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Accumulating evidence from genetic and biochemical studies implicates dysfunction of the autophagic-lysosomal pathway as a key
feature in the pathogenesis of Parkinson’s disease (PD). Most studies have focused on accumulation of neurotoxic a-synuclein secondary
to defects in autophagy as the cause of neurodegeneration, but abnormalities of the autophagic-lysosomal system likely mediate toxicity
through multiple mechanisms. To further explore how endolysosomal dysfunction causes PD-related neurodegeneration, we generated
amurine model of Kufor-Rakeb syndrome (KRS), characterized by early-onset Parkinsonism with additional neurological features. KRS
is caused by recessive loss-of-function mutations in the ATP13A2 gene encoding the endolysosomal ATPase ATP13A2. We show thatloss
of ATP13A2 causes a specific protein trafficking defect, and that Atp13a2 null mice develop age-related motor dysfunction that is
preceded by neuropathological changes, including gliosis, accumulation of ubiquitinated protein aggregates, lipofuscinosis, and endoly-
sosomal abnormalities. Contrary to predictions from in vitro data, in vivo mouse genetic studies demonstrate that these phenotypes are
a-synuclein independent. Our findings indicate that endolysosomal dysfunction and abnormalities of a-synuclein homeostasis are not
synonymous, even in the context of an endolysosomal genetic defect linked to Parkinsonism, and highlight the presence of a-synuclein-

independent neurotoxicity consequent to endolysosomal dysfunction.
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Introduction

Parkinson’s disease (PD) is a common, progressively debilitating
neurodegenerative illness, the therapy of which is limited to
symptom suppression. The inability to slow or halt parkinsonian
neurodegeneration results, in part, from a limited understanding
of the underlying mechanisms (Dauer and Przedborski, 2003).
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The discovery that familial forms of PD are caused by mutations
in genes encoding proteins that function in or are processed by
the autophagic-lysosomal pathway (ALP) highlights a key role for
these processes in disease pathogenesis. These discoveries include
mutations in a-synuclein—degraded in part by the ALP (Webb
et al., 2003; Cuervo et al., 2004)—and the endolysosomal pro-
teins glucocerebrosidase (Sidransky et al., 2009), VPS35
(Vilarifio-Giiell et al., 2011; Zimprich et al., 2011), RAB7L1 (Sat-
ake et al., 2009; MacLeod et al., 2013), synaptojanin 1 (Krebs et
al., 2013; Quadri et al., 2013), and ATP13A2 (Ramirez et al,,
2006). These findings suggest ALP dysfunction causes PD
through abnormal increases in a-synuclein levels. However, loss
of ALP proteins causes a variety of trafficking abnormalities and
accumulation of substrates other than a-synuclein, which may
contribute to neurodegeneration.

Recessive mutations in ATPI13A2 encoding ATP13A2 cause
Kufor-Rakeb syndrome (KRS; Ramirez et al., 2006), an
autosomal-recessive form of levodopa-responsive Parkinsonism
with additional neurological features, accompanied by diffuse
cerebral and cerebellar atrophy (Williams et al., 2005; Ramirez et
al., 2006; Behrens et al., 2010; Briiggemann et al., 2010). No hu-
man neuropathological data exist, but skin and muscle of Kufor—
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Rakeb subjects contain electron-dense lamellated structures
(Malandrini et al., 2013). A recessive mutation in canine
ATPI3A2 causes adult-onset neuronal ceroid lipofuscinosis
(NCL) in Tibetan terriers (Farias et al., 2011; Wohlke et al., 2011).
Similarly, Atp13a2 null mice exhibit increased autofluorescence
in multiple brain regions (Schultheis et al., 2013), indicative of
lipofuscin accumulation.

ATP13A2 is a poorly understood Type 5 P-type ATPase that
appears to localize to lysosomes and/or late endosomes (Kong et
al., 2014) and has been implicated in zinc transport (Kong et al.,
2014; Tsunemi and Krainc, 2014). A loss-of-function mechanism
of disease pathogenesis is suggested by the recessive inheritance
pattern and in vitro studies (Park et al., 2011; Podhajska et al.,
2012). ATP13A2 knockdown in cell culture causes increased ly-
sosome size and number, reduced protein degradation through
the ALP, modestly elevated levels of a-synuclein, and neurotox-
icity (Dehay et al., 2012; Usenovic et al., 2012).

To dissect the relationship between endolysosomal dysfunc-
tion, a-synuclein accumulation, and neurodegeneration, we gen-
erated and characterized Atpl13a2 null mice. These mutants
exhibit motor deficits, widespread gliosis, endolysosomal abnor-
malities, and deposition of lipofuscin and ubiquitinated protein
aggregates. Strikingly, we did not observe any a-synuclein-
related abnormalities in mice up to 18 months of age, and mod-
ulating a-synuclein levels by intercrossing Atpl3a2 null mice
with a-synuclein null or overexpressing transgenic lines did not
change the onset or extent of pathological change. These are the
first studies to test directly, either in vivo or in vitro, a role for
a-synuclein in the pathogenesis of Atp13a2-related neurotoxic-
ity. Our findings highlight that a-synuclein homeostasis may re-
main normal in the presence of marked disruption of the
endolysosomal system, and emphasize that ALP dysfunction,
even when provoked by Parkinson-related triggers, can cause
neurotoxicity through a-synuclein-independent mechanisms.

Materials and Methods

Antibodies and materials

The following antibodies were used: cathepsin B (1:500; Santa Cruz
Biotechnology, catalog #sc-6493; Research resource identifier (RRID):
AB_2086939), cathepsin D (1:300; Santa Cruz Biotechnology, catalog #sc-
6486; RRID:AB_637896), cathepsin L (1:200; Santa Cruz Biotechnology,
catalog #sc-10778; RRID:AB_2087827), EEA1 (1:5000; BD Biosciences, cat-
alog #610456; RRID:AB_397829), glial fibrillary acidic protein (GFAP; im-
munohistochemistry (IHC), 1:2000; Western blot (WB), 1:50,000; Dako
Cytomation, catalog #20334; RRID:AB_10013382), GAPDH (1:3000; Ab-
cam, catalog #ab8245; RRID:AB_2107448), GM130 (1:500; BD Biosciences,
catalog #610822; RRID: AB_398141), hsc-70 (1:5000; Novus Biologicals,
catalog #NB120-2788; RRID:AB_2120309), ionized calcium-binding adap-
tor molecule 1 (Ibal; 1:500; Wako Chemicals, catalog #019-19741; RRID:
AB_839504), LAMP1 (1:1000; Developmental Studies Hybridoma Bank,
1D4B-C; RRID:AB_2134500), LAMP?2 (1:1000; Developmental Studies Hy-
bridoma Bank, ABL-93-C; RRID:AB_2134767), LAMP2A (1:1000; Invitro-
gen, catalog #51-2200; RRID:AB_87643), LC3 (1:5000; Novus Biologicals,
catalog #NB100-2220; RRID:AB_10003146), NeuN (1:1000; Millipore, cat-
alog #MAB377; RRID:AB_2298772), p62/SQSTM1 (WB, 1:10,000; Ab-
Nova, catalog #H00008878-01, RRID:AB_548364; immunofluorescence
(IF), 1:1000; American Research, catalog #03-GP62-C, RRID:AB_1542690),
Rab9 (1:3000; Santa Cruz Biotechnology, catalog #sc-28573; RRID:
AB_2175330), a-synuclein (1:10,000, Santa Cruz Biotechnology, catalog
#sc-7011-R, RRID:AB_2192953 or 1:500, BD Biosciences, catalog #610786,
RRID:AB_398107), human a-synuclein (LB509; 1:10,000; Santa Cruz Bio-
technology, catalog #sc-58480; RRID:AB_785898), tyrosine hydroxylase
(TH; IHC, 1:2000; Millipore Bioscience Research Reagents, catalog #AB152,
RRID:AB_390204; IF, 1:2000; Millipore Bioscience Research Reagents, cat-
alog #AB1542, RRID:AB_90755), ubiquitin (1:500; Dako Cytomation, cat-
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alog #70458), and Vps4 (1:2000; Sigma-Aldrich, catalog #SAB4200025;
RRID:AB_10603251).

