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ABSTRACT 

Parkinson Disease (PD) is a neurodegenerative disorder characterized by motor and 

cognitive decline. While the majority of PD cases are sporadic cases in older individuals, 5-10% 

of cases are familial and juvenile forms of parkinsonism. Several genes have been associated with 

familial parkinsonism, including the gene ATP13A2, found mutated in cases of juvenile 

parkinsonism. ATP13A2 is a P-type ATPase protein, and its function has been implicated in the 

transport of polyamines, with loss of ATP13A2 resulting in cell toxicity due to the accumulation 

of polyamines in endolysosomes. Mutations in ATP13A2 have also been associated with the 

lysosomal storage disorder Neuronal Ceroid Lipofuscinosis, and additional studies have also 

suggested a role of ATP13A2 in lysosomal function and autophagy. Two prior published mouse 

models with mutations in Atp13a2 have exhibited a mild PD phenotype, and this thesis aims to 

characterize a novel Atp13a2 mouse model with a deletion of exons 21-29, to determine if this 

novel model better recapitulates the PD phenotype compared to existing Atp13a2 mouse models.    
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INTRODUCTION AND BACKGROUND LITERATURE 

 

Parkinson Disease 

Parkinson disease (PD) is a common neurodegenerative disorder, with a prevalence of 1-

2% in individuals aged 55 and older [1, 2]. This disorder is characterized by motor and cognitive 

decline due to the loss of dopaminergic neurons, which results in reduced levels of the 

neurotransmitter dopamine, which is involved in movement and coordination [3]. The clinical 

features of PD include both motor and non-motor phenotypes. PD motor function symptoms 

include shaking, tremor, rigidity, slowness movement, difficulty with walking and problems with 

balance [3]. Concurrent dementia, dystonia, and psychosis represent non-motor features of the 

disease. Neuroimaging demonstrates progressive cortical and cerebellar atrophy on MRI while 

pathological features of PD include the selective degeneration of dopaminergic neurons in the 

substantia nigra pars compacta (SNc), and the accumulation of Lewy bodies, which are 

proteinaceous deposits that include the synaptic protein α-synuclein [3-6]. Degeneration of the 

cholinergic system has also been implicated in PD, with the accumulation of α-synuclein deposits 

in cholinergic neurons in the basal forebrain, and loss of cholinergic projections varying from 5-

25% [7, 8]. This degeneration has been linked to the autonomic features, postural instability and 

gait disorder in PD patients, and cognitive and other non-motor features of PD [7, 9].  

 

Pathways Involved in PD Pathology 

Dopaminergic neurons are primarily located in the ventral region of the mesencephalon 

[4]. The mesencephalic dopaminergic system consists of the following pathways: the nigrostriatal 

pathway, which originates in the zona compact of the substantia nigra (SNc) and extends to the 

dorsal striatum, and the mesolimbic and mesocortical pathways, which originate in the ventral 
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tegmental area and extend to the nucleus accumbens and prefrontal, cingulate and perirhinal 

cortices, respectively [4]. While the mesolimbic and mesocortical pathways are involved in 

emotion-based behavior, the nigrostriatal pathway is involved in control of voluntary motor 

movement, and loss of dopamine neurons within this pathway contribute to the motor phenotype 

of PD. A commonly prescribed drug to treat PD that targets this dopamine pathway is L-Dopa, 

which is the precursor for dopamine and is intended to compensate for the loss of dopaminergic 

neurons in the midbrain. L-Dopa does attenuate motor functions symptoms associated with PD, 

but like most treatment options currently available, this drug can only control symptoms rather 

than prevent the ultimate loss of dopaminergic neurons [4].   

 

Familial Parkinsonism 

While classic Parkinson disease is typically a sporadic disease associated with older 

populations, familial and juvenile forms of parkinsonism (the movement disorder phenotype of 

PD) represent approximately 5-10% of all PD cases, and can occur due to either autosomal 

recessive or dominant inheritance [10]. Familial Parkinsonism can present with various clinical 

phenotypes, to include a typical Parkinson Disease phenotype, early-onset with typical signs, or 

juvenile onset with atypical signs, depending on the causal gene  [10]. Disease pathology is also 

varied, as not all forms of familial parkinsonism exhibit the Lewy body pathology typical of PD. 

Mutations in several genes, including ATP13A2, have been identified to cause a familial juvenile-

onset form of parkinsonism [10, 11].  
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ATP13A2 Structure and Localization 

ATP13A2 is a member of the P-type ATPase family of proteins, which are involved in the 

transport of inorganic cations and other substrates across cell membranes [12]. This protein is a 

transmembrane protein predicted to have 10 transmembrane domains that allow ATP13A2 to 

integrate into the cellular membrane to form a pore for the transport of cations.  The functional 

domains of this protein included the Actuaor domain (TGES), which mediates dephosphorylation, 

the nucleotide-binding domain (KGSPE), which is involved in the transport of ATP to the 

phosphorylation site, and the phosphorylation domains (P1- DKTGTLT;  P2-MCGDG) which 

provide aspartic acid residues for auto-phosphorylation [13] (Schematic 1).  

