was set at P5 0.05, and all values were presented as mean � SEM.

Results

Overexpression of BAC a-synuclein
leads to C-terminal truncation and
conversion into insoluble, proteinase K
resistant a-synuclein species, strongly
enriched in nigrostriatal system
To develop a novel transgenic rat modelling characteristics of

Parkinson’s disease, our strategy was to create rats overexpressing

�-synuclein transgene derived from a human BAC construct,

which contains the coding sequence, intronic regions and also
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Figure 1 Human BAC transgenic �-synuclein expression matches endogenous rodent expression pattern, with additional conversion of

human full-length �-synuclein (FL �-syn) into C-terminal truncated forms (CT �-syn). (A) Schematic representation of the human �-syn

gene structure used for generation of BAC synuclein transgenic rats (Syn), including all introns (I1–I5) and exons (E1–E6) and additional

30-kb upstream regulatory sequences and 50-kb downstream into 30 untranslated region. Scheme also shows genetic variants described to

influence risk of Parkinson’s disease by modulating expression level (Rep1), differential binding of transcription factors (IRE = iron re-

sponsive element), alternative splicing sites (untranslated: E*, translated: E3*’, E5*’), methylation site (CpG2) or binding sites of

microRNAs. Alignments are �-synuclein for human, mouse and rat (for references, see text). (B) Sagittal brain section of a homozygous rat

showing �-synuclein expression in the olfactory bulb (OB), cortex (CX), striatum (ST), thalamus (Th), substantia nigra (SN), hippocampus
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the human regulatory promoter elements (Fig. 1A) that potentially

lead to �-synuclein induced pathology in all Parkinson’s disease

relevant brain regions. As the vast majority of Parkinson’s disease

cases are of a sporadic nature, we used a wild-type human

�-synuclein construct to inject Sprague Dawley rats. Of the 63

offspring, we identified six lines that contained all exons and in-

trons and the flanking promoter region. One founder lacked se-

quences downstream of exon 4 and did not display any protein

expression (data not shown). All founder rats showed germline

transmission, and the resulting offspring were analysed by quan-

titative PCR for relative integration levels of BAC constructs. As a

high �-synuclein protein load has been correlated with a patho-

logical phenotype (Masliah et al., 2000; Giasson et al., 2002; Lee

et al., 2002; Neumann et al., 2004; Daher et al., 2009; Kuo et al.,

2010), we chose a founder line displaying the highest integration

number of BAC DNA construct, which led to a highest transgene

expression in fore- and midbrain regions and crossbred it to homo-

zygosity (Fig. 1A). When comparing with wild-type control rats,

the expression pattern of the transgenic �-synuclein expression

closely resembled that of the endogenous rodent �-synuclein

(Fig. 1B) but with a more dot-like distribution of the human

�-synuclein in striatal nerve end terminals. With increasing age,

intense �-synuclein positive deposits were detected in dilated axon

terminals (Fig. 1B). To analyse the human transgenic �-synuclein

expression pattern in more detail, brains of 3- and 16-month-old

animals were subdivided and proteins sequentially extracted with

buffers containing increasing concentrations of denaturing agents,

separating them into TBS soluble (cytosolic), Triton�X (membrane)

and Urea insoluble (aggregate) fractions as previously established

for Parkinson’s disease models and human Parkinson’s disease as

well as dementia with Lewy bodies brain (Culvenor et al., 1999;

Tofaris et al., 2006; Seidel et al., 2010). Antibody for human

�-synuclein (15G7; amino acid 116-131), which is specific for

the C-terminus of �-synuclein protein, substantiated brain regional

overexpression on immunoblots as seen by immunohistochemistry

(Fig. 1B). By using an antibody specific for rodent and human

�-synuclein, which binds to an epitope within the end of the

NAC domain (syn1; amino acid 91–96), we additionally observed

a remarkable overexpression of lower molecular weight signals in

all brain regions (Fig. 1C). These fragments were not detectable

with the 15G7 antibody, and thus are likely to consist of

C-terminally truncated �-synuclein. Interestingly, these bands

comigrated with fragments seen after partial proteolytic cleavage

of recombinant �-synuclein with calpain 1, suggesting implication

of calpain in intracellular protein turnover. As C-terminal truncated

�-synuclein was not detected in the analysed brain regions of

wild-type control rats, calpain-mediated fragmentation is likely to

be specific for human �-synuclein protein. Reverse-phase chroma-

tography was used to specify C-terminal truncated �-synuclein.

Peaks were collected, and peptide masses were determined by

sequencing of tryptic peptides using mass spectrometry. Overall

peptides detected in the N-terminus, the NAC domain and

C-terminus (to amino acid 122) of the calpain-cleaved recombin-

ant �-synuclein were also detected in the 12 kDa slice of BAC �-

synuclein rat striatum sample (Supplementary Fig. 1), further

implicating calpain in proteolytic processing of human �-synuclein

in transgenic rats.

When compared with rodent �-synuclein of 16-month-old

wild-type control rats, cytosolic human �-synuclein was overex-

pressed by �2–3-fold in all brain regions analysed, both in young

and old transgenic rats (Fig. 1C). Membrane associated

�-synuclein was decreased in most brain regions in aged rats,

but without statistical significance. Fragmentation of soluble and

membrane-associated �-synuclein was strongly specific for human

�-synuclein and highest in olfactory bulb (7-fold), followed by

striatum, hippocampus, cortex and thalamus (3-fold) and lowest

in substantia nigra (1-fold).

