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Neurobiology of Disease

Neurodegeneration and Motor Dysfunction in a Conditional
Model of Parkinson’s Disease
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a-Synuclein (a-syn) has been implicated in the pathogenesis of many neurodegenerative disorders, including Parkinson’s disease. These
disorders are characterized by various neurological and psychiatric symptoms based on progressive neuropathological alterations.
Whether the neurodegenerative process might be halted or even reversed is presently unknown. Therefore, conditional mouse models are
powerful tools to analyze the relationship between transgene expression and progression of the disease. To explore whether a-syn solely
originates and further incites these alterations, we generated conditional mouse models by using the tet-regulatable system. Mice
expressing high levels of human wild-type a-syn in midbrain and forebrain regions developed nigral and hippocampal neuropathology,
including reduced neurogenesis and neurodegeneration in absence of fibrillary inclusions, leading to cognitive impairment and progres-
sive motor decline. Turning off transgene expression in symptomatic mice halted progression but did not reverse the symptoms. Thus,
our data suggest that approaches targeting a-syn-induced pathological pathways might be of benefit rather in early disease stages.
Furthermore, a-syn-associated cytotoxicity is independent of filamentous inclusion body formation in our conditional mouse model.
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Introduction

Parkinson’s disease (PD) is the second most common neurode-
generative disease, affecting ~1% of the elderly population with a
higher prevalence in men (Dluzen and McDermott, 2000). Clin-
ically, PD is characterized by severe and progressing motor symp-
toms (bradykinesia, resting tremor, rigidity, and postural insta-
bility), which are mainly linked to the degeneration of
dopaminergic neurons in the substantia nigra pars compacta,
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coupled with a depletion of dopamine (DA) and metabolites in
the nigrostriatal projections (Bernheimer et al., 1973). PD-
related motor symptoms are frequently predated by olfactory
dysfunction (Doty et al., 1988) and in later stages accompanied by
cognitive decline (Riekkinen et al., 1998; Bruck et al., 2004), sug-
gesting an involvement of different brain areas in disease progres-
sion. Microscopically, proteinacious inclusions, termed “Lewy
bodies” (LBs) are frequently detected in remaining nigral neu-
rons of postmortem PD brains. The presence of these cytoplas-
matic inclusions might be cytotoxic (Hurtig et al., 2000; Giasson
et al., 2002; Braak et al., 2004), but there is increasing evidence
that, in contrast, they might be cytoprotective by sequestering
toxic protein structures (Gispert et al., 2003; Tanaka et al., 2004;
Inden et al., 2005; Bodner et al., 2006). a-Synuclein (a-syn) was
identified as the major filamentous component of LBs (Spillan-
tini et al., 1998). The identification of three point mutations
(A53T, A30P, and E46K) in the a-synuclein gene linked to auto-
somal dominant (AD) PD (Polymeropoulos et al., 1997; Kriiger
etal., 1998; Zarranz et al., 2004) support a central role for a-syn in
the pathogenesis of PD. Most importantly, duplications and trip-
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lications of wild-type (wt) a-syn have been identified as a cause of
ADPD (Singleton et al., 2003; Chartier-Harlin et al., 2004) indi-
cating that an overload of a-syn protein is sufficient to result in
nigral cell loss. However, the pathomechanism underlying wt or
mutated a-syn-induced cytotoxicity to the nigrostriatal dopami-
nergic system remains unclear so far. To elucidate the role of
a-syn in the pathogenesis of PD, transgenic (tg) models were
created overexpressing human a-syn in the brain. Some of theses
models represented LB-like formations (Masliah et al., 2000;
Kabhle et al., 2001; Tofaris et al., 2006). However, a-syn tg mice
failed to model neurodegeneration of the nigrostriatal system as
an important precondition to use these models in preclinical tri-
als. Furthermore, expression of all previously established models
was permanent and did not answer the questions of whether
a-syn is the solely elicitor and enhancer of dopaminergic cell
death and whether disease progression can be halted or even
reversed after onset of neuropathology by cessation of transgene
expression.

Thus, we generated tet-off conditional tg mice expressing hu-
man wt a-syn under control of neuronal specific promoters. We
demonstrate here that mice expressing human wt a-syn develop
degeneration of neurons in the substantia nigra and hippocam-
pus as well as reduced hippocampal neurogenesis, leading to pro-
gressive motor decline and cognitive impairment. These pheno-
typic alterations were independent of the formation of a-syn-
positive fibrillary aggregates. More importantly, progression of
the phenotype could be halted in aged symptomatic mice when
a-syn expression was switched off.

Materials and Methods

Constructs. Wt human a-syn cDNA (nucleotides 46—520; GenBank ac-
cession no. NM_000345) was cloned downstream of the tTA responsive
promoter of the pUHD 10-3 expression vector (Gossen et al., 1995) into
the Xbal restriction site. Mice expressing the tTA construct under control
of calcium/calmodulin-dependent protein kinase Ila (CaMKIIa) pro-
moter (Mayford et al., 1996) (designated CaM promoter in this study) or
the hamster prion protein promoter (PrnP) have been described previ-
ously (Tremblay et al., 1998). The PrnP promoter is designated PrP
promoter in this study.

Transgenic mice. DNA fragments were injected into fertilized eggs at a
concentration of ~2 ng/ul. Tg mice were generated and founder mice
were identified by Southern blot analyses according to standard proce-
dures. a-Syn tg responder lines (a-syn and a-synl) were established by
crossbreeding with C57BL/6 mice. Offspring were analyzed by PCR anal-
ysis of tail DNA, using primers specific for the tTA sequence (for CaM- or
PrP-expressing mice: tTA-F, 5'-GAC GAG CTC CAC TTA GAC GG-3';
tTA-R, 5'-TAC TCG TCA ATT CCA AGG GC-3") or the tet-responsive
element (for a-syn tg mice: pTRE-F, 5'-GAG ACG CCA TCC ACG CTG
T-3'; pTRE-R, 5'-CAG TCT AGT TGT GGT TTG TCC A-3'), respec-
tively. The relative number of DNA copies was estimated via quantitative
real-time PCR (qPCR) on a LightCycler 2.0 (Roche, Mannheim, Ger-
many) using a LightCycler FastStart DNA Master "¢ SYBR Green I kit
(Roche) and mouse tail genomic DNA. Reactions were performed in a 20
wl mixture containing 10 pmol of each primer, 5 ul of 1:50 diluted DNA
and 1 X SYBR Green Mix (Roche). qPCR was performed in duplicate and
normalized to a reference gene (B-actin; B-actin-F, 5'-CGTACCACAG-
GCATTGT-3'; B-actin-R, 5'-GATGTCACGCACGATTTC-3"). Primer
sequences to detect copy number of the a-syn transgene were located in
the pTRE sequence (qTRE-F, 5'-CGGGTCGAGTAGGCGTGTA-3';
qTRE-R, 5'-ACAGCGTGGATGGCGTCT-3'). The PCR amplification
efficiency was determined for each gene using serial dilutions of genomic
DNA. The relative amount of DNA copy number in two independent
responder lines was calculated according to Pfaffl (2001).

To cease expression of the transgene (designated “gene off”), mice
were treated with 2 mg/ml doxycycline (dox) (Sigma, Munich, Germany)
in a 5% sucrose solution in the drinking water. For long-term treatment
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(>2 months), sucrose was weekly reduced in 0.1% steps until a final
concentration of 0.2% sucrose was reached. All mice were kept in normal
light/dark cycle (12 h light/dark) and had ad libitum access to food and
water.

Light and electron microscopical immunohistochemistry. Mice were
anesthetized deeply with CO, and perfused intracardially with 4% para-
formaldehyde (PFA) in 0.1 M PBS. Brains were removed from the skull
and postfixed overnight in the fixative, embedded in paraffin, and sagit-
tally cut into 7 wm sagittal sections. After dewaxing in xylene and rehy-
drating in decreasing stages of ethanol, slides were microwaved for 15
min in 10 mM sodium citrate, pH 6.0, and washed with PBS. Endogenous
peroxidase was blocked using 0.3% hydrogen peroxide. After blocking
with 5% normal rabbit serum (NRS) in PBS and 0.3% Triton X-100,
sections were washed with PBS, and the primary 15G7-a-syn antibody
(1:2; diluted in PBS and 1% NRS) (Kahle et al., 2000) was added and
incubated at room temperature (RT) for 2 h. The secondary antibody was
coupled with biotin (Vector Laboratories, Burlingame, CA), diluted
1:200 in PBS and 1% NRS, and added after washing the slides with PBS.
After incubation for 1 h and washing with PBS, an avidin—biotin en-
hancer complex coupled with peroxidase (ABC Elite; Vector) was added
and incubated at RT for 2 h. After washing with PBS, 3,3'-
diaminobenzidine (DAB) (Sigma) was added, and the reaction was
stopped in double-distilled water after 8 min. Slides were lightly coun-
terstained with hematoxylin (Merck, Darmstadt, Germany), dehydrated,
and mounted using CV mount medium (Leica, Bensheim, Germany).