Mouse lines

Atp13a2 null mice were generated by inserting LoxP sites around Exons 2
and 3 (Fig. 1A) to create an Atpl3a2-flx line on a mixed C57BL6/129
background. Floxed Afpl3a2 mice were intercrossed with a germline-
expressing “Cre-deletor” mouse to create Atp13a2-KO/+ heterozygous
mice. Intercrossing KO/+ heterozygotes produced AtpI3a2 null mice
and wild-type littermates. The a-synuclein null and transgenic mouse
lines have been characterized previously (Dauer et al., 2002; Giasson et
al., 2002; RRID:IMSR_JAX:004479). Double mutants were generated by
crossing Atpl3a2 null mice to a-synuclein null mice to generate double
heterozygotes. Double heterozygotes were then intercrossed to generate
double null mice and the appropriate control mice. AtpI3a2 null/SNCA
transgenics were generated in a similar manner.

Motor behavior

Mice were housed four per cage and maintained on a 12 h light/dark
schedule (lights on at 6:00 A.M.). Food and water were provided ad
libitum. Behavioral testing was conducted in accordance with the Na-
tional Institutes of Health laboratory animal care guidelines and with the
approval of the University Committee of Use and Care of Animals at the
University of Michigan. Male littermates (n = 16 wild type, 13 Atp13a2
null) were tested for motor behavior every 3 months from 9 to 18 months
of age in the open field, rotarod, balance beam, and tail suspension tests.

Open field. Mice at the indicated ages were tested for spontaneous
activity during a 60 min period using the Open Field 16 X 16 Photobeam
Activiation System and Flex-Field software (San Diego Instruments).
Data were analyzed as number of beam breaks and number of rears over
time.

Rotarod. Mice were placed in one of five slots on an accelerating ro-
tarod apparatus (Ugo Basile), and latency to fall was recorded using an
accelerating rotarod protocol from 3 to 30 rpm over 5 min. Mice were
trained on 2 consecutive days with each trial ending with the mouse’s fall
or when 300 s elapsed. On the third day, mice were tested with an accel-
erating rotarod from 3 to 30 rpm over 5 min, for three trials, with the end
point being latency to fall in each trial up to 300 s.

Balance beam. Mice were trained to cross a square, 5-mm-wide, 41-
cm-long Plexiglas beam. The beam was placed horizontally 50 cm above
a table with a bright light illuminating the start platform and a darkened
enclosed 8000 cm? escape box (20 X 20 X 20 cm; PlasticTech) at the end
of the beam. Mice were trained for 3 consecutive days with four trials per
day. The fourth day, mice were tested with three consecutive trials. The
time to traverse was recorded for each trial with a 30 s maximum cutoff
and falls scored as 30 s. The number of footslips was also recorded.

Tail suspension test. At 12 and 18 months of age, mice were suspended by
the tail and videotaped for 30 s. An observer blinded to genotype scored the
videos for the presence of clasping behavior of at least 2 s duration.

cDNA synthesis and sequencing

Total RNA was extracted from whole brains from 6-month-old wild-type
Atpl3a2 heterozygous or Atpl3a2 null mice using TRIzol Reagent
(Invitrogen) according to manufacturer’s instructions. Complementary
DNA (cDNA) was synthesized from 5 ug of purified total RNA using the
SuperScript III One-Step RT-PCR System (Invitrogen). cDNA was am-
plified with primers specific for AtpI13a2 RNA (forward, 5'-GCGAG-
GAGCCGAAATGAG-3'; reverse, 5'-CGTAAATGGTCTTCCTCGTAG
C-3"). The resulting PCR product was sequenced at the University of
Michigan Sequencing Core.

Immunocytochemistry

Wild-type and Atpl3a2 null male mice at the indicated ages were
anesthetized with a lethal dose of xylazine and ketamine HCl and
transcardially perfused with a 0.9% saline solution followed by 4%
paraformaldehyde in phosphate buffer. Whole brains were postfixed
overnight, equilibrated in 30% sucrose, and embedded in OCT (Tissue-
Tek; Sakura Finetek). Forty micrometer frozen sagittal sections were
collected on a Leica CM 1850 cryostat. For immunofluorescence, sections
were blocked in 5% normal donkey serum (NDS) in PBS-Tx (PBS plus
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Figure1.  Atp73a2 null mice display age-related motor abnormalities. 4, Targeting strategy to generate Atp73a2 null mice. Diagram shows the Atp73a2 locus and insertion of LoxP sites around

exons2and 3. Crossing to amouse that expresses Cre recombinase in the germline resulted in deletion of exons 2and 3 and the insertion of a premature stop codon in exon 4. B, Left, Levels of Atp13a2
(DNA generated from RNA isolated from 6-month-old wild-type, heterozygous, or Atp73a2 null mouse brain. Right, cDNA sequencing of Atp13a2 locus shows successful recombination resulting in
a premature stop codon. C, Eighteen-month-old wild-type (left) or Atp73a2 null mouse (right) during tail suspension. Atp73a2 null mice adopted an abnormal clasping position, which was
quantified as the percentage of mice displaying clasping at 12 and 18 months (x> = 7.27, N = 18 wild-type, 15 Atp73a2 null, p < 0.05). D, Spontaneous beam breaks during 1 h in the open field
apparatus. Wild-type and Atp73a2 null mice were tested every 3 months from 9 to 18 months of age, with beam breaks measured in 5 min bins for 1h. There was an effect of genotype, but not of

time (repeated-measures ANOVA, Fyenopei,ony = 7:09, p = 0.015; Fieis 63 = 1.31,p = 0.28;

mteraction,63) = 0-16,p = 0.92). 't = 2.42, p = 0.024; a Bonferroni's post hoc test showed a

decrease in movements at 15 months. E, Wild-type and Atp73a2 null mice were tested for time to traverse a 5 mm balance beam (left) and latency to fall from an accelerating rotarod (right) every

3 months from 9 to 18 months old. Error bars represent SEM. *p << 0.05; ***p < 0.001.

0.01% Triton X-100). Following overnight incubation at 4°C in pri-
mary antibodies in 1.5% NDS/PBS-Tx, sections were incubated in an
AlexaFluor 488- or 555-conjugated secondary antibodies (Invitro-
gen), incubated with 0.3% Sudan Black in 70% ethanol to quench
autofluorescence, and mounted using ProLong Gold. For DAB immu-
nohistochemistry, the following modifications were made to the above
protocol. Before blocking, sections were first subjected to 30 min in 0.3%
H,O, in PBS to quench endogenous peroxidase activity. After a 1 h
incubation in a biotinylated secondary antibody (Jackson Immuno-
Research), sections were incubated in ABC for 1 h (Vector Laboratories)
followed by DAB reaction (Sigma-Aldrich). Images were acquired with a
Zeiss Axioskop microscope. Confocal images were acquired on an Olym-
pus FluoView 500 in the University of Michigan Microscope and Image
Analysis Laboratory. For each experiment, a representative image was
selected after examination of 4 to 10 animals.

Stereology

Dopamine cell number in the substantia nigra pars compacta (SNpC) of
18-month-old Atp13a2 null or wild-type mice was assessed by unbiased
stereology using TH immunocytochemistry and Nissl stain as described
previously (Tieu et al. 2003).

Tissue homogenization and Western blot

To prepare brain lysates, microdissected frozen brains were homoge-
nized with a Dounce homogenizer in an appropriate volume of ice-cold
RIPA buffer (50 mm Tris-HCI, pH 7.4, 150 mm NacCl, 0.1% SDS, 0.5%
sodium deoxycholate, and 1% NP-40) containing protease inhibitors

(Roche Molecular Biochemicals). The samples were then sonicated to
solubilize all proteins. Protein concentrations were determined using the
BCA assay (Pierce Biotechnology). Proteins were separated by SDS-
PAGE using Tris-HCI 4-20% gradient gels (Bio-Rad) and transferred
onto PVDF membranes (Bio-Rad). Membranes were blocked in 5%
nonfat milk in TBS-T (TBS plus 0.1% (v/v) Tween 20) for 1 h, followed
by overnight incubation at 4°C in primary antibodies in 5% nonfat milk
in TBS-T. After a 1 h incubation in an HRP-conjugated secondary anti-
body, immunoreactive bands were visualized on film by enhanced
chemiluminescence (SuperSignal West Pico, Pierce Biotechnology).

Cortical homogenates were sequentially extracted in increasing deter-
gents using a protocol described previously (Luk et al., 2012). Briefly,
cortices from 18-month-old mice were microdissected and sequentially
extracted in buffers containing high salt (HS; 50 mm Tris, pH 7.5, 750 mm
NaCl, and 5 mm EDTA), HS buffer containing 1% Triton X-100, and 1%
SDS buffer (50 mm Tris, pH 7.5, and 1% SDS). Protease and phosphatase
inhibitors (Roche) were added to buffers before use. Following extrac-
tion, samples were sonicated and subjected to ultracentrifugation at
100,000 X g for 30 min in a 70.1 Ti rotor (Beckman Coulter). At each
step, the supernatant was removed and the pellet extracted in 3 ml of
buffer per gram of tissue. Proteins were then subjected to SDS-PAGE
analysis as described above.