We then analysed whether overexpression of full-length and

C-terminal truncated �-synuclein led to its neurotoxic conversion

into insoluble aggregates. At 3 months of age, the typical smear of

higher oligomeric and a prominent 14-kDa monomeric band of

insoluble �-synuclein in urea-treated extracts was detected in

cortex and also slightly increased in the thalamic region using an

antibody against human �-synuclein protein (Fig. 2A). At 16

months, transgenic rats displayed a strong increase in insoluble

monomeric and higher molecular �-synuclein in all brain regions

analysed. When using an antibody against amino acid (aa) 91–96,

we observed a strong signal at �17 kDa overlaying those of

14-kDa monomeric full-length �-synuclein (Fig. 2B). Immunoblot

detection of urea fraction with an antibody specific for rodent

�-synuclein did not reveal insoluble monomeric rodent �-synuclein

(data not shown); thus, the detected 17-kDa signal is likely due to

a non-specific cross-reaction to another protein enriched in insol-

uble fractions (e.g. cytoskeletal proteins). At 16 months of age,

insoluble monomeric full-length �-synuclein was increased in both

striatal and midbrain region, reaching statistical significance when

Figure 1 Continued
(HC), cerebellum (CE) with lowest level in brainstem (BS), matching the endogenous �-synuclein expression pattern seen in wild-type

control rats. Arrows indicate an accumulation of �-synuclein positive granules in dilated neuritic spheroids in aged homozygous rats.

(C) Brains were sequentially extracted with TBS to resolve cytosolic proteins, followed by 1% Triton� X-100 to resolve membrane-

associated species. Immunoblots of �-synuclein expression in subregional dissected brains substantiated expression of human �-synuclein

in all brain regions in the cytosolic and membrane fraction using human �-synuclein specific antibody (15G7) with its epitope localized at

the end of C-terminus (aa 116–131). Using BD antibody specific for both rodent and human transgenic �-synuclein with its epitope

localized at the NAC domain (syn1; aa 91–96) detected 14-kDa full-length �-synuclein and �-synuclein species of lower kDA (� 8 and

12 kDa), which co-migrated with calpain1 partially digested recombinant �-synuclein (Calpain recSYN; asterisks). These fragments are not

detected with C-terminal localized antibody and thus most likely consist of C-terminal truncated �-synuclein. C-terminal truncated

�-synuclein was not detected in brain regions of control rats (wild-type, wt) (C) Means for independent samples (n = 3 per group) of three

independent blots were quantified after normalization to b-actin and then to �-synuclein protein expression level of wild-type controls and

presented as mean � SEM. Scale bars: overviews = 3 mm; upper panels = 50mm; lower panels = 20 mm.
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Figure 2 Accumulation of proteinase K (PK) resistant and insoluble full-length (FL) �-synuclein is age- and gene-dosage dependant with

insoluble full-length (Fl) �-synuclein and C-terminal truncated �-synuclein significantly enriched in striatum. (A) Brains of 3- and

16-month-old rats were sequentially extracted and the final pellet resolved in 8 M urea and 5% SDS. Analysis of �-synuclein insolubility

showed a marked increased of monomeric full-length �-synuclein, and the typical high molecular smear of SDS promoted breakdown of

aggregated �-synuclein species in 16-month-old transgenic rats (Syn) when using C-terminally localized 15G7 antibody (red asterisks).

Consistently, detection with syn1 antibody (aa 91–96) revealed an increase in insoluble full-length �-synuclein and C-terminal truncated

�-synuclein in aged animals. Syn1 antibody also detected �-synuclein unspecific bands at�17 and 28 kDa in both wild-type control rats and

BAC synuclein transgenic rats. Band intensities were quantified, normalized to b-actin and then to control expression level and expressed as
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compared with young rats (3 months synuclein transgenic:

1.7 � 0.2; 16 months synuclein: 4.1 � 1.8). Additionally, the in-

soluble C-terminal truncated �-synuclein significantly increased in

striatum of 16-month-old rats (3 months synuclein: 0.6 � 0.4; 16

months synuclein: 3.4 � 1.4).

Biochemical data are consistent with in situ proteinase

K-resistant �-synuclein profiling, showing that pathological

�-synuclein fibrils formed in several brain regions of aged rats,

including the thalamus, hippocampus and cortex, including the

entorhinal cortex, olfactory bulb, substantia nigra and striatum.

Pathological fibres were already seen in thalamus, cortex and ol-

factory bulb in BAC �-synuclein transgenic rats at 6 months of age

(Fig. 2B), suggesting that not all protease-resistant filaments dis-

play detergent resistance. Proteinase K-resistant �-synuclein was

greatly reduced in age-matched heterozygous animals (Fig. 2B),

implying that both ageing and gene dosage cause the �-synuclein

fibrillization process. In order to visualize cellular localization of

proteinase K resistant �-synuclein aggregates in more detail, add-

itional vibratome sections were stained with the human

�-synuclein-specific antibody, digested with proteinase K as previ-

ously described (Taschenberger et al., 2012) and imaged with

higher resolution light microscopy (Fig. 2C). In 18-month-old

homozygous rats, proteinase K resistant granules were predomin-

antly detected in pyramidal cell dendrites of the CA1 layer and as

perinuclear aggregates in neurons of the dentate hilus and of the

substantia nigra; whereas in age-matched heterozygous and

young homozygous rat sections, the relatively weak �-synuclein

accumulations displayed less proteinase K resistance. Additionally,

proteinase K resistant structures were detected as a dot-like pat-

tern in neuropil of striatal nerve fibres of aged homozygous rats

(Fig. 2C). Minimal background staining was detected in

age-matched wild-type animals (Fig. 2C), and a greatly reduced

immunoreactivity was observed when digest was followed by an

antibody against b-synuclein, which was used as an internal stain-

ing control (Supplementary Fig. 2).

To further confirm that human BAC �-synuclein formed aggre-

gates in transgenic rat brain, we also analysed striatum urea ex-

tracts by dot-blot assay using the FILA-1 antibody, which is

specific for aggregates of misfolded �-synuclein but does not

detect the soluble monomeric �-synuclein formations (Lindersson

et al., 2004; Paleologou et al., 2009). Figure 3 demonstrates that

there is a 1–2-fold increase in total human �-synuclein from 3 to

16 months that correlates to a similar increase in the amount of

FILA-1 positive aggregates in striatal extracts of BAC �-synuclein

transgenic rats. This change occurred on the background of an

almost unchanged total level of �-synuclein (rat endogenous and

transgenic human �-synuclein).