For detailed light and electron microscopical analysis, mice were
deeply anesthetized with pentobarbital (40 mg of Nembutal, i.p.) and
transcardially perfused by a4% PFA. Fixed brains were removed from the
skull, coronally cut into 50 pwm vibratome sections, and immunostained
as recently described (Petrasch-Parwez et al., 2007). Briefly, after reduc-
tion and blocking, sections were incubated for 72 h at 4°C with anti-
calbindin D-28k (1:2000) (CB-38a; Swant, Bellinzona, Switzerland),
anti-tyrosine hydroxylase (TH) (1:1000) (AB 152; Chemicon, Hofheim,
Germany), or 15G7-a-syn (1:10) (Kahle et al., 2000) in 10% normal goat
serum or 10% NRS. After rinsing in PBS, sections were placed in biotin-
ylated goat anti-rabbit (1:1000) (Vector) or rabbit anti-rat (1:500) (Vec-
tor) in 2% bovine serum albumin for 24 h at 4°C. Finally, sections were
incubated in ABC (1:1000 in PBS) and visualized with DAB. For light
microscopical analysis, sections were viewed using an Axioplan 2 imag-
ing microscope (Carl Zeiss, Oberkochen, Germany) equipped with an
AxioCam HR color digital camera (Zeiss) and the AxioVision 4.3 soft-
ware package (Zeiss).

Sections for electron microscopical analysis were immunostained with
omission of Triton X-100 and incubation of 15G7-a-syn antibody (1:2),
postfixed with 2% osmium tetroxide, dehydrated, and flat-embedded in
Araldite (Serva, Heidelberg, Germany). Semithin (0.75 um) and ultra-
thin sections (100 nm) were cut with a Leica Ultracut UCT microtome
and stained with 1% toluidine blue, pH 9.0. Ultrathin sections were
contrasted with 5% aqueous uranyl acetate and lead citrate, pH 12. Semi-
thin sections were documented by a DP71 camera (Olympus, Miinster,
Germany) and mounted on an Olympus light microscope photodocu-
mented and measured by the analysis soft imaging system.

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling. Terminal deoxynucleotidyl transferase-mediated biotinyl-
ated UTP nick end labeling (TUNEL) was performed on 50 um sections
of 110-week-old CaM_a-syn and corresponding control mice according
to the manufacturer’s instructions (Promega, Madison, WI). Staining
efficiency was controlled using thymus sections as controls, which
yielded the expected results (data not shown).

Cell counting. Number of TH-positive cells were estimated with sys-
tematic random sampling of about every second section to yield 9-11
sections per mouse per substantia nigra (SN). TH-reactive neurons of
four control and four CaM_a-syn mice (aged ~110 weeks) were
counted. An optical fractionator was used to estimate total cell number
(West, 1993). Region definitions were based on the Paxinos and Franklin
(2001) mouse brain atlas, and stereological analysis was done as de-
scribed previously (Maetzler et al., 2007). Cells undergoing dark cell
degeneration can be identified either in toluidine blue-stained semithin
sections or electron microscopically in ultrathin sections. The areas in-
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Table 1. Experimental design
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design, see Table 1. All tested animals were 16
weeks old at the beginning of the experiment.

Groups: B To determine the impact on neurogenesis, these
(C:o;}rol (n 7(?7) 5 mice received daily intraperitoneal injections of
al a-syn = ‘1. .

G N - bromsdosyude B0 GO mg Sgmo

Gene off control (n = 4) ys starting at 20 weeks of age

Treatment: and were killed 4 weeks after the BrdU injec-

BrdU i.p. (50 mg/kg) tions. Immunohistochemistry and double-

: labeling immunofluorescence with antibodies

) against BrdU, proliferating cell nuclear antigen

EPerfusmn (PCNA), doublecortin (DCX), and NeuN, and

4 : quantification of immunopositive cells was per-

Dox treatment (gene off) y formed as previously described (Winner et al.,

Experimental day 0 32 64 2004). Statistical analysis was performed using

Animal age (weeks) 16 20 24 the one-way ANOVA and post hoc Bonferroni’s

Dox-treated animal age (weeks) | “16 20 24 multiple-comparison test (Prism; Graph Pad

CaM_control CaM_a-syn  Gene off CaM-0-syn Gene off control Software, San Diego, CA). The data are ex-

Proliferation (PCNA+) 293+41 254+19 294416 306+27 pressed as mean values = SEM. A value of p <
INeuroblasts (DCX+) total 2059+286 874+224* 1962+193" 176774 0.05 was considered signiﬁcant,

Survival (BrdU+t) 588+19 329417+ 464+44% 39248* Quantification of DA, 3,4-dihydroxyphenylacetic

%6 NeuN + cells 82 77 85 ~ 83 _ acid, homovanillic acid, serotonin, and 5'-

IBrdU/ NeuN total cell number 496+8 252+15* 389£11* 325+12%

Top, Injection paradigm and doxycycline treatment (gene off) of conditional CaM_ce-syn mice and respective controls. Bottom, Cell number and fate of
newhorn cells in the hippocampal dentate gyrus. Data are presented as mean = SEM. BrdU, Bromodeoxyuridine. *p << 0.05 compared with control mice;

*p < 0.05 compared with CaM_ce-syn mice.

spected were measured by the analysis soft imaging system and com-
prised the substantia nigra pars compacta and pars reticulata of two
CaM_a-syn mice (9 and 20 months of age), and two corresponding
9-month-old control brains. Dark and healthy neurons (see Fig. 5H)
were quantified on 10 semithin sections of the respective areas, all at
bregma level, ~5.4—5.6 mm, according to Paxinos and Franklin (2001).
All counted sections were at least 7.5 wm apart from each other, and only
healthy lightly stained neurons with a distinct nucleus and darkly
toluidine-blue stained cells were counted.

Double-labeling immunofluorescence. After washing with PBS and
blocking in 10% normal donkey serum (NDS) containing 0.3% Triton
X-100 in PBS for 1 h, 20-um-thick free-floating cryosections were incu-
bated with 15G7-a-syn (1:5) for 24 h, and then washed with PBS, and
subsequently incubated with anti-TH (1:500) for 24 h at 4°C. After sub-
sequent washes, sections were labeled using Cy-2-coupled anti-rabbit
antibody (1:200; 2 h; RT), washed again, and incubated in Cy-3-coupled
anti-rat antibody (1:200; 2 h; RT) secondary antibodies (Jackson Immu-
noResearch Laboratories, West Grove, PA), each diluted in PBS and 3%
NDS. After washing with PBS, sections were mounted in Vectashield
DAPI (4',6'-diamidino-2-phenylindole) mounting medium (Vector).
Sections were analyzed using a Nikon light microscope (Eclipse 80i; Ni-
kon, Tokyo, Japan), Nikon objectives (Plan Apo, VC 2X, NA, 1.0; Plan
Apo, VC 40X, NA, 1.1), motorized specimen stage for automatic sam-
pling (Mirzhduser, Wetzlar, Germany), electronic microcator (Heiden-
hain, Traunreut, Germany), a dedicated Nikon HiSN fluorescence sys-
tem, a Nikon cooled DS-5Mc camera, and imaging software (Stereo
Investigator; MicroBrightField, Williston, VT).

Sequential extraction of a-syn. Subcellular fractionation of human ce-
rebral cortex samples and whole mice brains was performed as described
previously (Tofaris et al., 2006). Briefly, human tissue was homogenized
in 10 vol and mouse tissue in 5 vol of TBS+ (Tris-buffered saline plus
Complete protease inhibitor; Roche Diagnostics, Mannheim, Germany)
and spun for 30 min at 120,000 X g. The resulting supernatants repre-
sented the TBS+ soluble fraction. The pellet was then extracted sequen-
tially with 1 ml of TBS+ containing 1% of Triton X-100, and TBS+, 1 M
sucrose, after extraction with RIPA buffer (50 mm Tris-HCI, pH 7.4, 175
muM NaCl, 5 mm EDTA, 1% NP-40, and 0.5% sodium deoxycholate) and
0.1% SDS. The detergent-insoluble pellet was solubilized in 8 M urea/5%
SDS.