Initial studies of ATP13A2 suggested that this protein localizes to lysosomes and acidic 

vesicles, and initial hypotheses speculated that it could be involved in the transport of various 

cytosolic cations to the lysosome [12, 14-17]. Recent studies have also indicated ATP13A2 as a 

regulator in the autophagy-lysosome pathway [18-20].    
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Early-onset Familial Forms of PD Associated with mutations in ATP13A2 

The first report of a mutation in ATP13A2 causing parkinsonism was in a Jordanian family 

with Kufor-Rakeb syndrome, which is an autosomal recessive nigro-striatal-pallidal-pyramidal 

neurodegeneration, with onset of the clinical phenotype of PD in the teenage years [21]. Additional 

symptoms associated with this syndrome include spasticity, supranuclear upgaze paresis, and 

dementia. Initial studies mapped this condition to a region of chromosome 1p36, while later studies 

Schematic 1: Predicted structure of ATP13A2 
ATP13A2 functional and transmembrane domains, with mutations that have been identified to cause 
juvenile-onset familial forms of parkinsonism indicated (image modified from Podhajska et al, 2012) 
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were able to identify a homozygous 22-bp duplication leading to a frameshift and stop codon in 

affected family members [14, 21].  

Mutations in ATP13A2 were also identified as a cause of an early-onset, familial form of 

parkinsonism with dementia in a large Chilean family [14]. Affected patients presented with 

levodopa-responsive parkinsonism, featuring bradykinesia, rigidity, and postural instability. The 

affected siblings in this family were found to have a compound heterozygous mutation: a deletion 

in exon 26 leading to a frameshift and stop codon, and an in-frame deletion mutation in a highly 

conserved slice site in exon 3, resulting in skipping of exon 13 [14].  

A third novel mutation, a homozygous missense mutation in exon 24 of ATP13A2, was 

found to be the cause of a progressive form of juvenile parkinsonism in an Italian family [16]. This 

mutation is located in one of the auto-phosphorylation domains of ATP13A2, replacing a residue 

involved in ATPase function, and is therefore predicted to be a loss of function mutation. The 

affected child is this family exhibited a severe progressive parkinsonism phenotype, with 

pyramidal disturbances, oculomotor abnormalities and cognitive decline. Levodopa treatment 

initially improved the affected child’s gait and limb rigidity, but over time, motor performance 

deteriorated [16].  

Another case with Kufor-Rekab syndrome was found to have a novel homozygous 2-bp 

deletion (c.2742_2743delTT) in exon 23 of ATP13A2 which is predicted to cause a premature stop 

codon and lead to a truncated, loss-of-function protein [22]. This patient exhibited fine tremor in 

the hands, dystonic flexion postering in the right hand, bradykinesia and rigidity, starting at 10 

years of age. The patient also experienced significant cognitive decline, leading to clinical 

dementia at age 11. Additional mutations in ATP13A2 have also been associated with early-onset 

familial forms for PD [13].   
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ATP13A2 and Neuronal Ceroid Lipofuscinosis 

Mutations in ATP13A2 have also been associated with the lysosomal storage disorder  

neuronal ceroid lipofuscinosis (NCL), which is a progressive degenerative disease affecting the 

brain and retina [23]. The NCLs are characterized by lysosomal accumulation of autofluoerscent 

storage material, a hallmark pathological feature of this disease. Clinical phenotypes include 

epilepsy, progressive motor decline, dementia and visual loss. Pathogenic mutations in several 

different genes have been identified, leading to an age of onset varying from birth to adulthood 

[23].    

A link between NCL and ATP13A2 was first identified when a single base pair deletion in 

exon 16 of ATP13A2 resulting in skipping of exon 16 was found to lead to an accumulation of 

ceroid lipofuscin deposits in neurons and neurodegeneration in Tibetan Terriers [24, 25]. The link 

with neuronal ceroid lipofuscinosis (NCL) was confirmed when a biallelic missense mutation in 

exon 22 of ATP13A2 (also referred to as CLN12) was detected in a Belgian pedigree with Kufs 

disease, an adult form of NCL. Affected patients exhibited dementia, ataxia, bulbar features, 

myoclonus and parkinsonism [26]. This association between parkinsonism and the NCLs suggests 

a shared etiology and implicates that a lysosomal pathway may have a role in parkinsonism as 

well.  

Parkinsonism has also been linked to other lysosomal storage disorders. Gaucher’s disease 

is the most common lysosomal storage disorder. This disease is caused by mutations in the 

glucocerebrosidase (GBA) gene, which lead to deficiency of the enzyme glucocerebrosidase that 

results in an accumulation of stored lipid in lysosomes of macrophage lineage cells [27]. 

Individuals that are heterozygous for GBA mutations are at a higher risk for sporadic Parkinson 
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disease, and studies have found that 14% of sporadic PD patients have heterozygous GBA 

mutations [28, 29].   

 

ATP13A2 and Lysosomal Dysfunction 

 Recent studies focusing on the transport function of ATP13A2 have also identified a link 

between ATP13A2 and disrupted lysosomal function. While ATP13A2 has generally be described 

as a heavy metal transporter, the transport function of ATP13A2 has only recently been confirmed. 