Increase of insoluble full-length
a-synuclein and C-terminal truncated
a-synuclein in striatum resembles
changes in a-synuclein pattern with
increasing Braak stages of patients with
Parkinson’s disease
The strong accumulation of insoluble full-length and C-terminal

truncated �-synuclein in striatum of aged synuclein transgenic rats

prompted us to directly compare expression pattern with TBS and

urea extracts of humans diagnosed with clinically and neuropatho-

logically confirmed Parkinson’s disease of Braak stage 3 and 6 and

normal aged control subjects (Fig. 4). In the TBS-soluble fraction,

full-length and C-terminal truncated �-synuclein of transgenic rats

resolved with equivalent migration in striatum of control subjects and

patients with Parkinson’s disease. BAC �-synuclein transgenic rats

displayed a 2–3-fold overexpression when compared with

�-synuclein in human Parkinson’s disease brain (Fig. 4A). Neither

soluble full-length �-synuclein nor soluble C-terminal truncated

�-synuclein levels changed significantly within Parkinson’s disease

stages or ageing of synuclein transgenic rats (Fig. 4C). Importantly,

in striatum of both human and BAC �-synuclein transgenic rat, the

insoluble full-length �-synuclein increased �2-fold with increasing

Braak stage or age, respectively (synuclein: 3 months/12 months:

1.4-fold, 3 months/16 months: 1.7-fold; P = 0.03; control/stage 3:

1.5-fold, control/stage 6: 1.7-fold; P = 0.03). Additionally, the insol-

uble �12-kDa C-terminal truncated �-synuclein increased both at

16 months in rats (3 months/12 months: 3-fold; 3 months/

16 months: 5.4-fold; P = 0.001) and with increasing Braak stage of

human brain (control/stage 3: 1.2-fold, control/stage 6: 4-fold;

P = 0.02) (Fig. 4B and D). Together, these data suggest that

�-synuclein pathology in striatum of synuclein transgenic rats

strongly resembles those observed at late stages in human

Parkinson’s disease.

BAC a-synuclein expression leads to
striatal dopamine depletion in
transgenic rats
To estimate the integrity of dopaminergic nerve terminals, levels of

dopamine and dopamine transporter density were evaluated using

Figure 2 Continued
x-fold overexpression (–SEM) relative to 16-month-old wild-type control rats. Bar graphs represents means of n = 3 animals per group of

three independent blots. *P50.05. (B) Representative images of abundant proteinase K-resistant fibres detected in several brain regions of

BAC synuclein transgenic rats. Heterozygous BAC synuclein transgenic rats (18-month-old, 18 M) and 6-month-old (6 M) homozygous rats

were used as additional controls to evaluate the increase of human �-synuclein positive fibres. (C) Proteinase K treatment diminished

�-synuclein reactivity in both neuronal cell soma and neuropil of heterozygous and young homozygous animals, whereas proteinase K

resistant �-synuclein immunoreactive granules were observed in neuropil of the CA1 and striatum and in the perinuclear region of neurons of

the dentate hilus and substantia nigra. Scale bars: upper panels = 3 mm in (in situ stained overviews); lower panels = 20mm. OB = olfactory

bulb; CX = cortex; DG = dentate gyrus; HC = hippocampus; SN = substantia nigra; ST = striatum; Th = thalamus; wt = wild-type.
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standard HPLC analysis or small animal PET, respectively (Fig. 5).

We found a marked decrease of striatal dopamine (30% of

wild-type level; Fig. 5B) in 12-month-old animals. In contrast,

we did not detect a difference in dopamine level of the olfactory

bulb (Fig. 5A). The striatal effect was specific for dopamine, as we

did not find differences of noradrenalin or serotonin (Supplemen-

tary Table 2). Presynaptic dopamine dysfunction is often corre-

lated with reduction of dopamine transporter density and its

binding affinity in the striatum of human Parkinson’s disease

(Antonini et al., 2001; Ribeiro et al., 2009). Thus, microPET ana-

lysis of the dopamine transporter binding potential using the spe-

cific radioligand 11C-d-threo-methylphenidate was performed to

analyse dopaminergic integrity in vivo. The microPET images

showed a clear-cut visualization of the striatum of transgenic

rats (Fig. 5C). Subsequent calculation of striatal and cerebellar

time-activity curves yielded a decrease of 13% of dopamine trans-

porter binding potential at presynaptic terminals, bordering signifi-

cance (Fig. 5D; P = 0.056).

BAC a-synuclein expression is
associated with impaired novelty
seeking, locomotor decline and an early
smell deficit, which is paralleled with an
increase of olfactory bulb neurogenesis
in transgenic rats
To analyse whether the age-dependent increase of insoluble and

proteinase K-resistant fibrils in dopaminergic brain regions and the

detected decline in dopamine function leads to a behavioural

phenotype, rats were subjected for 72 h to an infrared beam

break home cage system (TSE Systems) that continuously mea-

sured rodent home cage activity (Fig. 6). Previous functional stu-

dies of rat and mice suggested that striatal dopamine depletion

not only reduces locomotor activity but also rearing (Salmi and

Ahlenius, 2000; Summavielle et al., 2002) and anxiety-like behav-

iour in rat models, the latter commonly measured by avoidance of

the open-spaced centre (thigmotaxis; Thiel and Schwarting, 2001;

Zhang et al., 2011). Using one-way ANOVA and planned com-

parisons (post hoc Bonferroni) for evaluation of dark phase activ-

ities at 3, 12 or 16 months (Fig. 6A,B), we could demonstrate that

BAC �-synuclein transgenic rats displayed significantly reduced

dark phase ambulatory activity at 16 months (792.2 � 32.9 wild-

type; 691.8 � 22 synuclein; P50.05), but not at 6 months

(1039 � 40 wild-type; 955 � 40 synuclein) or at 12 months

(786 � 25 wild-type; 735 � 24 synuclein). Rearing activity was

already significantly decreased in 12-month-old animals

(181.2 � 8 wild-type; 121.4 � 5 synuclein; P50.001) and

neared significance at 16 months (139 � 6 wild-type; 119 � 5;

P = 0.07), but no differences were detected at 6 months

(199 � 11 wild-type; 191 � 10 synuclein). A statistically significant

avoidance of cage centre was already present at 6 months

(386 � 12 wild-type, 315 � 11 synuclein; P50.001) and con-

secutively at 12 months (332 � 10 wild-type; 268 � 9 synuclein;

P50.001) and at 16 months in transgenic rats (375 � 15

wild-type; 290 � 9 synuclein; P50.001). Thus, synuclein trans-

genic rats show an age-dependent decrease in locomotor activity

and early disturbance in novelty-seeking and avoidance behaviour,

most likely related to changes in dopamine-related constitution.