Transmission electron microscopy
One- or 12-month-old A#p13a2 null or wild-type mice were prepared for
ultrastructural analysis as described previously (Goodchild et al., 2005).
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Briefly, mice were transcardially perfused with 4% paraformaldehyde/
2.5% glutaraldehyde in 100 mm sodium phosphate buffer, pH 7.4, fol-
lowed by overnight postfixation in the same solution. Samples were
postfixed with 1% osmium tetroxide in 0.1 M cacodylate buffer, pH 7.4,
for 1 h, followed by treatment with 3% uranyl acetate, dehydration with
alcohol, propylene oxide treatment, and embedding in Embed 812 (Elec-
tron Microscopy Sciences). The resin was polymerized in a 60°C oven for
2 d, and sections were cut with a DuPont diamond knife on a Reichart
Ultracut-E microtome (Leica), collected on copper grids, and double
stained with saturated aqueous uranyl acetate and lead citrate. Images were
taken using a Philips CM-100 transmission electron microscope (Philips
Research) and AMTV540 image capture software (Advanced Microscopy
Techniques) in the University of Michigan Microscope and Image Analysis
Laboratory. Golgi structure was analyzed by a blinded observer calculating
the Golgi length and the number of cisternae/stack for each Golgi identified.
The blinded observer also identified swollen Golgi and Golgi misaligned
relative to the nucleus of the cell.

Lysosomal pH

Lysosomal pH on mouse embryonic fibroblasts (MEFs) isolated from
wild-type or Atp13a2 null E12 embryos was determined using ratiomet-
ric imaging of endocytosed Oregon Green dextran as described previ-
ously (Elrick et al, 2012). Oregon Green dextran has both a
pH-independent (440 nm) and pH-dependent (492 nm) excitation max-
imum, with a pK,, of 4.7, allowing the measurement of pH in living cells.
Briefly, mouse embryonic fibroblasts grown on glass coverslips were
pulsed overnight with 150 ug/ml Oregon Green dextran in culture me-
dium, which was then chased into lysosomes by washing three times and
incubating in regular medium for 3-5 h. Cells were then rinsed and
imaged in Ringer’s buffer [containing (in mm) 155 NaCl, 5 KCl, 2 CaCl,,
1 MgCl,, 2 NaH,PO,, 10 HEPES, and 10 glucose] using a Nikon TE300
inverted microscope with two filter pairs (excitation/emission wave-
lengths, C1,436/535 nm; C2,492/535 nm). Calibration was performed as
described previously (Elrick et al., 2012). Using GraphPad Prism 5.0, the
standards were fit to a sigmoidal curve by the least squares method, and
unknown pH values were interpolated from this curve.

Lipid analysis using high-performance liquid chromatography-
mass spectrometry

Lipid extracts were prepared from 18-month-old cortical lysates using a
modified Bligh/Dyer extraction procedure as described previously (Chan
etal., 2012). Samples were analyzed using an Agilent Technologies 6490
Ion Funnel LC/MS Triple Quadrupole system with front-end 1260 Infin-
ity HPLC. Phospholipids and sphingolipids were separated by normal-
phase HPLC, whereas neutral lipids were separated using reverse-phase
HPLC. For normal-phase analysis, lipids were separated on an Agilent
Rx-Sil column [inner diameter (i.d.), 2.1 X 100 mm] using a gradient
consisting of (1) chloroform, methanol, and ammonium hydroxide
(89.9:10:0.1) and (2) chloroform, methanol, water, and ammonium hy-
droxide (55:39:5.9:0.1) starting at 5% and ramping to 70% over a 20 min
period before returning back to 5%. Neutral lipids were separated on an
Agilent Zorbax XDB-C18 column (i.d., 4.6 X 100 mm) using an isocratic
mobile phase chloroform/methanol/0.1 M ammonium acetate (100:
100:4) at a flow rate of 300 wl/min. Multiple reaction monitoring transi-
tions were set up for the quantitative analysis of different lipid species and
their corresponding internal standards as described previously (Chan et al.,
2012). Lipid levels for each sample were calculated relative to the spiked
internal standards and then normalized to the total amount of all lipid spe-
cies measured and presented as the relative mole percentage. Data are pre-
sented as mean mole percentage for three samples of each genotype.

Lysosomal, endosomal, and cytosolic vesicle isolation
Two different lysosomal populations preferentially involved in chap-
erone-mediated autophagy (CMA) or in macroautophagy (MA) were
isolated by centrifugation from a light mitochondrial/lysosomal fraction
of a pool of two mouse brains in a discontinuous metrizamide density
gradient as reported previously (Cuervo etal., 1997). Lysosomal integrity
was verified after isolation by measuring 3-hexosaminidase latency, and
only preparations with >90% intact lysosomes were used.

Cytosolic vesicles and late endosomes as well as a Golgi-enriched frac-
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tion were isolated from the same samples as the lysosomes using Percoll
gradients as described previously (Castellino and Germain, 1995).
Briefly, sample homogenates were centrifuged for 5 min at 2000 X g to
spin down unbroken cells, nuclei, plasma membrane, and heavy mito-
chondria. The supernatant was loaded on a 27% Percoll gradient laid
over 2.5 M sucrose cushion and centrifuged for 1 h at 34000 Xg. The band
at the interface was enriched in late and early endosomes as well as in
Golgi and was further separated on a 10% Percoll gradient by centrifu-
gation at 34000 X g for 1 h. The band above the sucrose cushion corre-
sponds to late endosomes, whereas the band at the interface was enriched
for Golgi. A fraction of the supernatant from the first spin of the homog-
enate was centrifuged at 100,000 X g for 1 h to clear the sample of
insoluble components, allowing for the analysis of cytosolic vesicles.

Degradation of substrate proteins by lysosomes in vitro

Intact freshly isolated lysosomal subpopulations isolated as described in
the previous section were incubated with a pool of radiolabeled proteins
in 3-(N-morpholino)propanesulfonic acid (MOPS) buffer (10 mm
MOPS, pH 7.3, 0.3 M sucrose, 1 muM dithiothreitol, and 5.4 uMm cysteine)
for 30 min at 37°C as described previously (Kaushik and Cuervo, 2009).
Reactions were stopped with 20% TCA, filtered through a Millipore Multi-
screen Assay System and detected in a liquid scintillation analyzer (PerkinEl-
mer, Wallac). Proteolysis was measured as the percentage of the initial
acid-insoluble radioactivity ( protein) transformed into acid-soluble ra-
dioactivity (peptides and free amino acids). To analyze total proteo-
lytic activity, this assay was performed instead with lysosomes whose
membrane had been disrupted by a hypotonic shock and addition of
0.1% Triton X-100.

Binding and uptake of a-synuclein as a CMA substrate by

isolated lysosomes

Freshly isolated, intact CMA active lysosomes were incubated with the
substrate protein a-synuclein in MOPS buffer at 37°C for 20 min. Where
indicated, lysosomes were preincubated with a mixture of protease in-
hibitors for 10 min at 0°C to inhibit degradation of the substrate inside
the lysosomes as described previously (Cuervo et al., 2004). Lysosomes
were collected by centrifugation, washed with MOPS bulffer, subjected to
SDS-PAGE, and immunoblotted for a-synuclein. Binding was calculated
from the densitometric analysis as the amount of substrate protein
bound to the lysosomal membrane in the absence of protease inhibitors.
Uptake was calculated by subtracting the amount of protein associated
with lysosomes in the presence (protein bound to the lysosomal mem-
brane and taken up by lysosomes) and absence (protein bound to the
lysosomal membrane) of protease inhibitors.

Statistics

Results were analyzed using GraphPad Prism 5.0. A x* test was used to
determine Mendelian ratios and analyze the tail suspension behavioral
test. Behavioral studies were performed blind. Data were first examined
for equal variance and then subjected to two-way repeated-measures
ANOVA with time and genotype as variables, with Bonferroni’s post hoc
tests at specific ages. Student’s ¢ tests were used for Western blotting
analyses. In all studies, n indicates the number of samples per group, and
a critical value of p = 0.05 was used. Data are plotted as means = SEM.