Study of neurogenesis. CaM_a-syn mice were compared with litter-
mate controls and dox-treated gene-off CaM_a-syn mice (16 weeks on/8
weeks off) and respective treated controls. For details of experimental

hydroxyindoleacetic acid. Untreated CaM_a-syn
mice (gene on), treated CaM_a-syn mice (gene
off), and corresponding controls were analyzed
for postmortem tissue content of DA, 3,4-
dihydroxyphenylacetic acid (DOPAC), ho-
movanillic acid (HVA), serotonin, and 5'-
hydroxyindoleacetic acid (5-HIAA). After cervical dislocation, the brain was
rapidly removed and placed on an ice-cooled plate for selective dissection of
the main olfactory bulb, striatum, and substantia nigra. Brain samples were
sonicated in 20-fold 0.1 M perchloric acid and centrifuged at 23,000 rcf for 30
min at 4°C. A total of 20 ul of supernatant was injected onto a C18 column
(Dionex, Germering, Germany). The mobile phase, pH 4.3, consisted of
90% 50 mm sodium acetate, 35 mum citric acid, 105 mg/L octane sulfonic acid,
48 mg/L sodium EDTA solution, and 10% methanol. Flow rate was 1 ml/
min. Peaks were detected by an ED50 electrochemical detector (Dionex),
and the detector potential was set at 700 mV. Data were collected and pro-
cessed using the Chromeleon computer system (Dionex). Data are reported
as mean = SEM. Statistical analysis was done using Student’s ¢ test for pair-
wise comparisons and ANOVA with post hoc Newman—Keuls test. A value of
p < 0.05 was considered significant.

MicroPET studies. Five untreated CaM_a-syn mice, three respective
treated CaM_a-syn, and seven control mice were used for positron emis-
sion tomography (PET) imaging studies. Mice were anesthetized with
ether while placing a 30 ga catheter in the tail vein, which had a dead
volume of <100 wl. To avoid blood coagulation and for flushing, it was
filled with a 2% heparine/NaCl mixture. During imaging, mice were
anesthetized with 1.5% isoflurane (Vetland Anesthesia System, Louis-
ville, KY) at a flow rate of 0.8 L/min oxygen. PET imaging studies were
performed with a microPET FOCUS 120 scanner (Siemens Preclinical
Solutions, Knoxville, TN) yielding a spatial resolution of ~1.3 mm in the
reconstructed image. Data were acquired in list mode over 3600 s and
histogrammed into 64 time frames. Mice were injected with [''C]p-
threo-methylphenidate (''C-MP), which was synthesized by alkylation
of the free acid of N-protected p-threo-methylphenidate using [''C]m-
ethyliodide (Ding et al., 1994a). High specific activity [''C]CH,I was
prepared in an automated module (PETtrace Mel Microlab; GE Health-
care, Uppsala, Sweden). The radiolabeling was performed in a PET tracer
synthesizer for ''C methylations from GE Healthcare. The total synthesis
time was 60 min, and specific activities of 75-140 GBq/pumol at end of
synthesis were obtained. The mean injected activity of 'C-MP was 22 +
18 MBq, which corresponds to a mean carrier of 959 * 1276 pmol,
whereas the maximum was <5445 pmol to avoid saturation effects. The
injected tracer volume was between 25 and 100 ul. Data were acquired in
fully three-dimensional (3D) mode, and images were reconstructed us-
ing filtered back projection with a matrix size of 128 X 128, and a zoom
of 3. A standard 3D region of interest (ROI) for the striatum was applied
to all mice. This standard ROI was created manually (AsiPro software;
Siemens) with the aid of isocontours selected to yield a diameter of 2 mm
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for the striatum in accordance with the mouse stereotaxic atlas (Paxinos
and Franklin, 2001). 3D-ROIs of the striatum and the cerebellum were
used to generate time—activity curves (TACs) for quantitative analysis.
Kinetic receptor modeling was applied using Logan-Plots (Logan, 2000)
to determine the modified binding potential for dopamine transporter
(DAT). Statistical analysis was performed using the unpaired two-tailed
Student’s ¢ test. For power analysis, an a value p = 0.05 and 80% power
was used (JMP 5.1 software). The data are expressed as mean values *
SEM. A value of p < 0.05 was considered significant.

Western blot analysis. Mice were killed by CO, and tissues were frozen
at —80°C. Total protein extracts were obtained by homogenization in
TES buffer (50 mm Tris, pH 7.5, 2 mm EDTA, 100 mm NaCl) supple-
mented with a mixture of protease inhibitors (Complete; Roche Applied
Science, Mannheim, Germany). After the addition of Nonidet NP-40
(Sigma) to a final concentration of 1%, and incubation at 4°C for 30 min,
homogenates were centrifuged at 20,000 rcf for 20 min at 4°C. The
cleared supernatant was supplemented with glycerol and stored at
—80°C. Protein extracts (20 ug each) were fractionated on 17% SDS-
PAGE and blotted on a nitrocellulose membrane (Whatman, Dassel,
Germany). Immunoblots were blocked in 5% dry milk in TBST buffer
(10 mm Tris, pH 7.5, 0.15 M NaCl, 0.1% Tween 20) and subsequently
probed with 15G7-a-syn antibody (1:5) or 7544-anti-a-syn antibody
(1:200) (Kahle et al., 2000) or Mc42 (1:3000) (Transduction Laborato-
ries, Lexington, KY). Anti- B-actin (1:10,000) (A4700; Sigma) was used as
internal control. Bound antibodies were visualized with horseradish
peroxidase-conjugated secondary antibodies and enhanced chemilumi-
nescence (ECL or ECLP""; GE Healthcare) and exposure to hyperfilm
(GE Healthcare). ImageQuant software 5.0 (GE Healthcare) was used to
determine the optical density of protein bands, and all data were normal-
ized to the expression of B-actin.

Rotating rod and motor skill analysis. Motor training was performed at
the beginning of the dark phase of the daily cycle. Body weight was
recorded every 6 weeks at the beginning and the end of the session. Eight
CaM_a-syn mice and eight corresponding a-syn single-tg controls were
tested on an accelerating rotarod (TSE, Bad Homburg, Germany). The
speed of the rod was set to increase from 4 to 40 rpm over a 5 min period.
The latency to fall from the rod was measured in two trials per day over a
5 d period, after a training session over 5 successive days (two trials per
day). Each test trial lasted for a maximum of 6 min. At least 30 min
recovery time was allowed between trials. The data for each group of
animals was averaged. Assessment of motor ability was first measured in
18-week-old untreated mice and was repeated every 6 weeks over a 30
week period. Then, all tested mice were given 2 mg/ml dox through
drinking water and tested again over a 16 week period.

Statistical data analysis was performed using JMP 5.1 (SAS Institute,
Cary, NC). Data are presented as mean * SEM. The sex ratio within the
four groups was compared by a contingency analysis. Effects of the factor
“group” and the factor “sex” and their interaction on the overall mean
motor performance were assessed by a multifactorial ANOVA. A linear
regression analysis was used to analyze the time course of motor perfor-
mance between sessions in both the tg group and the control group.
Linear regression was calculated using either the formula y = b + m, t for
t<Tandy=0b+ mT+ m,(t — T) (for animals having a differential
slope between testing sessions: t > T') or y = b + mt (for animals having
no differential slope between testing sessions). A t test for paired obser-
vations was used to compare the slopes within the groups before and after
treatment. A two-sample t test was chosen to test for differences in the
time course of performance between the two groups. Linear regression
was used for comparison of weight increase between the tested groups.
The slopes and the intercepts of the tg and the control mice were com-
pared with a two-sample # test. To test for differences between motor
skills learning curves of tg mice and controls, a paired ¢ test was used. A
value of p < 0.05 was considered significant.

Morris water maze experiments. Four female 52-week-old CaM_a-syn
mice and respective control littermates were tested for their ability of
spatial learning and long-term memory by performing Morris water
maze (MWM) behavioral experiments as described by Winkler et al.
(2000); for details of experimental design, see Figure 9C. Briefly, for data
analysis, the pool (diameter, 112.5 cm) was divided into four equal quad-
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rants (southwest, southeast, northwest, northeast). The escape platform
(10 X 10 cm?) was positioned in the center of quadrant 3 and submerged
1 cm under the water surface. For cued training, platform position was
marked with a small colored flag, extending 7 cm above the water surface.
For learning, mice were trained to find the hidden and unmarked plat-
form (conventional reference memory MWM training) (Janus, 2004) for
5 d (two trials per day) and were allowed to remain on the platform for
30 s after each trial. The intertrial intervals were 240 s. For assessment of
spatial memory, a probe trial was performed 24 h after the final trial of the
learning session; the platform was removed from the pool and the path
that the mice swam in a period of 60 s was recorded. The retention was
performed on day 13 (two trials, each 60 s). After the hidden platform
version of the MWM, mice were tested in the cued reference memory
MWM test (cued maze) for 2 d (two trials per day) to exclude vision
deficits. To assess working memory, the hidden escape platform was
changed on day 19 from southwest to northeast (platform switch) and
mice were tested in four trials, each lasting 60 s. To prevent the usage of
nonspatial searching strategies, the release points for the mice were coun-
terbalanced in the pool for each trail. The data are expressed as mean
values = SEM. Statistical analysis was performed using two-way ANOVA
repeated measurement (Prism; Graph Pad Software). The significance
level was set at p < 0.05.