To assess whether decreased locomotor activity detected in

automated cages will also lead to impairments in precise motor

control, animals were tested on their ability to traverse narrow,

raised wooden beams (Fig. 7A), which is known to expose loco-

motor impairments in 6-hydroxydopamine Parkinson’s disease rat

models (Urakawa et al., 2007; Madete et al., 2011) and �-synu-

clein transgenic models of Parkinson’s disease (Fleming et al.,

2004; Plaas et al., 2008; Sgadò et al., 2011). We used an adapted

form of a challenging beam walk task; on the first test day, a wide

and then a narrow wooden beam and on the second day a grid

(1-cm square mesh), which challenges adjustment to a new run-

ning pattern, thus unmasking impairments that require mid- and

forebrain control. At 3 months, both wild-type (8 � 1 s) and BAC

�-synuclein transgenic rats (6 � 1 s) were able to balance on the

wide beam. Traversal of the narrow beam and grid revealed subtle

locomotor deficits in 3-month-old BAC �-synuclein transgenic rats,

Figure 3 Dot blot analysis of �-synuclein fibrils in striatal urea

extracts of human BAC synuclein transgenic rats. Dot-blot

analysis was performed using FILA-1 antibody specific for

aggregated �-synuclein and an antibody for human �-synuclein

(huSyn) to confirm its aggregation. The levels of FILA-1 signals

in individual rat samples were normalized to the average total

levels of �-synuclein (human + rodent �-synuclein). The levels

of human �-synuclein are expressed relative to the background

signals detected in wild-type control rats. Values are represented

as mean + SEM. The FILA-1 antibody detected specifically

fibrillized recombinant �-synuclein (rSYN) of the standard and in

striatal urea extracts (Urea S) of aged transgenic (Syn) rat brain.

Both FILA-1 and human �-synuclein antibodies detected an

average doubling of insoluble �-synuclein aggregates at 16

month when compared with 3-month-old rats (*P50.05;

two-tailed t-test).
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as they performed worse than control rats (narrow beam:

wild-type: 6 � 1 s; synuclein 10 � 1 s; grid: 8.5 � 1 s; synuclein

10 � 1 s). In contrast, we observed an overall significantly lower

performance on both beams and grid traversing in 12-month-old

animals. Although wild-type rats were able to traverse the beam

with only a slight increase in time when compared with 3

month-old animals, synuclein animals needed significantly more

time to cross the wide beam (wild-type: 10 � 2 s; synuclein:

22 � 3 s; P50.001) and the narrow beam (wild-type: 13 � 1 s;

synuclein 26 � 6 s; P5 0.01). This impairment of gait control also

applied to performance on grid walking (wild-type: 12 � 2 s; synu-

clein 20 � 3 s; P5 0.01; two-way ANOVA, post hoc Bonferroni).

As the detected decrease in rearing and increase in centre

avoidance may indicate functional aberrations reminiscent of

early Parkinson’s disease symptoms, including anxiety and olfac-

tory deficits, rats were also tested for their ability to discriminate

odour by using a two-compartment box, containing fresh and

unchanged (72 h) sawdust (Fig. 7B). This test uses the preference

Figure 4 Increased formations of insoluble full-length (Fl) �-synuclein and C-terminal truncated (CT) �-synuclein in striatum of human

BAC synuclein transgenic rats, reflecting biochemical changes within Braak staging of Parkinson’s disease (PD) brain. (A and B) Western

blots show full-length �-synuclein and C-terminal truncated �-synuclein in the cytosolic and insoluble fraction of transgenic rats at 3, 12

and 16 months (mo) of age. (C and D) Bar graph comparing the levels of �-synuclein and C-terminal truncated �-synuclein in both soluble

(C) and insoluble fraction (D) of striatum of BAC synuclein transgenic rats with increasing age and of patients with increasing Braak staging

(S3, S6) and healthy controls (Co) (see also Supplementary Table 1). *P50.05, **P50.01 (two-tailed t-test); wt = wild-type;

S3 = stage 3; S6 = stage 6.
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of rats to their own sawdust (familiar compartment) when com-

pared with fresh sawdust (novel compartment), which has been

shown to be disturbed in toxin rat models of Parkinson’s disease

(Prediger et al., 2006, 2012). Most strikingly, a disruption of the

olfactory discrimination was already found in young (3-month-old)

BAC �-synuclein transgenic rats (novel: 158 � 32 s; familiar:

142 � 32 s). The pathological phenotype persisted, as it was also

detected in 16-month-old rats (novel: 139 � 25 s; familiar:

162 � 25 s), whereas control rats were able to discriminate between

both compartments and spent a significantly longer time in the

familiar compartment at both tested ages (3 months: novel

79 � 21 s; familiar 221 � 21 s; P50.01; 16 months: novel

87 � 18 s; familiar 213 � 18 s; P = 0.001; post hoc least significance

difference Bonferroni). This effect in odour discrimination seemed

not to be related to locomotor deficits, as we did not detect any

locomotor impairment (rearing, ambulatory activity and beam walk)

in 3-month-old rats. A reduction in smell discrimination was

described with an increased number of newborn neurons in the

glomerular layer of the olfactory bulb of double-mutant (A30P

and A53T) �-synuclein transgenic rats (Lelan et al., 2011). Thus,

we quantified density of BrdU-positive cells within the olfactory bulb

glomerular layer (Fig. 7D). When comparing wild-type with BAC �-

synuclein transgenic rats, we found a significant increase of BrdU-

positive cells (P = 0.04; two-tailed t-test), further supporting the

hypothesis that a high overexpression of �-synuclein in dopamin-

ergic neurons may lead to structural changes in the olfactory bulb

contributing to smell aberrations.