Results

Generation of Afp13a2 null mice

To provide novel insight into the mechanism through which
Atp13a2 loss of function—a cause of human Parkinsonism—
produces neurotoxicity, we generated Atp13a2 null mice and ex-
amined these animals for relevant behavior and histopathological
abnormalities. We created Afpl3a2 null mice by inserting LoxP
sites around exons 2 and 3 to generate Atp13a2-flx mice. Crossing
Atp13a2-flx mice to a Rosa-Cre mouse that expresses Cre in the
germline resulted in AtpI13a2 null mice (Fig. 1A). RT-PCR anal-
ysis and cDNA sequencing of RNA derived from these animals
confirmed the expected recombination and deletion of Atp13a2
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Figure2. Atp13a2 null NS tissue exhibits widespread age-dependent gliosis. 4, B, Forty micrometer sagittal sections from 18-month-old wild-type (top) or Atp73a2 null (bottom) mouse brains
show diffuse GFAP immunoreactivity throughout the brain, including in the cortex, cerebellum, and hippocampus. €, Quantitative Western blot analysis of GFAP expression in the cortex, cerebellum,
hippocampus, midbrain, and striatum of 18-month-old mice (5 g protein loaded/lane; n = 11 wild-type, 10 Atp73a2 null mice). D, Inmunohistochemistry for GFAP in the cortex of wild-type and
Atp73a2 null mice at the indicated ages. Quantification (right) shows the percentage area of the cortex that is GFAP-positive normalized to wild-type tissue of the same age (n = 4 to 8
animals/genotype at each time point). *p << 0.05. Error bars indicate SEM. Scale bars: B, D, 200 m.

mRNA (Fig. 1B). Atp13a2 protein levels were not examined due
to lack of specific Atp13a2 antibodies.

Atp13a2 null mice develop abnormal movements and
decreased spontaneous movement

All Atp13a2 genotypes were obtained in Mendelian ratios (84
WT, 150 heterozygous, 87 null mice; total, 321; x> = 1.43;
df = 2; p = 0.49). Initially indistinguishable from littermate
controls, 18-month-old Atp13a2 null mice adopted abnormal
clasping positions during tail suspension (Fig. 1C). Whereas
wild-type mice reflexively kicked their limbs and rarely exhib-
ited any form of limb clasping, a significant proportion of
Atpl3a2 null mice clasped their rear limbs, a behavior that was
not seen in any mice at 12 months of age. To further charac-
terize the temporal profile of motor abnormalities in these

mice, we tested a cohort of 13 null and 16 wild-type littermate
male mice every 3 months from 9 to 18 months of age in tests
of motor behavior, including the open field, balance beam,
and accelerating rotarod. Three null mice died during the
studyat 6, 12, and 13 months of age. The 12-month-old mouse
died of an eye infection; the other two died of unknown causes.
In the open field, AtpI3a2 null mice displayed decreased spon-
taneous horizontal movement relative to wild-type littermates
(two-way repeated-measures ANOVA, Fyenoype(i2n) = 7-09,
P = 0.0155 Fiime(s63 = 1.31, p = 0.28; Fijeraction(3,63) = 0-16,
p = 0.92; Fig. 1D). No significant difference was observed in
the number of rears (two-way repeated-measures ANOVA,
Fyenotype(i 21y = 3:69 p = 0.069 Fyipnes6n = 1.83, p = 0.15;
Finteraction(3,63) = 0.0545 p = 0.98). No significant differences
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between Afpl3a2 null and littermate
control mice were observed in balance
beam or Rotarod testing up to 18
months of age (Fig. 1E).

A Wildtype Atp13a2 null Atp13a2 null + Sudan Black

Atp13a2 null mice develop widespread
gliosis

The decreased horizontal movements
observed in open field testing, in combi-
nation with age-related abnormal move-
ments during tail suspension, suggested
that Atp13a2 null mice would exhibit neu-
ropathological changes consistent with
PD and KRS, which includes neuroinflam-
mation, lipofuscinosis, protein aggregation,
and accumulation of a-synuclein. We first
examined brains from 18-month-old
Atp13a2 null mice and littermate controls,
the age of onset of the motor phenotype.
We assessed markers of neurodegenera-
tion, lipofuscinosis, and protein aggrega-
tion. Aged Atp13a2 null brains exhibited a
pronounced increase in gliosis through-
out many brain regions, including, but
not limited to, cortex, striatum, hip-
pocampus, cerebellum, thalamus, and
midbrain (Fig. 2A,B). Gliosis was con-
firmed by Western blot analysis of micro-
dissected brain tissue, with elevated levels
of GFAP protein observed in the cortex,
cerebellum, hippocampus, and midbrain
of AtpI13a2 null brain lysates relative to
wild-type controls (Fig. 2C). In contrast to
the delayed onset of clasping, gliosis was
present in the cortex as early as 1 month of
age, though showed the most dramatic
increase by 12 months (Fig. 2D). The
GFAP-positive percentage of cortex was
increased in Atp13a2 null mice at all ages
relative to their wild-type littermates, with
a fivefold increase in glial immunostain-
ing at 6 months of age, and a 10-fold in-
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Figure4. Age-dependentaccumulation of lysosomal proteins and lipids in the Atp73a2 null CNS. A, Forty micrometer sections from 18-month-old Atp73a2 null or littermate control mouse brain
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from wild-type and Atp73a2 null animals (n = 3 per genotype). Data are shown as the mean relative mole percentage, which was calculated by normalizing BMP levels to the total moles of all lipid
species measured. E, LAMP1 immunofluorescence of cortex from wild-type and Atp13a2 null mice at the indicated ages. Immunofluorescence was quantified as mean fluorescence intensity for
images taken from five cortical fields per animal and normalized to wild-type tissue of the same age (n = 4 animals/genotype at each time point). *p << 0.05; ***p << 0.001. Error bars indicate SEM.
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Increased lipofuscinosis and lysosomal markers in Atp13a2
null mice

A previous study reported increased autofluorescence in the CNS
of Atp13a2 null mice suggestive of lipofuscin deposits (Schultheis
et al., 2013). Similar to this report, we observed increased auto-
fluorescence (Fig. 3A) in multiple brain regions in Atp13a2 null
mice. The autofluorescence was successfully quenched by treat-
ment with 0.3% Sudan Black in 70% ethanol (Fig. 3A, right),
allowing us to perform immunofluorescence in tissue from
Atp13a2 null brains. Animal models of neuronal ceroid lipofus-
cinosis with increased autofluorescence and gliosis, including the
Tibetan terrier model, exhibit lipofuscinosis by electron micros-
copy (Koike et al., 2000; Gupta et al., 2001; Katz et al., 2005, 2007;
Weimer et al., 2009; Farias et al., 2011). To determine whether
similar abnormalities occurred in aged Atp13a2 null mice, we
performed electron microscopy on multiple brain regions dis-
playing gliosis and autofluorescence, including cortex, cerebel-
lum, hippocampus, and striatum. Similar to other animal models
of NCL, we observed prominent lipofuscin deposits in neurons

from all regions displaying autofluorescence and gliosis (Fig. 3B).
The lipofuscin deposits consisted of large, electron dense mate-
rial, frequently containing membranous structures, in close asso-
ciation with large lipid droplets. Lipid droplets typically contain
neutral lipids such as triacylglycerols and cholesteryl esters and
are ALP substrates (Singh et al., 2009). Lipid droplets were larger
and more numerous in Atp13a2 null compared to wild-type lit-
termate tissue (Fig. 3C). To clarify the temporal relationship be-
tween lipofuscin and gliosis, we performed an EM analysis of
cortex from 1-month-old tissue, when there is gliosis but no au-
tofluorescence. One-month-old Atp13a2 null tissue exhibited la-
mellated structures, but no difference in lipid droplets or
lipofuscin (Fig. 3D). The lamellated structures were similar in
appearance to those in a report that identified ultrastructural
lamellated structures in muscle and skin biopsies from two sib-
lings with KRS (Malandrini et al., 2013), suggesting that the ul-
trastructural changes observed in Atpl3a2 null mice reflect
similar processes to those in patients. Furthermore, our analysis
suggests a close association between ultrastructural changes and
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gliosis, and indicates that abnormalities of lipid homeostasis oc-
cur later in the pathogenic cascade.