Results

Generation of conditional models of PD

We generated conditional mouse models of PD using the
tetracycline-regulated tet-off system (Gossen and Bujard, 1992).
As multiplication of the wt a-syn locus is sufficient to cause PD in
human individuals (PARK4) (Singleton et al., 2003; Chartier-
Harlin et al., 2004), tg mouse lines were generated overexpressing
the human wt a-syn gene. Two responder lines (designated a-syn
and a-synl) were chosen to establish stable lines by crossbreed-
ing with C57BL/6 mice. By using quantitative real-time PCR of
tail genomic DNA, we did not find differences in copy number of
the integrated transgene between these two responder lines.

For inducible expression of human @-syn in tg mouse brain,
an additional mouse line was required expressing the tetracycline-
controlled transactivator (tTA) tg under the control of a neuron-
specific promoter. Subsequently a-syn tg mice were crossbred
with either a prion-protein promoter line (designated PrP)
(Tremblay et al., 1998) or a calcium/calmodulin-dependent pro-
tein kinase Il promoter line (designated CaM) (Mayford et al.,
1996) (Fig. 1 A). Heterozygote crossing of the CaM line or the PrP
line with mice of either the syn or the syn1 line, yielded among
single-tg mice also double-tg mice (designated CaM_a-syn or
CaM_a-synl, PrP_a-syn or PrP_a-synl). To abolish expression
of the human a-syn gene, double-tg mice were treated for a min-
imum of 30 d with 2 mg/ml dox administered to the drinking
water.

Expression pattern of tg a-syn in conditional mice

To assess tg a-syn expression, brains of double-tg mice were
dissected in five subregions (Fig. 1 B). a-Syn expression level was
calculated by quantifying a-syn signals on Western blots in rela-
tion to expression signals of human a-syn obtained from human
prefrontal cortex (positive control) (Fig. 1 D). B-Actin was used
as control for equivalent loading of protein extracts. In PrP_a-
synl mice, expression was limited to the olfactory bulb, whereas
PrP_a-syn mice showed weak signals in the olfactory bulb, cor-
tex, basal ganglia, and cerebellum (Fig. 1C). Expression was par-
ticularly enhanced by using the CaM promoter line. CaM_a-syn
mice showed elevated levels of human a-syn in the cortex and
basal ganglia (Fig. 1 D). However, expression of human a-syn was
absent in the cerebellum of these mice (Fig. 1C). Compared with
PrP_a-synl mice, CaM_a-synl mice presented enhanced ex-
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pression in olfactory bulb, cortex, and basal ganglia (Fig. 1D).
The signal was specific to the human a-syn protein because brain
tissues of non-tg controls and of a-syn knock-out mice (Abeliov-
ich et al., 2000) did not display any signal in the expected regions
(data not shown). In the olfactory bulb, the relative levels of
overexpression of human a-syn, compared with the mouse en-
dogenous a-syn levels were 0.6-fold for PrP_a-syn, 1.5-fold for
PrP_a-synl, 2.0-fold for CaM_a-syn, and 3.3-fold for CaM_a-
synl mice (data not shown). We then determined whether ex-

Hu Ok Cx Bg Ce Bs Ob Cx Bg Ce Bs

CaM_alpha-syn
1129

58 51 55 4¢

Hu Ok Cx Bg Ce Bs Ot Cx Bg Ce Bs

CaM_aIpha-syn1

Conditional mouse design and expression pattern of human ce-syn in brains of tg mice. 4, tTA expression was either
driven by the PrP or the CaM promoter. In its active form, tTA binds to the tet07 sequence of the minimal promoter and initiates
expression of the downstream localized human c:-syn gene. Expression can be inhibited by the presence of dox, because it binds
totTA, making itinactive. B, Subregional brain dissection for Western blot analysis. The reconstructed atlas template is according
to the stereotaxic atlas (Paxinos and Franklin, 2001). ¢, Western blot analyses (20 r.g per lane) of human c-syn in dissected tg
mouse brains using the 15G7-«-syn antibody and 3-actin as internal loading control. After administration of dox for 3 weeks
(gene off), reduced protein levels in adult double-tg mice of each line were observed. Human brain was used as positive control.
D, Band intensities were quantified using ImageQuant software and normalized to the 3-actin staining in the same line to correct
for variations in loading. After normalization, the amount of human c-syn was calculated in percentage relative to expression
intensity of the human brain signal. +, Unspecific background staining of membrane. Ob, Olfactory bulb; Cx, cortex; Bg, basal

human a-syn best in the olfactory bulb
(=94%) and slightly less efficient in the
basal ganglia, cortex, and cerebellum
(=~70%) and in the brainstem (~50%)
(Fig. 1 D). Although we detected some re-
sidual human a-syn in treated CaM_a-syn
mice (Fig. 1C), long-term treatment (~60
d) was able to fully downregulate expres-
sion in mice older than 12 months (supple-
mental Fig. 1, available at www.jneuro-
sci.org as supplemental material).

We focused our analyses to PrP_a-syn
and especially on CaM_a-syn mice, be-
cause these mice showed similar regulation
pattern by dox treatment in comparison
with the respective PrP_a-synl or
CaM_a-synl mice but showed much
higher tg expression.

In these lines, a-syn expression was im-

2|20 33 o5 14 18

Gene off

munohistochemically substantiated by re-
gional a-syn immunostaining (Fig. 2).
CaM_a-syn mice revealed strong immu-
noreactivity in the olfactory bulb, olfactory
15 tubercle, cortex, caudate—putamen, globus

pallidus, hippocampus, thalamus, and
substantia nigra (Fig. 2A-C). PrP_a-syn
mice showed a similar, but much weaker
a-syn expression. Additional tg a-syn
staining was observed in the molecular and
granular layers of the cerebellum (Fig. 2 D—
F). In the olfactory bulb, PrP_a-syn mice
showed expression limited to the glomeru-
lar layer (Fig. 2D), whereas CaM_a-syn
mice revealed more prominent staining of
the granular layer (Fig. 2A). The more sen-
sitive immunohistochemical staining of
double-tg mice of both lines treated with
dox for 30 d showed that turning off trans-
gene expression in adult mouse brain (aged
>3 months) was less effective than dox ad-
ministration from birth (Fig. 2, compare
G-L for treated adult mice with M-R for
dox application from birth on). In treated
adult CaM_a-syn mice, human a-syn ex-
presssion was abolished in neuronal cell
bodies of the hippocampal pyramidal cell
layer and the cortex. However, residual staining was still detect-
able in neuropil of the cortex, the molecular layer of the dentate
gyrus (Fig. 2 H), and the substantia nigra (Fig. 21). Similarly, in
treated adult PrP_a-syn mice, residual expression was observed
in the cerebellar molecular layer (Fig. 2 K), the thalamus (Fig. 2]),
and the substantia nigra (Fig. 2L). This residual expression was
not attributable to leaky expression because mice single-tg for the
human a-syn showed no transgene expression (data not shown).
Additionally, when mice were born and raised with dox, tg a-syn
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Figure 2.  Distribution of human a-syn expression in treated and untreated conditional tg mice. Sagittal sections showed regional immunostaining for human a-syn in the brain of adult
untreated CaM_c-syn mice (A-C) and PrP_cx-syn mice respectively (D-F). 4, Strong immunoreactivity was detected in the olfactory bulb (Ob), olfactory tubercle (Tu), cortex (Cx), caudate—
putamen (CPu), globus pallidus (GP), substantia nigra (SN), thalamus (Th), and hippocampus (Hc) in CaM_ce-syn mice. B, In the CA1 area of the Hc, ce-syn immunoreactivity was observed in a
subpopulation of the pyramidal cells (PY) (arrows), various dendrites in the stratum radiatum (RAD) (arrowhead), and in the neuropil of the molecular layer (mol). C, Intense -syn staining was
observed in both the substantia nigra pars compacta (pc) and pars reticulata (pr). D, PrP_c:-syn mice displayed minor expression in the Ob, the CPu, the GP, the Hc, and the pr in comparison with
(aM_ae-syn mice. Additional staining was observed in the cerebellum (Ce). E, Expression of ce-syn was detected in the molecular layer (MOL) and in the granular layer (GL), without staining of the
Purkinje cell layer (P). F, Staining was prominent in the pc but less expressed in the pr. Doxycycline treatment over a 3 week period of adult CaM_ce-syn mice (G-1) and adult PrP_ce-syn mice (J—L)
partly ceased transgene expression. H, I, In CaM_ce-syn mice, treatment resulted in complete loss of immunoreactivity in the stratum oriens (OR), PY, and RAD of Hc, whereas the mol, the overlying
(x (H), and neuronal processes of the SN (I) were still stained, although less prominent. J-L, In treated PrP_c-syn mice, residual c-syn expression was detected in the Th (/) but abolished in the
GL (notin the MOL) of the Ce (K') and reduced in the pc and pr of the SN (L). ce-Syn staining was missing in CaM_cx-syn mice (M—0) and PrP_cx-syn mice (P-R), when mice were born and raised