While performing these tests, we noted that between the ages

of 12 and 16 months, BAC �-synuclein transgenic rats developed

an increased morbidity with weight loss and reduced ambulatory

movement and had to be sacrificed based on animal care rules.

Kaplan–Meier analysis showed a significantly reduced survival rate

(P5 0.05) of BAC �-synuclein transgenic rats compared with

wild-type control rats at 103 weeks of age (study end point;

Fig. 7C). The median survival of BAC �-synuclein transgenic rats

(70.5 weeks) correlated closely with the time point of excessive

�-synuclein aggregation and progress of disease phenotype.

BAC a-synuclein expression leads to
structural disruption of dopaminergic
integrity
To assess whether functional deficits in smell, locomotion and

avoidance behaviour, in parallel with an increase of �-synuclein

insolubility and the detected decline in striatal dopamine level is

caused by pathology of the dopaminergic system, we analysed

dopaminergic neurons at the light microscopic and ultrastructural

level. We detected a strong somatic redistribution and numerous

small granular inclusions in neurons of the substantia nigra, glom-

erular layer of the olfactory bulb and additionally in pyramidal cells

of the frontal cortex (Fig. 8A). In the striatum, we found immu-

noreactive spots of varying size, likely representing neuritic path-

ology of dopaminergic nerve fibres originating from the substantia

nigra (Fig. 8A). In neurons of substantia nigra and olfactory bulb,

granular inclusions were also found scattered in the perikarya.

Confocal microscopy showed a substantial overlap in colocalization

of �-synuclein with tyrosine hydroxylase in dopaminergic cell soma

of periglomerular neurons of the olfactory bulb and importantly of

nigral neurons and nigrostriatal axon terminals (Fig. 8F). As

�-synuclein immunoreactivity resembled a granular dot-like pat-

tern, likely representing pathogenic aggregation in dopaminergic

cells, we estimated the number of dopaminergic neurons and

dopaminergic fibres. Although we detected an age-dependent re-

duction of tyrosine hydroxylase-positive cells in wild-type rats as

previously described (Sanchez et al., 2008), we observed an add-

itional reduction (39 � 6%) of total nigral dopaminergic neurons

in BAC �-synuclein transgenic rats (4522 � 486) when compared

with age-matched control rats (7368 � 450) (Fig. 8B, stereological

quantification: Fig. 8C; P50.01). To further evaluate the integrity

of the dopaminergic innervations, we quantified tyrosine

hydroxylase-positive fibers in the striatum (Fig. 8D). When com-

pared with control rats, the number of stained fibres was signifi-

cantly reduced (28 � 5%) and thus reflects a synaptic dysfunction

of the nigrostriatal system (Fig. 8E; P50.05). We therefore

Figure 5 Effects of transgenic BAC synuclein expression on

dopamine (DA) markers in the olfactory bulb (OB) and striatum

(ST) of aged rats. (A and B) Evaluation of dopamine levels in

olfactory bulb (A) and the striatum (B) revealed strong dopa-

mine depletion in striatum of 12-month-old transgenic rats (Syn)

(n = 8) when compared with wild-type (wt) controls (n = 6).

(C) Example of coronal 11C-methylphenidate PET image from

BAC synuclein transgenic rat and a wild-type control. (D) The

average binding potential derived from time activity showed a

decrease of dopamine transporter (DAT) binding in

16-month-old BAC synuclein transgenic rats (n = 4) in com-

parison with respective wild-type controls (n = 3).***P5 0.001

(two-tailed t-test). Error bars indicate the means + SEM.
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Figure 6 Early alterations in avoidance and novelty-seeking behaviour and late motor decline in BAC synuclein transgenic rats.

(A) Wild-type (WT) control rats (n = 12) and BAC synuclein transgenic rats (Syn) (n = 12) were analysed for circadian activity in familiar

home environment for 72 h at 6, 12 and 16 months (for clarity, data for 12 months have been omitted in the 72 h graph; two-way

ANOVA, post hoc Bonferroni). (B) Evaluation of dark phase cycles showed a decrease in ambulatory activity at 16 months (16 M),

decrease in rearing (z-activity) earliest at 12 months and centre avoidance from 6 months (6 M) in synuclein transgenic rats. No differences

in activity were detected for resting in light phases. Data are presented as mean + SEM *P50.05; **P50.01, ***P5 0.001 (one-way

ANOVA, post hoc Bonferroni).
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stained sections with GFAP to identify astrogliosis, as it is a

common cellular response surrounding axonal or synaptic path-

ology in brains of synuclein mice (Lee et al., 2002; Neumann

et al., 2002; Cabin et al., 2005; Tofaris et al., 2006; Lim et al.,

2011; Nuber et al., 2011). GFAP staining in the striatum showed

that granular �-synuclein deposition was accompanied by a

significant reactive astrogliosis (Supplementary Fig. 3), which

may contribute to the observed dopaminergic phenotype.

Previous studies showed a high propensity of insoluble and

C-terminal truncated �-synuclein to assemble into pathogenic fi-

brils and nucleate fibrillization process (Giasson et al., 2001;

Murray et al., 2003; Mishizen-Eberz et al., 2005). We next

Figure 7 Early impairment of olfactory bulb neurogenesis and odour discrimination before late impairment in precise motor control and

decreased survival in BAC synuclein transgenic rats. (A) Three and 12-month-old BAC synuclein transgenic (Syn) rats were tested on their

ability to transverse an elevated wooden beam or a grid. (B) Three and 16-month-old BAC synuclein transgenic males and wild-type (wt)

control rats were subjected to an area containing fresh or home-cage saw dust to evaluate odour discrimination behaviour. (C) Survival

curves for wild-type (n = 18) and BAC synuclein transgenic rats (n = 22) are presented. Among wild-type and BAC synuclein transgenic

rats, 15 synuclein and 7 wild-type controls died with the remaining animals surviving 4100 weeks, and all animals were sacrificed after

102 weeks (23 months of age). (D) Confocal image of �-synuclein, BrdU, tyrosine hydroxylase triple staining identified co-localization of

human �-synuclein in BrdU-positive new dopaminergic neuron of olfactory bulb glomerular (Glom) layer BAC synuclein transgenic rats.