In vitro studies suggest that loss of ATP13A2 function causes
increases in the number and size of lysosomes (Dehay et al., 2012;
Usenovic et al., 2012), potentially as compensation for poor lys-
osomal function. Similar to these reports, we found increases in
immunofluorescent staining (Fig. 4A) and protein levels ( B, C) of
the lysosomal markers LAMP1 and LAMP2. Bis(monoacylglyc-
ero)phosphate (BMP) is a lipid species found exclusively within
late endosomes and lysosomes (Kobayashi et al., 1998; Gallala
and Sandhoff, 2011) and has been found to accumulate in the
lysosomal storage disorder Niemann—Pick type C disease (Che-
vallier et al., 2008) and Alzheimer’s disease (Chan et al., 2012).
Lipidomic analysis demonstrated increased levels of total BMP in
18 month Atp13a2 null cortical lipid extracts (Fig. 4D), but no
changes in a range of other lipid species (data not shown), con-
sistent with a rather selective perturbation of these organelles.
These findings are consistent with the previous in vitro studies
and may reflect compensatory changes in the ALP following im-
proper clearance of lysosomal substrates. Increases in LAMP1
were not observed until 6 months of age (Fig. 4E), demonstrating
that lysosomal accumulation follows abnormal lipofuscin depo-
sition and gliosis. Although we observed an increase in cortical
lipid droplets by ultrastructural analysis, there were no changes to
total triacylglycerols and/or cholesteryl esters by lipidomic anal-
ysis (triacylglycerols, wild-type mole percentage, 0.049 =
0.002%; Atp13a2 null mole percentage, 0.053 * 0.003%; ¢ =
1.085, df = 4, p = 0.34; cholesteryl esters, wild-type mole per-
centage, 1.635 = 0.577%; Atp13a2 null mole percentage, 1.694 =
0.272%; t = 0.092, df = 4, p = 0.93).

Protein aggregation but no a-synuclein abnormalities in
Atp13a2 null mice

The observed lysosomal abnormalities and in vitro studies of
ATP13A2 function (Dehay et al., 2012; Usenovic et al., 2012)
suggested that proteolysis was disrupted in Atp13a2 null mice, a
situation commonly associated with abnormal deposition of ag-
gregated protein. Consistent with this notion, A#p13a2 null tissue
exhibited large ubiquitin-positive aggregates (Fig. 5A), most
prominently in the cortex and hippocampus, and sparingly in
other regions such as the SNpC; such deposits were never ob-
served in wild-type tissue. These ubiquitin-positive inclusions
colocalized with immunofluorescence for NeuN, but not GFAP
or Ibal, indicating a selective localization within neurons (Fig.
5B). Given the central role of a-synuclein in PD pathogenesis and
in vitro data linking ATP13A2 function to a-synuclein homeo-
stasis (Dehay et al., 2012; Usenovic et al., 2012), we next assessed
aged Afp13a2 null tissue for changes in a-synuclein levels or ag-
gregation. In contrast to predictions from in vitro studies, no
a-synuclein-positive aggregates, changes in a-synuclein levels, or
changes in the phosphorylation of synuclein at serine 129 were

<«

(Figure legand continues.) ~ not GFAP (green). C, Forty micrometer sections from 18-month-
old wild-type or Atp73a2 null mouse brains stained for c-synuclein with tissue from
ae-synuclein null brain shown as a control. D, Quantitative Western blotting of c-synuclein
protein levels from multiple brain regions of Atp73a2 null mice (5 g protein loaded/lane; n =
12 wild-type, 10 Atp13a2 null mice). Error bars indicate SEM. E, Western blotting of pS129-a-
synuclein protein from cortex of 18-month-old wild-type and Atp73a2 null mice (30 g protein
loaded/lane). F, Sequential extraction of cortical lysates from 18-month-old wild-type or
Atp13a2 null mice in either HS, HS plus 1% Triton X-100 (HS + Tx), or 1% SDS lysis buffer (n =
3 per genotype). Sequential extraction from A53T-synuclein transgenic mice at 6 months of age
is shown as a control (far right). Scale bars: 4, 200 wm; B, 50 wm; C, 400 wm.
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observed in Atpl3a2 null tissue (Fig. 5C-E). Furthermore,
a-synuclein antibodies did not colabel the ubiquitin-positive in-
clusions found in 18-month-old A#pI3a2 null mice (data not
shown). No difference in a-synuclein solubility was observed in
lysates from 18-month-old AtpI13a2 null cortex sequentially ex-
tracted in buffers of increasing detergent (Fig. 5F; high salt, 1%
Triton-X, and 1% SDS), consistent with the immunohistochem-
ical and Western blot analyses.

KRS subjects have levodopa-responsive Parkinsonism, so we
performed a detailed assessment of the SNpC of aged Atp13a2
null mice for protein aggregation and neurodegeneration. No
ubiquitin- or a-synuclein-positive aggregates were observed in
dopaminergic cell bodies (data not shown). We conducted unbi-
ased stereology (Tieu et al., 2003) to compare the numbers of
SNpC dopaminergic cell bodies between wild-type and Atp13a2
null tissue. We observed no changes in the number of SNpC
dopaminergic neurons in the midbrains of aged AfpIl3a2 null
mice (Fig. 6A; TH neurons, wild-type average, 4156 * 549 neu-
rons/hemisphere; Afp13a2 null average, 4531 = 817 neurons/
hemisphere; n = 7-10 animals/genotype, p = 0.27; Nissl cells,
wild-type average, 6892 = 962 neurons/hemisphere; Atpl3a2
null average, 7231 = 1181 neurons/hemisphere; n = 7-10 ani-
mals/genotype, p = 0.52). Similarly, we saw no decrease in the
levels of tyrosine hydroxylase in aged Atp13a2 null mice in either
the striatum or midbrain by Western blotting (Fig. 6B; wild type,
100 * 47 a.u; Atpl3a2 null, 80 = 25 a.u.; n = 4/genotype, p =
0.55) or by fluorescence intensity analysis in the striatum (Fig.
6C; wild type, 100 * 35a.u.; Atpl13a2null, 131 * 31l a.u;n = 3-4
animals/genotype; ¢t = 1.196, p = 0.93). Although increased
GFAP levels were present in microdissected midbrain lysates
(Fig. 2C), immunohistochemical analysis of the SNpC did not
demonstrate enhanced regional colocalization of TH and GFAP
(Fig. 6D). We did observe an increase in LAMP2 immunoreac-
tivity within TH-positive neurons in the SNpC (Fig. 6E), similar
to the increased LAMP2 reactivity in other brain regions (Fig. 4).
These studies suggest that loss of Atp13a2 function affects the
SNpC region to a similar extent as other regions, with no selective
degeneration of dopaminergic neurons, similar to other genetic
models of PD (Dawson et al., 2010).

Selective defects in autophagy function in Atp13a2 null mice

The surprising lack of a-synuclein pathology despite clear abnor-
malities in ALP morphology led us to dissect further the protein
processing defects consequent to Atp13a2 loss of function. P62 is
an autophagy substrate commonly used as a marker of autophagy
function. We observed increased p62 levels in the striatum, cer-
ebellum, and midbrain of Atp13a2 null tissue compared to litter-
mate controls (Fig. 7A). Despite comparable p62 protein levels,
the presence of p62-positive protein aggregates in the cortex of
Atpl13a2 null tissue (Fig. 7B) provided further evidence of defec-
tive proteostasis in these mutants. To assess autophagy induction,
we examined LC3 levels. Steady-state levels of LC3-II did not
differ between Atp13a2 null and wild-type tissue (Fig. 7C), con-
sistent with an absence of marked change in the abundance of
autophagic vacuoles by ultrastructural analysis (data not shown).
Further biochemical analysis confirmed that the most pro-
nounced changes were observed in the endolysosomal compart-
ments. Maturation of cathepsin D, which occurs as it traffics to
more acidic compartments (Zaidi et al., 2008), was impaired in
18-month-old Atp13a2 null cortical and cerebellar lysates, which
exhibited higher levels of the immature and intermediate forms
and a corresponding decrease in the cleaved, mature form (Fig.
7D). These abnormalities in cathepsin D processing (defined as
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Midbrain dopaminergic neurons do not degenerate in Atp73a2 null mice. A, Stereological analysis of SNpC neurons with TH immunostaining or Niss| staining. The number of

dopaminergic neurons in the SNpC was identified by TH immunoreactivity at 18 months of age (n = 10 wild-type, 7 Atp73a2 null mice). B, Semiquantitative Western blotting of TH levels from
midbrain and striatum of 18-month-old mice (5 g protein loaded/lane; n = 12 wild-type, 10 Atp73a2 null mice). €, Inmunofluorescence of TH of striata from 18-month-old wild-type or Atp73a2
null mice. D, E, Immunofluorescence of midbrain structures for GFAP (blue), TH (red), or LAMP2 (green) of 18-month-old wild-type or Atp73a2 null mice. Scale bars: €, 20 um; D, E, 100 m.