(over a minimum of 8 weeks) with dox. Scale bar: B, C, E, H, 1, K, N, 0, Q, R, 20 um; A, D, G, J, M, P, 200 pum; F, L, 5 um.

expression was turned off in all brain regions of CaM_a-syn (Fig.
2M-0) and PrP_a-syn mice (Fig. 2 P-R), respectively.
CaM_a-syn mice revealed expression of human a-syn in the
nigrostriatal system at levels comparable with endogenous a-syn
of the midbrain-region of control mice (supplemental Fig. 2,
available at www.jneurosci.org as supplemental material). To in-
vestigate the tg a-syn expression in dopaminergic neurons of
these mice, the olfactory bulb and the substantia nigra were fur-
ther studied by double-fluorescence immunohistochemistry.
Punctate a-syn staining was detected in the glomerular layer of
the olfactory bulb (Fig. 3A) (for higher magnification, see Fig.
3E), an area that comprises TH-positive neurons (Fig. 3B) (for
higher magnification, see Fig. 3F). Ultrastructural analysis of the
glomerula revealed tg a-syn in unmyelinated axons (Fig. 3D) and
in synaptic terminals (Fig. 3H ), which was in agreement with the
positive spots shown by fluorescence staining (Fig. 3E). Consis-
tently, we did not find somatic colocalization with TH (Fig. 3C)
(for higher magnification, see Fig. 3G). The strong a-syn fluores-
cence labeling in the substantia nigra (Fig. 3I) (for higher mag-
nification, see Fig. 3M ) corresponded to a high amount of a-syn-
positive dendrites, myelinated and unmyelinated axons as
observed in semithin (Fig. 3P) and ultrathin sections (Fig. 3L) of
the respective area. Additionally, a-syn was colocalized with TH
(Fig. 3]) (for higher magnification, see Fig. 3N) in nigral dopa-
minergic neurons (merged: Fig. 3K,0) presenting with immu-
noreactive spots of varying size, also observed in semithin sec-
tions (Fig. 3P). Electron microscopical analysis detected a-syn-
positive patches in the cytoplasm often associated with lysosomes
or mitochondria (data not shown). However, immunopositive
patches as investigated ultrastructurally were not composed of

filaments. They therefore closely resembled microaggregates and
not LB-like structures, in particular because a-syn-positive
patches did not stain with anti-ubiquitin antibodies (data not
shown).

Consistently, sequential extraction of human a-syn from
whole brain of a 12-month-old and an 18-month-old tg mouse
revealed tg signals in cytoplasmic (TBS) and membrane (T/T)
fractions. However, urea-soluble extracts were devoid of tg a-syn
(supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material).

Electron microscopy of neuropathology in CaM_a-syn mice
In CaM_a-syn mouse brains, strong tg a-syn immunoreactivity
was prominent in cell processes of the substantia nigra pars com-
pacta and pars reticulata (Fig. 4 B). The subregions were differen-
tiated by adjacent TH-stained sections (Fig. 4 A). Electron micro-
scopical analysis of this region detected degenerated neurons
with darkened nuclear and cytoplasmic appearance, slightly col-
lapsed nuclear envelope, and increased accumulation of lyso-
somes (Fig. 4C). Large lipid-like droplets were identified between
nerve fibers of the pars reticulata often associated with a-syn-
positive axons (Fig. 4 D). Several dystrophic myelinated (Fig. 4 E)
and unmyelinated nerve fibers (Fig. 4 F) were filled with electron-
dense organelles and dark condensed mitochondria. a-syn-
positive patches dispersed within these dystrophic axons suggest
a close association of degenerating structures with the transgene
(Fig. 4F).

In the hippocampus, a-syn immunoreactivity revealed a spe-
cific distribution pattern (Fig. 4 H) [for subregional differentia-
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ing degree of degeneration (Fig. 4L) closely
resembling the axonal pathology as already
shown in Figure 4, E and F, were also iden-
tified in the CA3 area and in the hilus of the
dentate gyrus.

To characterize the extension of the cell
death in the substantia nigra, mice were an-
alyzed with regard to their numbers of do-
paminergic neurons in the substantia nigra
pars compacta. Counting of dopaminergic
cells revealed a strong tendency of reduc-
tion bordering significant level ( p = 0.07)
(Fig. 5G). In two CaM_a-syn mice (9 and
20 months of age), counting of dark cells
revealed a high amount of dark cells in the
substantia nigra compared with the re-
maining healthy cells (Fig. 5B, D). Degen-
erated cells were most prominent in the
pars reticulata and to a minor extent also
seen in the pars compacta (Fig. 5H). In
contrast, dark cells were missing in both
9-month-old control mice (for representa-
tive images, see Fig. 5A,C; and for cell
numbers, see Fig. 5H, graph).

Although dark cell degeneration was
obviously the prominent cell death in
CaM_a-syn mice, TUNEL staining of adja-
cent midbrain sections revealed single apo-
ptotic cells (Fig. 5F ), which were not seen in

sion in the olfactory bulb and the substantia nigra. Frontal brain sections of 20-month-old CaM_cx-syn mice were double-labeled
against ac-syn (red) and TH (green) to detect transgene expression in dopaminergic structures of the olfactory bulb (4-H) and
substantia nigra (/-P). A, a-syn staining was detected in the granular (Gr0) and, to a minor extent, in the glomerular layer (Gl)
of the olfactory bulb; the latter contains also TH-positive structures (B). €, Merged image shows a partial overlap of a-syn
expression and TH in the Gl. E, F, Higher magnification of the Gl revealed prominent punctate c-syn immunostaining of the
neuropil (arrows) (E) and THimmunoreaction also in neuronal somata (F). G, Merged image shows no colocalization of a-syn
and TH-positive neurons, but a moderate colocalization in the neuropil. D, H, Electron microscopy of the Gl confirmed c-syn
accumulation in the neuropil localized in unmyelinated axons (D, arrows) and synaptic terminals (T) (). 1, In the SN, ce-syn was
most prominent in the pars reticulata (pr) and less expressed in the pars compacta (pc), which is comprised of TH-positive cells
(). K, Merged image illustrated overlapping of ce-syn and TH staining in the intersectional area between pc and pr. M, Higher
magpnification of this area detected ce-syn in neuronal somata with accumulations varying in size, in some cases being colocalized
with TH (N) as clearly identified in the merged image (0, arrow). L, Electron microscopy of the intersectional area revealed c-syn
in myelinated (X) and unmyelinated (arrows) axons. P, Semithin section confirmed different accumulation sizes of a-syn in
neuronal somata (arrow) and in fiber bundles (FB). Scale bar: A—C, I-K, 1 mm; E=G, M-0, 100 em; D, H, L, 500 nm; P, 1 um.

aged-matched controls (Fig. 5E). There-
fore, apoptosis may also contribute to cell
death at a lower rate.