Scale bars = 30mm. Data are presented as mean + SEM; *P50.05, **P50.01, ***P50.001 (two-way ANOVA, post hoc Bonferroni).
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analysed the ultrastructure of dot-like �-synuclein immunoreactiv-

ity by transmission electron microscopy in aged rats (Fig. 9).

Human �-synuclein staining of olfactory bulb semi-thin sections

substantiated immunoreactive dot-like structures within the glom-

erular core surrounded by positively stained juxtaglomerular cells

(Fig. 9A). According to their localization and size, these neurons

were dopaminergic periglomerular cells. Higher magnification

revealed numerous small inclusion body formations in the soma-

todendritic compartment (Fig. 9A and B). Electron microscopy

analysis of this area showed that several of the periglomerular

cells were filled up with condensed organelles with a varying

degree of degeneration and increased accumulation of lysosomes

(Fig. 9C). These degenerated neurons showed multilaminar struc-

tures consisting of swollen endoplasmic reticulum (Fig. 9D).

Interestingly, degeneration was also occasionally seen in surround-

ing fibres, displaying axonal dilatation (Fig. 9E) and a strong in-

crease of empty vesicles at synapses (Fig. 9F).

Stained semithin sections of striatum showed abnormal

�-synuclein immunopositive granules in neuropil as displayed in

the higher magnification inset and in cell soma of medium spiny

neurons (Fig. 9G). Toluidin-blue staining further detected pyknotic

cells scattered between unaffected neurons (Fig. 9H). These

degenerated neurons presented various accumulations of

dense-core bodies (Fig. 9I), swelling of the endomembrane system

and numerous multilaminar and multivesicular structures (Fig. 9J).

Degenerating axons harboured electron-dense deposits (Fig. 9K)

as also seen occasionally at synaptic contacts with dendritic spines

(Fig. 9L).

Midbrain dopaminergic neurons showed somatodendritic and

nuclear redistribution of immunoreactivity surrounded by immuno-

positive fibres (Fig. 9M), consisting of myelinated and unmyeli-

nated neuritic processes (Fig. 9N). Neurons occasionally

displayed slightly collapsed nuclear envelope surrounded by dar-

kened cytoplasmic structures (Fig. 9O). Higher magnification iden-

tified further accumulation of electron dense lysosomal structures

Figure 8 BAC synuclein overexpression in dopaminergic brain

regions leads to aggregation and reduction of dopaminergic

markers. (A) Sagittal sections stained for human �-synuclein of a

representative 18-month-old BAC synuclein transgenic rat.

Boxed areas indicate areas shown in lower panels.

Immunoreactivity with relative high somatic redistribution in

periglomerular cells of the olfactory bulb (OB), and frontal

cortex (FC) (arrows). Staining also showed numerous

�-synuclein positive puncta, and perinuclear aggregates of

varying size, strongly accumulating in dystrophic nerve fibres of

the striatum (ST) (arrows) and cell soma of nigral cells (SN). (B)

Figure 8 Continued
Representative figure displaying tyrosine hydroxylase immu-

noreactivity in wild-type (wt) and BAC synuclein transgenic rats;

a strong reduction of tyrosine hydroxylase immunoreactivity was

observed in the dopaminergic cells of substantia nigra (B) and

also in the fibres of the striatum of BAC synuclein transgenic rats

(D) when compared with wild-type rats. Quantitative analysis

obtained using either Stereoinvestigator or ImageJ software

(NIH) of tyrosine hydroxylase immunoreactivity showed reduc-

tion in dopaminergic neurons (C) and nerve fibres (E), suggest-

ing strong affection of dopaminergic integrity. (F)

Representative confocal immunofluorescence images of

�-synuclein of periglomerular cells of olfactory bulb, nigral

neurons of substantia nigra and striatum nerve fibres. Nuclei

were stained with DAPI. Co-staining demonstrated a granular

aggregation pattern of �-synuclein (arrows) in tyrosine hydro-

xylase positive dopaminergic neuronal somata of olfactory and

nigral neurons and in dopaminergic nerve fibres of striatum.

*P50.05; **P5 0.01 (two-tailed t-test). Error bars indicate

the �SEM. Scale bars: A = 3 mm (upper panel) and 30 mm

(lower panels), B and D = 60mm and 20 mm (insets), F = 10 mm.
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and lipid-like droplets (Fig. 9P) and axonal pathology resembling

those seen in striatum (Fig. 9Q). Here also, electron-dense mater-

ial accumulated at synaptic contacts (Fig. 9R).

These results suggest that overexpression of human BAC �-

synuclein led to pathological alterations at synapses and axons

of dopaminergic neurons in olfactory bulb and in the nigrostriatal

system.

Discussion
Several �-synuclein transgenic mice (recently reviewed by Magen

and Chesselet, 2010) and rats, expressing transgene (Lelan et al.,

2011) or viral injected �-synuclein mainly in dopaminergic regions

(Kirik et al., 2002; Lo Bianco et al., 2004; Yamada et al., 2004;

Chung et al., 2009) have been generated to provide the oppor-

tunity to elucidate mechanisms underlying human synucleinopa-

thies. The overexpression level of �-synuclein protein was

correlated to its toxic gain-of-function, as comparative studies

indicated that an increased total copy number of transgene

induced an early phenotype (Daher et al., 2009), when comparing

homozygous with heterozygous animals (Neumann et al., 2002;