mature/total cathepsin D) were not observed in 9-month-old
Atp13a2 null tissue, indicating that this defect occurs relatively
late in the pathogenic cascade, long after the onset of reactive
astrocytosis and lysosome accumulation. The defect in cathepsin
D maturation is specific, as the levels and maturation of cathepsin

B and cathepsin L did not differ from wild-type controls (Fig. 7E).
The selective abnormality in cathepsin D processing and the lack
of differences between wild-type and Atp13a2 null mice in the
analyzed markers of different endocytic compartments (early en-
dosomes, multivesicular bodies, and late endosomes markers;



Figure7.
wild-type, 10 Atp73a2 nullmice). B, P62 immunohistochemistry of 18-month-old wild-type or Atp73a2 null cortex. Scale bar, 100 um. C, Western blotting of LC3-ll from 18-month-old mice; quantitation shown

on the right (30 g protein loaded/lane; n = 7 wild-type, 6 Atp73a2 null mice). D, Quantitative Westem blot of cathepsin D levels in the cortex and cerebellum of 18-month-old mice (30 11g protein loaded/lane;n = 7
wild-type, 6Atp13a2nullmice). Cathepsin D processing was defined as the ratio of mature cathepsin Dto total cathepsin D. E, F, Westem blotting of cathepsin Band cathepsin L (E) and o markers of early, late, and multivesicular
endocytic compartments (F) from whole brain homogenates from 18-month-old mice (n = 4 samples of 2 pooled brains from wild-type and Atp73a2 null mice). *p << 0.05; **p << 0.01. Error bars indicate SEM.
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Figure 8. Isolated lysosomes from Atp73a2 null tissue have decreased cathepsin D levels, but normal proteolytic activity. Lysosomes were isolated from two pooled brains of 18-month-old
wild-type or Atp73a2 null mice and probed for ALP proteins and substrates. A, Western blotting of the indicated proteins of lysosomal compartments preferentially related with either CMA or with
MA. Protein levels were determined by densitometry (bottom). B, Proteolytic activity of freshly isolated lysosomes. Proteolysis was measured by incubating a pool of radiolabeled cytosolic proteins
with the two subpopulations of lysosomes after disruption of their membranes by a hypotonic shock. Results are expressed as the percentage of degradation per microgram of protein and are the
average values of triplicate samples from four samples pooled from eight brains of either wild-type or Atp73a2 null mice. €, Hexosaminidase activity in total homogenates and the two subpopu-
lations of lysosomes isolated from the same animals as in B. Values are expressed as percentages of those in wild-type control samples. D, Lysosomal pH, measured by ratiometricimaging following
uptake of Oregon Green dextran. The calibration curve (left) was generated by holding wild-type cells at set pH values, and it allowed the conversion of the (2/C1 ratio to pH (right) for wild-type and
Atp13a2 null fibroblasts (n = 174 cells for wild-type, 151 cells for Atp73a2 null cells). E, Endogenous levels of c-synuclein and GAPDH in intact lysosomes from brains of wild-type or Atp73a2 null
mice. Levels of the indicated proteins were calculated by densitometry (bottom). F, Association of recombinant GST-a-synuclein with CMA active lysosomes previously incubated or not with
protease inhibitors (Pls) to determine binding and uptake via CMA. L, Lysosomes incubated without GST-ce-synuclein; |, input (1/10 of added protein). Samples correspond to lysosomes isolated from
four different preparations. The percentage of monomeric GST-c-synuclein bound and taken up by lysosomes is shown at the right. G, Degradation of a pool of radiolabeled cytosolic proteins by the
two subpopulations of lysosomes isolated from brains of wild-type or Atp73a2 null mice was performed as in B but using intact, instead of disrupted, lysosomes. *p << 0.05. Error bars indicate SEM.

Fig. 7F) raised the possibility that loss of Atp13a2 function may
disrupt only a subset of ALP components, pointing to secondary
lysosomes (also termed autolysosomes) as the most severely af-
fected compartment.

To examine the lysosomal compartment directly, we isolated
two subpopulations of lysosomes from whole brains of 18-
month-old wild-type and A#p13a2 null mice: those preferentially
involved in macroautophagy or CMA (Cuervo et al., 1997; Koga

etal.,2010). There was no difference in the membrane integrity of
lysosomes from wild-type or Atp13a2 null mice, indicating that
the loss of Atp13a2 (a membrane protein) does not render lyso-
somal membranes more fragile (data not shown). Consistent
with the decrease in cathepsin D processing observed in cortical
and cerebellar tissue lysates (Fig. 7D), levels of mature cathepsin
D were decreased in both populations of lysosomes from Atp13a2
null tissue (Fig. 8A). The abnormality in cathepsin D processing
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Figure9. Selective alteration to cathepsin D processing in lysosomes and late endosomes, but not Golgi or cytosolic vesicles. A, Ultrastructural analysis of Golgi from 12-month-old wild-type (left)
or Atp13a2 null (right) neurons. Golgi are indicated by black arrows. Quantitation of Golgi length (in nanometers) and numbers of cisternae per stack are shown. Scale bar: 500 nm. B, Subcellular
fractions enriched in Golgi, late endosomes, and lysosomes were isolated from five preparations of 10 pooled brains of 18-month-old wild-type or Atp73a2 null mice and (Figure legand continues)
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raised the possibility that loss of Atp13a2 may compromise lyso-
somal acidification, as cathepsin maturation is a pH-dependent
process (Zaidi et al., 2008). However, contrary to the increase in
the intermediate form of cathepsin D observed in total lysates,
levels of this intermediate form were reduced in the two groups of
secondary lysosomes from Atpl13a2 null mice (Fig. 8A). These
findings suggest that rather than a problem of cathepsin process-
ing within lysosomes, the reduced levels in mature cathepsin D
were mainly a consequence of compromised trafficking of this
cathepsin to lysosomes. Several other findings support the selec-
tivity of the cathepsin D defect and argue against a global disrup-
tion of the lysosomal pH gradient in these organelles. We
observed no changes in the maturation of other cathepsins (Fig.
7E) and no differences in the total proteolytic activity (Fig. 8B) or
the activity of other lysosomal hydrolases (hexosaminidase; Fig.
8C). In addition, in contrast to a previous report of pH neu-
tralization in lysosomes of ATPI13A2 mutant fibroblasts (De-
hay et al. 2012), we observed no difference in lysosomal pH in
Atpl3a2 null mouse embryonic fibroblasts as measured by
Oregon Green dextran ratio (Fig. 8D; pHq ype 4.30 = 0.22,
n =174 cells; PH 11302 nun 4-26 £ 0.33,n = 154 cells; t = 1.16,
df = 326, p = 0.25).

In light of the previously described lysosomal degradation of
a-synuclein by both macroautophagy and CMA (Webb et al.,
2003; Cuervo et al., 2004; Martinez-Vicente et al., 2008; Vogiatzi
et al., 2008; Winslow et al., 2010; Ebrahimi-Fakhari et al., 2011;
Xilouri et al., 2013) and of the disruption of this process in other
PD models, we next analyzed the association of a-synuclein with
the isolated lysosomal fractions. Similar amounts of endogenous
a-synuclein were detected in wild-type and Atp13a2 null lyso-
somes, and a-synuclein was more abundant in the subgroup of
lysosomes with higher CMA activity (Fig. 8E), as described pre-
viously (Martinez-Vicente et al., 2008). Levels of other well-
characterized CMA substrate proteins such as GAPDH were
also comparable in wild-type and Atp13a2 null lysosomes (Fig.
8D). Moreover, no significant difference was noted in the
amount of a-synuclein monomer associated with the mac-
roautophagy population of lysosomes (Fig. 8E; wild type,
100 £ 12.2 a.u.; Atpl3a2 null, 132.5 + 9.2; n = 4 preparations/
genotype; t = 2.1, p > 0.05).