Neurochemical alterations

The impact of a-syn expression on both
DA and serotonin synthesis and turnover
in dopaminergic brain areas was assessed in
the olfactory bulb, striatum, and midbrain
(including the substantia nigra) of aged
CaM_a-syn mice (aged 102 = 8 weeks) in
comparison with controls (aged 106 = 9
weeks). A statistically significant reduction

tion, see adjacent calbindin-stained sections (Fig. 4G)]. Tg a-syn
was moderately expressed in the pyramidal cell layer of CA1, the
stratum lacunosum moleculare and the medial molecular layer of
the dentate gyrus, whereas prominent expression was found in
the CA3 area (Fig. 4H). Electron microscopical analysis of this
area further detected groups of dark degenerated pyramidal cells
scattered between unaffected neurons (Fig. 4I). a-syn accumu-
lated mosaic-like in mossy fibers, which are localized between the
proximal dendrites of the CA3 neurons (Fig. 4I), some of which
also showed signs of degeneration. Dark cell degeneration was
also apparent on CA1 pyramidal cells as well as on interneurons
and granule cells of the dentate gyrus, all showing various stages
of neurodegeneration (data not shown). Many a-syn-positive
mossy fiber terminals, which may show swollen vesicles and en-
larged mitochondria, formed asymmetric contacts with immu-
nonegative dendritic spines (Fig. 4]). Several immunopositive
terminals were found to be associated with dark degenerated cell
parts (Fig. 4K). Structures with condensed organelles with vary-

of DA level was detected in the olfactory

bulb of CaM_a-syn mice (Fig. 6 A). In con-

trast, CaM_a-syn mice in which a-syn ex-
pression was ceased for 37 weeks beginning at 58 weeks of age
demonstrated DA content comparable with the level of the
equally treated and age-matched control group (Fig. 6 A). DA was
also reduced in the striatum without reaching statistical signifi-
cance (Fig. 6B). There were some effects on the serotonergic
system in the olfactory bulb and the midbrain area, but this alter-
ation was only detected in dox-treated animals and was therefore
likely nonrelated to a-syn overexpression (Fig. 6A, C). Thus, ex-
pression of tg a-syn affected synthesis of DA in the olfactory bulb
of CaM_a-syn mice. In all other brain regions, synthesis and
metabolism of DA and serotonin were preserved.

Imaging of DAT activity by

[''C]p-threo-methylphenidate microPET

Because reduction of nigral dopaminergic neurons is correlated
with reduction of DAT binding in the striatum of human PD
(Antonini et al., 2001) and in N-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) neurotoxin PD models (Brownell et
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al., 2003; Honer et al., 2006) microPET
analysis of the DAT binding potential using
""C-MP was performed. The microPET
images showed a clearcut visualization of
the striatum and revealed qualitatively the
reduced tracer uptake of the CaM_a-syn
mouse (Fig. 7A) compared with the control
mouse (Fig. 7B). Subsequent calculation of
striatal and cerebellar time—activity curves
(exemplarily shown for the CaM_a-syn
mouse in Fig. 7C) yielded a decrease of 20%
in striatal radioactivity levels of CaM_a-
syn mice (n = 5; aged 88 * 5 weeks) com-
pared with control littermates (n = 7; aged
89 * 4 weeks), indicating a reduction of
DAT binding sites at presynaptic terminals.
In contrast, in CaM_a-syn mice, in which
transgene expression was ceased for 24
weeks, starting at the age of 58 weeks (n =
3; aged 82 weeks) striatal ''C-MP binding
potential was only reduced by 9% when
compared with littermate controls. How-
ever, the differences among the three
groups (control, CaM_a-syn, gene-off
CaM_a-syn) did not reach statistical sig-
nificance (p = 0.437; one-way ANOVA)
(Fig. 7D).

Analysis of neurogenesis

In the dentate gyrus of the hippocampal
formation of the mammalian brain, the
capacity for neurogenesis is preserved
into adulthood. Because strong a-syn
immunoreactivity was detected in mossy
fibers and terminals of the dentate gyrus,
its impact on mitotic activity, migration,
differentiation, and survival of newly
generated neurons was analyzed in con-
ditional mice (Table 1). There was no sig-
nificant difference of PCNA-positive
cells suggesting that the same amount of
new cells were generated in treated or un-
treated CaM_a-syn mice, when com-
pared with littermate controls. However,
the number of BrdU-positive cells was
significantly reduced in CaM_a-syn
mice, indicating decreased survival of
newly generated cells. Because the ratio
of neuronal (NeuN-positive) profiles
among BrdU-positive cells was unal-
tered, the total number of newly gener-
ated neurons (measured as the number of
BrdU-positive cells multiplied by the
percentage of BrdU/NeuN profiles; ex-
emplary double-labeling shown in Fig.
8G-I) was significantly reduced by 49%
in CaM_a-syn mice compared with re-
spective control littermates (Fig. 8, com-

pare D, E). Dox treatment of control mice revealed a decreased
neurogenesis, most likely because of the missing interacting
partner (tTA) in these mice. Importantly, CaM_a-syn mice in
which transgene expression was ceased for 8 weeks starting at
16 weeks age did not show significantly reduced neurogenesis,

Nuber et al. @ Neurodegeneration in Conditional Mice of PD

Figure4. Immunoelectron microscopy of neurodegeneration and associated c-syn in 20-month-old CaM_cx-syn mice in the
substantia nigra and hippocampus. A, TH-stained vibratome section showed dopaminergic neurons in the substantia nigra pars
compacta (SNc) and their cell processes extending toward the pars reticulata (SNr). B, Adjacent section displayed strong 15G7-
a-synimmunoreactivity in the SNc and SNr. €, The nigral neuron (DC) neighbored to a glial cell (G) localized at the border of the
SNcto the SNrshowed signs of dark cell degeneration. The nucleus appeared slightly collapsed and the cytoplasm darkened with
pronounced accumulation of lysosomes (arrows). D, Large lipid droplets (x) were dispersed among the fiber bundles of the SNr
closely associated with immunopositive unmyelinated nerve fibers (arrows). E, Several myelinated axons (AX) contained dark
condensed organelles, also observed in unmyelinated structures (F) associated with ce-syn immunopositive patches (arrows).
G, Calbindin immunostaining showed the different subareas of the hippocampus. H, The adjacent «-syn-stained section exhib-
ited labeling of the pyramidal cell layer in the CA1, the stratum lacunosum moleculare (LM), and the inner molecular layer (IML)
of the dentate gyrus. Prominent a-syn immunoreactivity was obvious in the curved stripe of mossy fibers and terminals in the
(A3 area sharply contrasting to the lightly stained hilus (H) of the dentate gyrus. /, Dark degenerated neurons (DC) (for localiza-
tion, see arrow in H ) were dispersed among normal neurons (N). The dark mossy fiber bundles (white “x"), frequently positive for
a-syn immunoreactivity, were localized between the proximal dendrites (x), some of which exhibited signs of degeneration
(arrows). J, K, Many «-syn-positive mossy fiber terminals (MT) formed asymmetric contacts with immunonegative dendritic
spines (SP) (J) or were associated with DC (K). L, Dystrophic structures (arrows) with condensed organelles were also identified
in the dentate gyrus. Scale bar: 4, B, 100 um; €, T em; D—F, 200 nm; G, H, 100 om; 1, 4 wm; J, K, 500 nm; L, 2 um.

demonstrating a direct influence of transgene a-syn expres-
sion on hippocampal neurogenesis in CaM_a-syn mice (Fig.
8 F). To specify undue influence of a-syn expression on phases
of maturation of adult proliferating progenitor cells, young
neuroblasts were counted by immunostaining against DCX.
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Figure 5.  Nigral cell death in CaM_ce-syn mice. A, B, Toluidine blue-stained sections of a
9-month-old control mouse (4) and a CaM_cx-syn littermate (B) showed numerous dark cells
(arrows) in the pars reticulata (SNr) in the tg a-syn mouse that were absent in the control.
Various dark cells were also distributed among healthy neurons in the pars compacta (SNc). €, D,
Higher enlarged pictures of the pars reticulata of the control showed the large lightly stained
healthy neurons (€) and the shrunken dark degenerated cells (arrows) in the respective area of
the CaM c-synmouse (D). F, Single apoptotic cells (arrows) were detected in CaM_c-syn mice,
were absent in control mice (E). G, Graph showing stereological counting of TH-positive SN
neurons revealed a strong tendency of reduction, bordering significant level ( p = 0.07). Error
bars indicate SEM. H, Counting of dark cells in two CaM cx-syn mice revealed a high amount of
dark cells (DCD) in the substantia nigra pars reticulata and a minor amount of dark cells in the
pars compacta. In both controls, dark cells were missing.

Concordant with less neurogenesis, the total number of neu-
roblasts was significantly reduced in CaM_a-syn mice. This
effect was not present in the dox-treated CaM_a-syn mice
(Fig. 8, compare A—C). Therefore, overexpression of transgene
a-syn affected survival of neuronal committed progenitors
and young neurons at the stage of integration into the hip-
pocampal dentate gyrus and downregulation of transgene ex-
pression resulted in recovery.
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Figure 6.  Effect of a-syn expression on neurotransmitter content in brain of old-aged un-
treated (gene on) and treated (gene off) conditional mice. A-C, Content of neurotransmitter
was measured in the olfactory bulb (4), striatum (B), and the midbrain region (including the
substantia nigra; €). Untreated (gene on) CaM_cx-syn mice (males, n = 1;females,n = 5) and
controls (males, n = 2; females, n = 6), treated (gene off) CaM_c-syn mice (males, n = 2;
females, n = 2) and equally treated controls (males, n = 3; females, n = 2) were used for HPLC
analysis. CaM_a-syn mice showing significant reduction of DA in the olfactory bulb, which was
reserved by treatment with dox. Data are presented as mean == SEM. *p << 0.05, **p < 0.01,
compared with corresponding group.