Gomez-Isla et al., 2003; Daher et al., 2009) or the phenotype of

rats with high and low viral �-synuclein titre, accordingly (Koprich

et al., 2011). In human Parkinson’s disease, the triplication of the

SNCA locus (Singleton et al., 2003) correlates with a higher level

of �-synuclein RNA and protein (Farrer et al., 2004; Miller et al.,

2004) and might be associated with an early-onset and a rapid

progressive dopaminergic phenotype (Sekine et al., 2010). In

animal mouse brain, the detected high levels of �-synuclein led

to conversion into insolubility and/or small inclusion formations

in vivo (Masliah et al., 2000; Giasson et al., 2002; Kahle et al.,

2001; Neumann et al., 2002; Gomez-Isla et al., 2003; Lim et al.,

2010). By demonstrating strong and age-related increase of insol-

uble full-length �-synuclein in dopaminergic synapse-rich striatum

of BAC �-synuclein transgenic rats comparable with different se-

verity of human Parkinson’s disease, we provide evidence that the

conversion and deposition of �-synuclein is related to pathology of

nerve terminals in transgenic animals in vivo and might be con-

comitant with the observed increase in astrogliosis (Supplementary

Fig. 3). Additionally, we detected a strong increase in insoluble

C-terminal truncated �-synuclein in the striatum within aged synu-

clein transgenic rats reflecting biochemical data gained of striatum

of patients with Parkinson’s disease with increasing Braak stages

(Fig. 4). Previous studies have demonstrated that insoluble

C-terminal truncated �-synuclein mediates the pathogenic conver-

sion of additional soluble �-synuclein into pathogenic fibrils

(Mishizen-Eberz et al., 2005); its accumulation in the core of

Lewy bodies (Dufty et al., 2007; Muntane et al., 2012) may fur-

ther hint to its role as a seed in the formation of �-synuclein

aggregates. However, although we detected a relatively high

load of C-terminal truncated �-synuclein in the striatum, it was

Figure 9 Ultrastructural analyses revealed axonal and synaptic pathology and dark-cell degeneration in BAC synuclein transgenic rats.

Semi-thin sections showed numerous �-synuclein immunopositive periglomerular (Pg), dopaminergic neurons in (A) glomerular layer (Gl)

of olfactory bulb and (M) substantia nigra pars compacta surrounded by nerve fibres, presenting dot-like immunoreactive deposits as also

prominently detected in numerous dilated spheroids of the striatum (G). Adjacent toluidine blue-counterstained semi-thin sections dis-

played shrunken dark degenerated neurons as depicted in B (arrow head) and H (arrow), filled with cytoplasmic dark blue granular

deposits (arrowheads in B and H). Higher magnification revealed characteristic features of dark cell neurodegeneration with a condensed

cytoplasm (C, I and O), which were found to harbour accumulated lysosomes, lipid droplets, dark organelles (arrows C, I and P) and

swollen endoplasmatic reticulum (D and J). Single dilated unmyelinated nerve fibres in the glomerular core and dorsal striatum and

substantia nigra showed detachment of dark axoplasm containing numerous electron dense inclusions (E; arrows in C, E, K and Q) and

electron dense synaptic terminal with accumulated empty vesicles (L and R, arrows in F). Scale bars: A, G, M = 15mm; B, H, N = 10mm; C,

I, O = 3mm; D, J, P, F, L, R = 1 mm; E, K, Q = 5mm. Pg = ���.
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not selectively detected before the increase of insoluble full-length

�-synuclein in 12-month-old rats when compared with

16-month-old rats. Although the underlying mechanisms leading

to generation and increase of C-terminal truncated �-synuclein

require further investigation, it is apparent that its selective pres-

ence in transgenic animals, its synergistic increase with full-length

�-synuclein in the insoluble fraction of the nigrostriatal system and

its presence in late stage Parkinson’s disease brain indicate its role

in disease pathogenesis. Small �-synuclein deposits are known to

accumulate at pathogenetically alterated axons and/or synapses

(Lee et al., 2002; Steidl et al., 2003; Masliah et al., 2005;

Nuber et al., 2008; Lim et al., 2011); thus, it may be suggested

that the detected endoplasmic reticulum pathology, increase of

lysosomal structures in combination with the presence of empty

vesicles, indicates vulnerability of synapses owing to malfunction-

ing of sorted protein synthesis. Our biochemical, structural and

behavioural data further indicate that the nigrostriatal dopamin-

ergic system of synuclein transgenic rats is strongly affected, which

would be in contrast to several other pan-neuronal-expressing

synuclein transgenic mouse models, showing neither gross synu-

cleinopathy nor differences in dopaminergic innervations (Giasson

et al., 2002; Lee et al., 2002; Rockenstein et al., 2002; Gomez-Isla

et al., 2003). Additionally, dopaminergic neuropathology of tyro-

sine hydroxylase-directed expression of human �-synuclein in

transgenic mice was more related either owing to embryonic al-

terations (Wakamatsu et al., 2008), artificial constructs, e.g.

C-terminal truncation on �-synuclein null background (Tofaris

et al., 2006), double-mutations (Riechfield et al., 2002) or add-

itional toxic triggers of the dopamine pathway (Thiruchelvam

et al., 2004).

In contrast, �-synuclein overexpression in dopaminergic cells

induced by injection of viral vectors in vivo or in cell culture

point to its function as a mediator of dopamine synthesis, storage

and release (Murphy et al., 2000; Lotharius et al., 2002; Baptista

et al., 2003; Larsen et al., 2006). By using several approaches to

determine the impact of �-synucleinopathy on dopaminergic in-

tegrity in our BAC �-synuclein transgenic rats, we showed that

reduction of dopamine levels �70% exceeded by far the extent

of loss of dopaminergic innervations and cell numbers. A recent

study by Lundblad et al. (2012) defined distinct stages of impair-

ments that correspond to a progressive Parkinson’s disease pheno-

type by usage of an adeno-associated virus �-synuclein rat model.

Authors reported that a 2–3-fold overexpression of human

wild-type �-synuclein led to a marked (50%) reduction of dopa-

mine uptake 10 days after injection, followed by a 70–80% re-

duction in dopamine release at 3 weeks. Importantly, these

changes were observed, without major cell loss or gross behav-

ioural abnormalities as reported previously (Kirik et al., 2002).