To directly analyze the ability of AtpI3a2 null lysosomes to
take up a-synuclein via CMA, we incubated CMA active lyso-
somes with GST-tagged a-synuclein (Fig. 8F). While results var-
ied somewhat between material prepared on different days,
extensive analysis (n = 12 wild-type, 12 null animals; seven dif-
ferent preparations) demonstrated normal lysosomal uptake of
a-synuclein in Atp13a2 null material. These findings are in con-
trast to changes reported in these measures in models of patho-
genic variants of other PD-linked genes, such as a-synuclein and
LRRK2 (Martinez-Vicente et al., 2008; Orenstein et al., 2013).
The normal ability of Atp13a2 null lysosomes to internalize and
degrade a mixture of radiolabeled proteins (Fig. 8G), together
with the normal lysosomal levels of both endogenous a-syn-
uclein and GAPDH (Fig. 8E), provide substantial evidence indicat-

<«

(Figure legand continues.)  probed for cathepsin D, Golgi, and endosome/lysosome markers.
Total (B2), mature (B3), and intermediate (B7) cathepsin D were determined by densitometry.
Cathepsin D processing (B4) was defined as mature cathepsin D divided by total protein level. C,
Cytosolic carrier vesicles were isolated from five preparation of 10 pooled brains of 18-month-
old wild-type or Atp73a2 null mice and probed for cathepsin D and LAMP1 as a marker of
lysosomes. Total (€2), mature (€3), and intermediate (C7) cathepsin D were determined by
densitometry. *p << 0.05.
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ing that lysosomal uptake and degradation of protein functions
normally in the absence of Atp13a2. These findings highlight further
the specificity of the cathepsin D processing defect resulting from
Atp13a2 loss of function.

To clarify which compartment within the endolysosomal sys-
tem was aberrantly processing cathepsin D, we conducted addi-
tional analyses of the protein trafficking pathway. We began by
pursuing an ultrastructural assessment of the trans-Golgi net-
work (Fig. 94). A blinded observer quantified the length and
number of cisternae/stack of the Golgi in 18-month-old wild-
type or Atp13a2 null neurons (n = 40 neurons/genotype). Golgi
from Afp13a2 null neurons showed similar structural dimensions
to wild-type neurons (Fig. 9A4). Furthermore, quantitation of ab-
normal Golgi shape showed no difference in the proportion of
swollen Golgi in AtpI13a2 null neurons relative to wild-type con-
trols (wild type, 55 swollen/110 total Golgi; Atp13a2 null, 45
swollen/93 total Golgi; x* = 0.10, df = 1, p > 0.05).

To further dissect the cathepsin D trafficking defect, we exam-
ined cathepsin D processing at each successive step along the
protein trafficking pathway, including in isolated Golgi, late en-
dosomes, and lysosomes from aged wild-type and Afp13a2 null
brains (using an analysis similar to that performed previously in
lysosomes; Fig. 7D). Golgi-enriched fractions derived from
Atp13a2 null mouse brains contained comparable levels of the
mature and intermediate forms of cathepsin D with decreased
levels of the mature form of this protease in this compartment in
both groups of animals, suggesting that loss of Atp13a2 does not
disrupt cathepsin D processing within the Golgi (Fig. 9B). In
contrast, concurrent analysis of the late endosome compartment
showed deficits in cathepsin D maturation comparable to that
seen in the lysosomes (Fig. 9B), localizing the trafficking deficit
between the trans-Golgi network and late endosomes. Cytosolic
vesicles trafficking between the Golgi and the late endosomes
showed insignificant increases in the levels of intermediate forms
of cathepsin D (Fig. 9C). As expected, cathepsin D maturation
increased as we analyzed successive compartments in the endoly-
sosomal system, and differences between wild-type and mutants
were especially apparent in the cytosolic vesicles and lysosomes.
The approximate levels of mature processed cathepsin D in wild-
type and mutant mice was as follows: cytosolic vesicles, WT 10%,
KO 5%; late endosomes, WT 22%, KO 2%; lysosomes, WT 40%,
KO 5%.

Modulation of a-synuclein levels does not affect the onset or
extent of histopathology in Atp13a2 null mice

The lack of a-synuclein abnormalities in Atp13a2 null tissue or
isolated lysosomes (Figs. 5, 8 E, F) suggests that the histopatho-
logic consequences of Atp13a2 loss of function are a-synuclein
independent. We tested this possibility by genetically manipulat-
ing the levels of @-synuclein in Atp13a2 null mice. We eliminated
a-synuclein by generating a-synuclein/Atp13a2 double knock-
outs using an established knockout line (Dauer et al., 2002). Loss
of a-synuclein did not prevent gliosis or accumulation of lyso-
somes as assessed at 3 months of age, shortly following the onset
of these pathologies (Fig. 10A, quantification in B,C). If any-
thing, the double null mice showed a surprising increase in the
extent of gliosis, suggesting a worsening of pathology by this one
metric. Conversely, we increased a-synuclein levels by at least
fourfold in the cortex (Giasson et al., 2002) by ingression of an
a-synuclein-overexpressing transgene (Giasson et al., 2002) onto
the Atp13a2 null background and examined the onset and sever-
ity of pathology at 1 month (before the onset of pathology), 3
months (earliest observed pathology), and 9 months (onset of
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Figure 10.  Genetic modulation of c-synuclein levels does not affect the onset or extent of histopathology in Atp73a2 null mice. A, Forty micrometer sections from cortex or cerebellum of
3-month-old wild-type, Atp73a2 null, or Atp73a2 null/SNCA null mice stained for GFAP, LAMP1, or ce-synuclein. B, Quantification of percentage area of the cortex positive for GFAPimmunoreactivity,
as in Figure 2D (one-way ANOVA, F = 33.99, p << 0.0001; n = 6/genotype). Tukey’s multiple comparisons tests were performed to detect differences between individual genotypes. C,
Quantification of average fluorescence intensity of the cortex (left) or Purkinje cell layer of the cerebellum (right), asin Figure 4D (one-way ANOVA, F ;1o = 8.24,p = 0.007; F o epetium = 5-50,p =
0.008). Tukey’s multiple comparisons tests were used to detect differences between individual genotypes. D, E, Forty micrometer sections from cortex of 3-month-old (D) or 9-month-old ()
wild-type, Atp73a2 null, or Atp13a2 null/SNCA transgenic (Tg) mice either unstained or stained for GFAP, LAMP1, ubiquitin, or c-synuclein (n = 9/genotype). F, Quantification of percentage area
of the cortex positive for GFAP immunoreactivity, as in Figure 2D (one-way ANOVA, F = 4.71, p = 0.01). Tukey’s multiple comparisons tests were used to detect differences between individual
genotypes. G, Quantification of fluorescence intensity of the cortex (left) or Purkinje cell layer of the cerebellum (right) as in Figure 4D (one-way ANOVA, e, = 23.20,p << 0.0007; F o epetium =
18.03, p = 0.0001). Tukey’s multiple comparisons tests were used to detect differences between individual genotypes. *p << 0.05. Scale bars are as indicated in 4, D, and E.
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protein inclusions). This substantial increase in a-synuclein lev-
els did not accelerate the time of onset of gliosis or lysosomal
accumulation, as no pathology was observed at 1 month (data not
shown), and a similar extent of pathology was observed at 3
months (Fig. 10D). Similarly, severity of histopathology at 9
months was not worse in double mutant compared to Atpl3a2
null animals, with an unexpected decrease in the amount of gli-
osis in double mutant versus Afp13a2 null mice (Fig. 10E, quan-
tified in F, G). These in vivo genetic studies are in accordance with
biochemical studies and suggest strongly that the neuropatholog-
ical changes in Atp13a2 null mice are independent of disruption
in a-synuclein homeostasis.

Discussion

Considerable attention has focused on the hypothesis that in PD,
endolysosomal dysfunction causes neurodegeneration by in-
creasing a-synuclein levels. Our findings dissociate alterations in
a-synuclein homeostasis from neuropathological and behavioral
abnormalities in a model of endolysosomal dysfunction similar
to that causing levodopa-responsive Parkinsonism in humans.
Even in the absence of a-synuclein, the neuropathological con-
sequences of Atp13a2 loss of function emerge with the same time
course and progress to the same extent as in its presence (or
overexpression), emphasizing the a-synuclein independence of
these abnormalities. We also show that Afp13a2 deletion causes a
quite selective defect in cathepsin D maturation and trafficking to
the lysosome, and that lysosomal function per se is normal in
these mutants, at least for the several key attributes tested. We
further demonstrate that this trafficking defect occurs at a pre-
lysosomal transport step. These findings emphasize that even in
the context of a PD-related insult, endolysosomal dysfunction
and abnormalities of a-synuclein are not synonymous, and that
selective a-synuclein-independent defects in this pathway may
contribute pathological phenotypes. Identification of such dis-
crete abnormalities will likely help unravel how disruptions of
this pathway can cause diverse neurodegenerative diseases (i.e.,
endolysosomal defects are also linked to Alzheimer’s disease;
Nixon 2013). This work highlights the importance of broadly
considering the consequences of endolysosomal dysfunction that
may contribute to neurodegeneration in PD and related neuro-
degenerative disorders.