Behavioral phenotype
Because PD is a neurodegenerative disorder with typical motor
symptoms, we assessed motor performance and motor skill
learning using an accelerating rotarod apparatus.

Repeated testing of adult CaM_a-syn mice over a 30 week
period revealed progressive impairments in the motor perfor-
mance compared with age- and sex-matched controls (Fig. 9A,
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Figure 7.  Striatal DAT binding potential quantification in conditional mice. 4, B, Represen-

tative transverse color-coded microPET images (of all frames over 60 min acquisition time) of
striata were conducted with [11C]D—threo—methylphenidate of a (@M_a-syn (A) and the re-
spective control mouse (B). C, Time—activity curve of striatum and cerebellum of a CaM_ce-syn
mouse were normalized to the injected dose. TACs from striatum and cerebellum were well
separated, indicating that the injected tracer did not cause saturation effects or unspecific
binding. D, Quantitative analysis of DAT binding potential in the striatum of CaM_cx-syn mice
(n =5), respective controls (n = 5), and dox-treated CaM_c-syn mice (n = 3; gene off)
revealed reduced DAT binding without reaching statistical significance in CaM_cx-syn mice.
Error bars indicate SEM.

gene on). There were some gender effects, because both female
CaM_a-syn mice and female control mice performed better than
the respective male mice; however, their proportion and there-
fore contribution to test results was equal in both groups (con-
ducted by a contingency analysis) (data not shown). Mice were
tested on the rotarod for the first time at the age of 18 weeks and
already showed significant impairment. However, progressive
decline did not start before the age of 30 weeks, indicating that
these mice could cope with impact of human a-syn expression on
motor brain nuclei over a certain period. After the age of 30
weeks, CaM_a-syn mice revealed a deterioration of motor per-
formance of —13.4 s (mean slope) every following test session. In
contrast, controls displayed a decrease of time endurance of only
—3.3 s (mean slope), which was likely age related (Fig. 9A) and
significantly better compared with the CaM_a-syn mice (p =
0.0272). To determine whether mice were able to recover at a late
stage of disease, 58-week-old mice were treated with dox and
tested again over a 19 week period (Fig. 94, gene off). The control
group was treated equally to exclude influences on performance
caused by administration of the antibiotic. CaM_a-syn mice did
not recover from this loss of performance but showed an amelio-
rated performance, because the rate of decreasing time endur-
ance on the rotarod was ameliorated significantly from —13.4 to
—4.2 s per session after dox treatment ( p = 0.038), which is not
significantly different than the mean slope of control mice ( p =
0.85). Dox treatment did not change the mean slope of motor
performance in control mice. No significant differences in weight
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were observed between both groups over the tested period (Fig.
9A).

Because rotarod measurement can also be used as paradigm
for learning of complex movements (Buitrago et al., 2004), we
analyzed accelerated rotarod results with regard to performance
improvement within trial 1 and trial 2 of the first tested session. A
two-tailed unpaired ¢ test revealed no significant difference in
trial 1 between controls and CaM_a-syn mice (p = 0.5430).
However, short-term improvement between trial 1 and trial 2 was
only observed for control mice ( p = 0.0016) but not for CaM_ c-
syn mice ( p = 0.4393), indicating impaired motor skill learning
in CaM_a-syn mice (Fig. 9B).

Because a-syn pathology was detected in the hippocampus of
CaM_a-syn mice (Fig. 41-L), animals were tested in a MWM to
analyze the impact on spatial learning and memory (for para-
digm, see Fig. 9C). For this, 52-week-old animals were trained to
escape to a submerged platform in a tank filled with opaque
water. No significant difference in swimming speed and acquisi-
tion was detected during reference memory training and all mice
significantly reduced their escape latency during the training pe-
riod (F g 70y = 4.2, p < 0.001 for the trial) (Fig. 9D). A probe trial
without the platform, performed 24 h after the final learning trial,
did not show any significant difference in time spent in the plat-
form target area between controls and CaM_a-syn mice (p =
0.84). Seven days after this probe trial, mice were tested for reten-
tion. During retention, animals were allowed to search for a pe-
riod of 60 s. CaM_a-syn mice showed a significant impairment in
retention compared with their control littermates (F(,;,4) = 5.1;
p <0.05) (Fig. 9E). Assessment of working memory by a platform
switch from southwest to northeast bordered significance level
(F(1/28y = 3.9; p = 0.06) (data not shown).

Discussion

By using the tetracycline-regulated system, we generated the first
conditional mouse models of PD that express human wt a-syn
protein in different brain regions using the PrP and the CaMKII«
promoter, respectively. When compared with PrP_a-syn mice,
CaM_a-syn mice showed a stronger immunoreactivity in fore-
brain and midbrain areas, including the nigrostriatal system. In
contrast, CaM_a-synl mice and PrP_a-synl mice showed
weaker tg signals, which were limited to the forebrain. This phe-
nomenon corresponds to line-to-line variabilities, caused by
copy number and integration site of the tg constructs, which also
has been described for permanent (Maskri et al., 2004) and con-
ditional (Mayford et al., 1996) models previously. In both of our
responder lines, a-syn and a-synl, copy numbers were identical,
indicating that position effects attributable to integration of the
transgene are responsible for differences in the expression.

Although Western blot analyses showed a tight transcriptional
control by dox in adult mice, the more sensitive immunohisto-
chemical staining revealed residual immunoproduct in the neu-
ropil of several brain areas. However, by expanding treatment
endurance, expression was completely suppressed, excluding
leaky expression even in old-aged CaM_a-syn mice.

We focused additional analyses on CaM_a-syn mice, which
showed prominent alteration of the nigrostriatal system. Consis-
tent with findings in previously published a-syn tg mice (Masliah
et al., 2000; Matsuoka et al., 2001; Richfield et al., 2002; Rocken-
stein et al., 2002; Gispert et al., 2003; Tofaris et al., 2006), human
a-syn protein was also localized in the cytoplasm of nigral dopa-
minergic neurons. Electron microscopical analyses revealed
prominent accumulation of tg a-syn in nigral axons and associ-
ation of human «-syn with lysosomes. The latter may indicate
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Figure8. Reversed hippocampal decrease in adult neurogenesis of conditional CaM_cx-syn mice. For studies of neurogenesis,
24-week-old CaM_ce-syn mice, littermate controls, and treated CaM_c-syn mice were analyzed. Newly generated DCX-labeled
neuroblasts were quantified in the hippocampal dentate gyrus (A4-C). A significant decrease in DCX-expressing profiles was
presentin the CaM_cx-syn group (B) compared with the control group (A), and this effect was not detectable in mice with ceased
transgene expression (€). A reduction of BrdU-labeled, and therefore newly generated, cells (arrows) was present in CaM_cx-syn
mice (E) in relation to the control group (D) and was not observed in treated (gene off) CaM_ce-syn mice (F). Using colocalization
of BrdU and NeuN, there was no significant difference in the percentage of neuronal differentiation of BrdU-positive cells among
controls, CaM_ae-syn mice, and treated (gene off) CaM_cx-syn mice, exemplarily shown in G-1: Separate confocal analysis of the
fluophores green (488 nm; BrdU; G), red (568 nm; NeuN; H), and merged in the identical focal plane (/). BrdU, Bromodeoxyuri-
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old CaM_a-syn mice displayed confirma-
tively impaired long-term memory, when
tested 7 d later for their platform prefer-
ence (retention) (Fig. 8 E). Thus, overex-
pression of tg a-syn might cause an impair-
ment of the synaptic output or neuronal
plasticity.

In CaM_a-syn mice, progressive motor
decline started after the age of 30 weeks.
Nonprogressive motor deficits as detected
in younger mice might originate from dif-
ficulties in learning fine motor skills, which
is based on an intact circuit, including sen-
sorimotor cortex, cerebellum, and basal
ganglia (Hikosaka et al., 2002). Consis-
tently, CaM_a-syn mice did not show in-
trasession improvement on the first day
tested, although performance of the first
trial did not differ significantly compared
with those of littermate controls. There-
fore, progression of motor impairment re-
sembled features of PD in humans, as mo-
tor symptoms also starting mild with
impairment of fine motor skills and getting
progressively severe.