Dopamine transporter immunoreactivity was maintained in the

surviving dopamine innervations at all tested time points, suggest-

ing an impaired function rather than an actual loss of the dopa-

mine transporter protein. Indeed, post-mortem data of patients

with Parkinson’s disease indicate that the loss of dopamine in

the caudate nucleus at onset of motor symptoms ranges between

70 and 80%, whereas dopaminergic cells in the substantia nigra

display only a moderate reduction of �30% (Riederer and

Wuketich, 1976; Fearnley and Lees, 1991; Ma et al., 1997;

Cheng et al., 2010).

Although we observed a strong reduction of striatal dopamine

levels and numbers of tyrosine hydroxylase-positive stained cells

and fibres in our BAC �-synuclein transgenic rats, striatal dopa-

mine transporter uptake was not markedly reduced. Possible ex-

planations for the observed discrepancy might be as follows: (i)

higher dopamine transporter levels are directly associated with

lower dopamine turnover and synaptic dopamine concentrations,

and therefore dopamine transporter availability may underlie com-

pensatory mechanisms to maintain dopamine levels as seen in

patients with Parkinson’s disease (Lee et al., 2000; Sossi et al.,

2007) and 6-hydroxydopamine treated rats (Finkelstein et al.,

2000; Stanic et al., 2003); (ii) by using brain lysates for high-

performance liquid chromatography analyses, we measured total

dopamine levels, including extracellular dopamine and vesicular

dopamine, and thus intrinsic factors may further contribute to

the reduction of specific dopamine markers, as �-synuclein has

been described to directly inhibit tyrosine hydroxylase activity

and dopamine synthesis (Perez et al., 2002) and to further

modify dopamine transporter availability at the plasma membrane

as a normative function (Wersinger et al., 2003, 2005); or (iii)

longitudinal PET studies detected a significantly different dopa-

mine transporter tracer binding between the anterior and posterior

putamen owing to different stages of dopamine denervation in

striatal subregions of human patients with Parkinson’s disease

(Nandhagopal et al., 2009, 2011). Such a gradient may also

occur in BAC �-synuclein transgenic rats and escape imaging

owing to limitations in spatial resolution of small animal PET

scanners.

Recently, in BAC �-synuclein transgenic mice harbouring the

identical construct as used in our rats, hyperlocomotion was

observed with an increase of dopamine transporter intensity and

a preserved tyrosine hydroxylase and neurotransmitter content,

without manifesting with �-synuclein aggregation in striatal synap-

tosomes (Yamakado et al., 2012). In contrast, in BAC �-synuclein

transgenic rats, dopaminergic neurons developed �-synuclein

aggregation, axonal dystrophy and displayed reduced dopamine

level (Figs 4, 5 and 9). Rats seem to be more vulnerable to

�-synucleinopathy (Kirik et al., 2002; Lo Bianco et al., 2004;

Recchia et al., 2008), which may relate to strain differences in

dopaminergic signalling. This was evidenced by experiments show-

ing that rats are more sensitive to D2 receptor agonist stimulation

than commonly used C57Bl6 mice, which may be owing to a

higher receptor density (Ralph and Caine, 2005). Additionally,

high dopamine concentrations stimulate D2 receptor-related intra-

cellular signalling cascades, increasing calcium currents

(Trantham-Davidson et al., 2004), which may lead to an increase

of calpain-mediated cleavage of �-synuclein, explaining its

co-migration with calpain-cleaved recombinant �-synuclein on

immunoblots (Fig. 1, Supplementary Fig. 1). However, as the

viral incorporation into adult neurons in adeno-associated

virus-�-synuclein transgenic rats leads to a time- and site-specific

expression, these rats are limited to model progressive changes in

Parkinson’s disease brain. In BAC �-synuclein transgenic rats, we

detected behavioural differences reminiscent of progressive

Parkinson’s disease, with an early alteration of olfaction already
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seen in 3-month-old animals. Deficits in odour discrimination have

been reported with an increase of newborn neurons in the glom-

erular layer of the olfactory bulb in rats expressing double-mutant

(A30P and A53T) �-synuclein under control of the tyrosine hydro-

xylase promoter (Lelan et al., 2011). We consistently observed an

increase of new neurons and an impaired sense of smell in our

transgenic rats; it might be speculated that an increase of growth

factors, such as BDNF, production of which has been shown to be

increased by dopamine receptor-associated intracellular calcium

activation in rat striatal neurons (Hasbi et al., 2009) may promote

proliferation and thus density of BrdU-positive neurons in the

glomerular core layer of our transgenic rats. Detection of early

avoidance behaviour may point towards implication of limbic

brain areas critically associated with emotional behaviour, such

as the hippocampus and the frontal cortex (Smith et al., 1995;

Calabrese et al., 2009) demonstrating affection of additional brain

regions, which requires further investigation. In contrast to Lelan

et al. (2011), we additionally detected pathology of the dopamin-

ergic nerve terminals accompanied by motor impairments already

starting with subtle deficits at 3 months of age, getting more

prominent by 12 months of age. Thus, our data suggest that a

high expression level and usage of the BAC construct generated

an advanced model to study the relationship of pathogenetically

converted �-synuclein in neurological decline.

In summary, we generated a BAC �-synuclein transgenic rat

developing misfolding and modification of human �-synuclein

and a behavioural phenotype recapitulating some changes seen

in early and late Parkinson’s disease stages. Its severe impact on

dopaminergic nerve terminal degeneration is concomitant with

accumulating evidence correlating �-synuclein aggregation to syn-

aptic pathology in disease progression of Parkinson’s disease and

related disorders, and will open up research for understanding the

precise role of �-synuclein in dopamine synaptic function and for

discovering novel therapeutical strategies.
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Tofaris GK, Garcia Reitböck P, Humby T, Lambourne SL, O’Connell M,
Ghetti B, et al. 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 disorders. J

Neurosci 2006; 26: 3942–50.
Trantham-Davidson H, Neely LC, Lavin A, Seamans JK. Mechanisms

underlying differential D1 versus D2 dopamine receptor regulation of

inhibition in prefrontal cortex. J Neurosci 2004; 24: 10652–9.
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