We describe novel molecular, neuropathological, and behav-
ioral features of Atp13a2 loss of function, and outline the broad
temporal sequence of these events in vivo—information critical
for unraveling the pathogenic cascade leading to neurodegenera-
tion. Afpl3a2 null mice develop age-related neuropathological
changes, including reactive astrocytosis, lipofuscinosis, protein
aggregation, and lysosomal accumulation in multiple brain re-
gions, including the cortex, cerebellum, hippocampus, and stria-
tum. We defined the progression of these changes, which
demonstrate the early onset of gliosis (by 1 month of age), fol-
lowed by onset of lipofuscinosis and autofluorescence by 3
months of age, the accumulation of lysosomal proteins LAMPI1,
LAMP2, and lysosomal lipid BMP by 6 months, and the aggrega-
tion of ubiquitinated proteins and p62 by 12 months. Biochem-
ically, late changes include the aberrant processing of the
lysosomal protease cathepsin D. The widespread distribution of
these changes, with particularly prominent abnormalities in cor-
tex and cerebellum, are consistent with the clinical features of
KRS. Similar to lipid changes seen in Niemann—Pick type C (Che-
vallier et al., 2008), Alzheimer’s disease (Chan et al., 2012), and
cathepsin D-deficient mice (Jabs et al., 2008), we describe a rather
selective increase in the lipid BMP, suggesting changes to both
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lysosomal proteins and lipids following Atpl3a2 deficiency.
While the overall content of triglycerides and cholesterol is com-
parable between control and Atp13a2-deficient brains, our ultra-
structural analysis of the Atpl3a2 neurons revealed marked
accumulation of lipid content in lysosomes (Fig. 3B). The lack of
abnormality observed in other lipids may reflect in part the small
relative contribution of neuronal lipids to overall brain lipid
content.

Several of our findings are consistent with previous work,
including the identification of abnormalities of lysosomal size
and number, alterations in protein homeostasis and autophagy,
and impaired neuronal viability (Dehay et al., 2012; Usenovic et
al., 2012). Our report is the first, however, to demonstrate several
additional features of Atpl13a2 deletion, including astrocytosis,
p62 aggregation, and ultrastructural evidence of lipofuscin and
lipid accumulation. Together, these results suggest a model by
which loss of Atp13a2 results in endolysosomal pathway dysfunc-
tion, characterized by decreased cathepsin D processing and de-
creased clearance of autophagic substrates including p62 and
ubiquitin. Lysosome function itself, however, appears normal in
the absence of Atp13a2 function, in terms of pH, ability to uptake
and degrade a-synuclein, and proteolytic function generally. The
temporal sequence of abnormalities in this KRS model is partic-
ularly informative. The accumulation of lamellated structures
and glial activation occurs early, months before observable ab-
normalities in lysosomes and aggregation of p62/ubiquitin. This
early accumulation of lamellated structures (also seen in human
material; Malandrini et al., 2013) and inflammation, in combi-
nation with alterations to protein homeostasis, likely disrupts
neuronal health and function before the accumulation of protein
aggregates. Considered together, these observations indicate that
the observed lysosomal phenotypes (e.g., changes in size and
number) are likely to be compensatory responses to a more fun-
damental, upstream abnormality (as indicated by abnormal ca-
thepsin D processing). The identification of the temporal
sequence of these events will enable future work aimed at block-
ing early abnormalities, which will be required to determine
causal relationships.

In contrast to previous work in vivo (Schultheis et al., 2013),
we find that AfpI3a2 null mice do not develop changes in
a-synuclein solubility, despite exhibiting abnormal accumula-
tion of ubiquitinated protein aggregates. We also demonstrate
normal lysosomal degradation of a-synuclein, even at 18 months
of age. The absence of a-synuclein pathology differs from in vitro
studies, which report a modest increase in a-synuclein levels in
cells following ATP13A2 knockdown or mutation (Dehay et al.,
2012; Usenovicetal., 2012), and is in clear contrast with other cell
and mouse models of PD where autophagic-lysosomal dysfunc-
tion seems to cause neurotoxicity and elevated a-synuclein levels
(Mazzulli et al., 2011; Ahmed et al., 2012; Friedman et al., 2012).
These initial findings did not exclude the possibility that soluble
toxic forms of a-synuclein not detected by our methods might
contribute to the abnormalities in Atp13a2 null mice. To rigor-
ously explore this possibility, we genetically altered a-synuclein
levels by crossing Atp13a2 null mice to either mice lacking or
overexpressing a-synuclein. In these double mutants, we ob-
served no change in the neuropathology seen in AtpIl3a2 null
mice, even up to 9 months of age. These results—including his-
topathological, biochemical, and genetic analyses—suggest that
abnormalities of a-synuclein homeostasis or folding are not re-
quired for the development of gliosis, lipofuscinosis, or neuronal
injury resulting from Atp13a2 loss of function.
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a-Synuclein aggregation is a frequent byproduct following
complete loss of specific lysosomal enzymes such as glucocer-
ebrosidase (Mazzulli et al., 2011) or cathepsin D (Cullen et al.,
2009), or direct alterations in the delivery of a-synuclein to lyso-
somes by autophagic pathways (Webb et al., 2003; Cuervo et al.,
2004; Orenstein et al., 2013). Our results suggest that loss of
Atp13a2 does not prevent lysosomal targeting or degradation of
a-synuclein. In KRS patients, then, the principle insult may result
not from a-synuclein, but from either neuroinflammation
caused by early astrocytic activation, or from an increased burden
within neurons from lipofuscinosis and aggregation of proteins
other than a-synuclein. We do find abnormalities of cathepsin D,
an enzyme known to degrade a-synuclein (Qiao et al., 2008; Sev-
lever et al., 2008; Cullen et al., 2009). Complete loss of cathepsin
D, as seen in cathepsin D null mice, results in much earlier onset
of lipofuscin accumulation (Koike et al., 2000), glial activation,
and neurotoxicity (Partanen et al., 2008). Whereas cathepsin D
null mice show increased levels of insoluble a-synuclein (Cullen
et al, 2009), heterozygous mice do not show changes to
a-synuclein levels (Crabtree et al., 2013), consistent with our
finding that a-synuclein does not change in the presence of par-
tial loss of lysosomal cathepsin D. Our results do not preclude the
possibility that a-synuclein aggregation occurs later in the course
of the disease, beyond the 18 month age time point that we ex-
amined.

Many aspects of our KRS model more closely resemble the
lysosomal storage disorders of NCL than PD. Most strikingly,
Atp13a2 null mice develop extensive autofluorescence and lipo-
fuscinosis in the cortex, hippocampus, and cerebellum. This ac-
cumulation of granular osmophilic deposits is similar in
appearance and regional selectivity to that seen in both the Ti-
betan terriers with NCL (Riis et al., 1992; Katz et al., 2005, 2007;
Farias et al., 2011) and mouse models of NCLs (Koike et al., 2000
Gupta et al., 2001; Weimer et al., 2009). Similar to our findings,
NCL mouse models display motor dysfunction, including abnor-
mal clasping (Sleat et al., 2004; Macauley et al., 2009; Weimer et
al., 2009). The enhanced vulnerability of cortical, cerebellar, and
hippocampal neurons replicates findings in NCL models lacking
Ppt1 (Gupta et al., 2001; Bible et al., 2004; Macauley et al., 2009),
Tppl (Chang et al., 2008), and CIn3 (Weimer et al., 2009). Early
gliosis precedes neuronal loss in NCL models (Kopra et al., 2004;
Chang et al., 2008), similar to our observations of prominent
gliosis in Atp13a2 null mice in mice as young as 1 month old.

Increasingly, genetic, biochemical, and mouse studies empha-
size the importance of lysosomal dysfunction in many neurode-
generative diseases, including PD. Mutations in multiple proteins
related to the endolysosomal system, including the Gaucher’s
protein glucocerebrosidase, VPS35, RAB7L1, synaptojanin 1, and
ATP13A2, lead to increased risk for familial forms of Parkinson-
ism. While loss of endogenous Atpl3a2 in the mouse more
closely resembles neuronal ceroid lipofuscinoses, this does not
preclude dopaminergic degeneration in human patients with
KRS. Many genetic models of Parkinson disease do not display
overt loss of neurons in the SNpC (Dawson et al., 2010), suggest-
ing fundamental differences between neuronal susceptibility in
humans and mice. Our findings highlight the importance of de-
fining more clearly how particular alterations to the autophagic-
lysosomal system results in neurodegeneration, in the context of
NCL, PD, and other neurological diseases.
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