Importantly, progressive motor decline
could not be reversed but halted in symp-
tomatic mice by turning off tg a-syn ex-

dine. Scale bars: A-C, 50 um; D-F, 400 wm; G-I, 20 pum.

activation of autophagy, which is suggested to accompany aggre-
gation and neurodegeneration (Wang et al., 2006) and which has
also been found in cellular systems overexpressing a-syn (Cuervo
et al., 2004; Sarkar et al., 2007). Ultrastructural analyses also de-
tected dark cells in the substantia nigra and axonal pathology
with condensed mitochondria and lipid droplets. This might be
attributable to a disruption of the intracellular transport of lipids
and organelles, which has been described for overexpression of
human a-syn in cell culture (Gosavi et al., 2002) and MPTP-
treated tg mice (Song et al., 2004). However, tg a-syn was mainly
patchlike distributed in the cytoplasm of nigral cells without
forming fibrils, and sequential extraction also did not reveal hu-
man a-syn in the insoluble fraction. Decrease of dopaminergic
neurons and a considerable amount of dark degenerated cells
gave evidence that this region may display a similar vulnerability
to a-syn overexpression as observed in PD affected humans. Be-
cause degeneration occurred independently of fibrillary struc-
tures, it is possible that these structures may not contribute to
cytotoxicity or may even protect cells from neurodegeneration.
In our CaM_a-syn mice, cell death was observed in the hip-
pocampus and the substantia nigra, resembling dark-cell degen-
eration pattern previously described in other neurodegenerative
diseases as Huntington’s disease (Turmaine et al., 2000) and
spinocerebellar ataxia 7 (Custer et al., 2006) but has not been
shown in PD so far. However, cellular and axonal pathology de-
tected in the hippocampus closely reflected a-syn pathology seen
in tissues of patients with PD or dementia with Lewy bodies by
Galvin et al. (1999). Additionally, tg a-syn accumulated in the
stratum lacunosum moleculare and in mossy fibers and their
terminals, which may impair synaptic transmission in hippocam-
pal perforant pathway projections critical for consolidation and
retention of long-term memory (Steffenach et al., 2002; Re-
mondes and Schuman, 2004). Using MWM analysis, 12-month-

pression, substantiated by the calculated

negative slope of CaM_a-syn mice, which
was ameliorated after treatment with dox. This further indicates
that tg a-syn directly induced progressive motor decline and,
additionally, that disease progression depends on continuous
presence of transgene expression. However, the nonreversibility
of symptoms in treated CaM_ca-syn mice suggested that neuro-
degeneration and nigral axon pathology was not ameliorated by a
compensatory effect as increased neurogenesis, which might be a
frequent response to injury in rodents (Arvidsson et al., 2002;
Nakatomi et al., 2002; Zhao et al., 2003; Winner et al., 2006) and
human brain (Huisman et al., 2004). Analysis of neurogenesis of
6-month-old CaM_a-syn mice consistently revealed a negative
impact on progenitor cells in the granular cell layer of the dentate
gyrus. In comparison with mice permanently expressing human
wt a-syn under control of the PDGF-3 promoter (Winner et al.,
2004), CaM_a-syn mice showed a similar reduction of ~50% of
newly differentiated neurons in the granular cell layer of the den-
tate gyrus, paralleled by a significant reduction of DCX-positive
neuroblasts. By using our conditional system, we could show for
the first time that impaired neurogenesis was primarily attribut-
able to human a-syn expression because it was not seen in dox-
treated CaM_a-syn mice and could be reversed after cessation of
the transgene in young-aged mice.

To assess the integrity of the dopaminergic system, HPLC-
and microPET analyses were performed. The effect of transgene
expression on neurotransmitter level in aged CaM_a-syn mice
showed significant alteration of DA synthesis in the olfactory
bulb and this effect was reversed in age-matched mice treated
with dox. However, although degeneration of nigral cells was
evident by cell counting and electron microscopy, only a ten-
dency toward reduced DA levels was observed in the striatum.
With respect to other published a-syn-expressing mouse lines,
only those carrying doubly mutated or truncated human a-syn
showed significant reduced DA levels in the striatum, however,
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without displaying an overt loss of dopa-
minergic neurons (Richfield et al., 2002;
Tofaris et al.,, 2006). Furthermore, only
neurotoxin models (MPTP; 6-OHDA)
showed significantly reduced striatal DA
content (for review, see Bové et al., 2005),
and in these mice cell death occurs sub-
acutely and not slowly progressing over
time. It is suggested that the loss of dopa-
minergic synapses is partially compensated
by increased DA metabolism in the surviv-
ing terminals in PD patients (for review,
see Zigmond et al., 1990; Bezard and Gross,
1998). Thus, in CaM_a-syn mice, a com-
pensatory mechanism to nigral cell degen-
eration by decreased reuptake and/or in-
creased DA synthesis to maintain sufficient
DA levels or even by compensatory sprout-
ing of remaining dopaminergic TH-
positive fibers (Song and Haber 2000) is
likely.

Detailed analyses of integrity of stria-
tal dopaminergic nerve terminals were
assessed by microPET studies in vivo.
"'C-MP binding to DAT reflects density
of striatal dopaminergic nerve terminals
(Ding et al., 1994b), suggested to be re-
duced as a result from degenerated neu-
rons and axons seen on ultrastructural
level in the substantia nigra of aged
CaM_a-syn mice. However, binding of
""C-MP was only tendentiously de-
creased in CaM_a-syn mice and with a
large variation in all tested groups. A
conducted power analysis of data of con-
trol and CaM_a-syn mice revealed that
at least 51 mice had to be investigated to
obtain significant results among con-
trols, CaM_a-syn mice, and treated
CaM_a-syn mice. As with HPLC, signif-
icantly reduced DAT binding by using
microPET analysis has only been pub-
lished in animals with subacute and se-
lective destruction of dopaminergic neu-
rons (Nguyen et al., 2000; Xing et al.,
2000; Brownell et al., 2003; Takamatsu et
al., 2004; Inaji et al., 2005; Lauwers et al.,
2007). Thus, our data suggest that evalu-
ation of integrity of dopaminergic sys-
tem as a single system affected by trans-
gene expression might be more
precarious than assessment of behavioral
neuropathological impairment, reflect-
ing tg influence on the whole brain
network.
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Figure 9.  Motor dysfunction affected motor skill learning and cognitive impairment in CaM_ce-syn mice. 4, To test motor

coordination, the time of CaM_cx-syn (n = 8) and respective age- and sex-matched «-syn single-tg control mice (n = 8) to stay
on an accelerated rotarod was measured in sessions, consisting of two trials for 5 d, every 6 weeks. Accelerated rotarod docu-
mented impaired motor performance in CaM_c-syn mice (open circles) compared with littermate controls (filled circles). Pro-
gressive motor impairment started at the age of 30 weeks documented by linear regression, which revealed decreasing time
endurance on the rotarod of —13.4 s of the following four sessions (mean slope), which was significantly worse compared with
the performance of the control group. Doxycycline treatment to cease expression of the human a-syn is indicated by arrow (gene
off). Linear regression analysis revealed halting of progressive motor impairment after cessation of the transgene in symptomatic
58-week-old tg mice, indicated by amelioration of calculated slope to —4.2 s per session. No significant difference in body weight
was observed between the CaM_x-syn mice and control group. B, To assess motor skill learning, the difference in time endurance
of balancing on the accelerated rotarod between trial 1 and trial 2 of the first tested day in session 1 of 18-week-old CaM_cx-syn
and control mice was analyzed. Significant improvement was documented only in control mice, revealing impaired motor skill
learning in CaM_ae-syn mice. ¢, MWM paradigm: CaM_cx-syn tg mice (n = 4) and control mice (n = 4) first received 5 d of cued
training (2 trials per day), in which they learned locating a hidden platform to escape from the water. Then, spatial learning was
assessed in one probe trial in which the platform is not present. Retention was tested 7 d after the initial learning period (2 trials).
To exclude vision impairment, a cued water maze paradigm was performed for 2 d. Working memory was assessed by switching
the platform location. D, No significant difference in learning session was found between the two groups. E, Aftera 7 d retention,
(aM_a-syn tg mice demonstrated impaired function of long-term memory by spending significantly more time in the water to
find the hidden platform compared with the control group. Error bars indicate SEM. *p << 0.05.

We therefore consider this model ideal to evaluate novel therapeu-
tical strategies as neuronal cell loss and impaired neurogenesis con-

In conclusion, we have generated and characterized the first con-
ditional mouse model of PD, fulfilling many of the main criteria of
the human condition, including cognitive impairment and degener-
ation of nigral cells, accompanied by a clear progressive motor defi-
ciency. Degeneration of nigral neurons in this model might be the
most important feature and has not been reported for other tg or
knock-out PD models yet. By turning the transgene off at later dis-
ease stages, we were able to slow down the progression of the disease.

tribute to a progressive neurological phenotype, delivering an easy
neuropathological read-out. The rate of treatment efficacy in future
preclinical trials might be directly compared in vivo with the same
mouse lines in which the transgene is turned off.
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