The polyamines spermidine and spermine have been identified as substrates of ATP13A2, and 

ATP13A2 promotes the cellular uptake and transport of these polyamines into the cytosol [17, 30]. 

Loss of functional of ATP13A2 results in the accumulation of these polyamines in the 

endolysosomes, which contributed to cell toxicity and death, and suggests a link between 

lysosomal dysfunction and ATP13A2-associated neurodegeneration [30].  

Previous studies have identified lysosomal alterations as a result of PD-linked mutations 

in ATP13A2 [19]. This study use PD patient-derived fibroblasts from two patients with mutations 

in ATP13A2, one patient heterozygous for 3057delC and 1306 + 5G→A (L3292), and one 

homozygous for 1550C>T (L6025). These mutations lead to impaired lysosomal acidification, 

decreased proteolytic process of lysosomal enzymes and degradation of lysosomal substrates, and 

reduced lysosomal-mediated clearance of autolysosomes [19]. shRNA knock-down experiments 

targeting ATP13A2 in human dopaminergic BE-M17 neuroblastoma cells (derived from metastatic 

brain tissue) recapitulate the impaired lysosomal phenotypes identified in the patient cell lines 

[19]. Most of these altered phenotypes were rescued by over-expressing WT ATP13A2 in both the 

patient fibroblasts lines and the human dopaminergic neuroblastoma cells. Additionally, this study 
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identified an accumulation of autolysosomes, a component of the lysosomal-autophagy pathway, 

in the ATP13A2 mutant fibroblasts, suggesting a role of ATP13A2 in regulating autophagy [19].  

 

Autophagy and ATP13a2 

Autophagy is a regulated mechanism that allows the cell to remove unnecessary or 

dysfunctional components for degradation or recycling. Autophagic flux refers to the dynamic 

process of autophagy, which consists of the formation and maturation of the autophagosome, 

fusion of the autophagosome with the lysosome to form the autolysosome, and autolysosome 

degradation [31].  There are three steps in this process where dysfunction may occur when 

accessing autophagy and autophagic flux in human disease. These steps are the failure of 

autophagic induction and autophagosome formation, inefficient autophagosome-lysosome fusion, 

or inefficient degradation of autophagic vesicles [31].  

There are also several methods for evaluating autophagy. Microtubule-associated light 

chain 3 (LC3), can be used as a marker for autophagosome formation in mammalian models by 

microscopy or immunoblot. Cytosolic LC3-I is converted to LC3-II, which is found on the surface 

of autophagosomes, so with the induction of autophagy, an initial increase in LC3-II levels with 

autophagosome formation is expected, and then a decrease as LC3-II is degraded by autophagy. 

To evaluate autophagic flux using this marker, LC3 levels can be assessed in the presence or 

absence of lysosomal inhibitors that prevent degradation, and also in baseline and nutrient 

starvation or other conditions that specifically induce autophagy. In yeast cells, autophagy can be 

monitored using GFP-tagged Autophagy related gene 8 (Atg8) expressed under its endogenous 

promotor. Atg8 is degraded by autophagy, while the GFP tag is not, so autophagy induction can 

be monitored by tracking total and free GFP [32]. Another marker used to evaluate autophagy is 
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the accumulation of p62, as autophagic suppression correlates with increased p62 levels. However, 

changes in p62 levels are not necessarily a direct result of altered autophagy, as p62 can also be 

degraded by ubiquitination, and can be transcriptionally upregulated in certain conditions [33].      

Several studies have implicated altered autophagic function due to the loss of ATP13A2. 

The loss of ypk9, the yeast ortholog of ATP13A2, results in the failure to activate autophagy in 

several conditions, including nitrogen starvation, hydrogen peroxide exposure, carbon starvation 

and treatment with the glutamine synthase inhibitor L-methionine sulfoximine, with the exception 

of caloric restriction, where under these conditions the ypk9Δ cells retained the ability to induce 

autophagy (Madeo, unpublished data). The results suggest that the autophagic machinery remains 

intact in ypk9Δ cells, but that autophagy fails to be induced under select conditions. The evaluation 

of Atg5 and Atg9, which are markers for the phagophore, the autophagosome precursor, identified 

a significant in increase in Atg5-GFP and Atg9-GFP puncta in ypk9Δ cells compared to WT, 

indicating that autophagosome maturation is impaired ypk9Δ cells (Madeo, unpublished data).  

Another study investigated the roles of ATP13A2 and Synaptotagmin 11 (SYT11) in 

autophagy regulation. SYT11 was previously identified as a PD risk loci in a genome-wide 

associated study, and was also identified as a possible interactor with ATP13A2 in a yeast-2-hybrid 

screen [34]. SYT11 is a member of the synaptotagmin gene family, and proteins in this family are 

calcium sensors that mediated calcium-dependent regulation of membrane trafficking in synaptic 

transmission. This study found that SYT11 mRNA levels were significantly decreased in HeLa 

cells and mouse primary neurons lacking ATP13A2, suggesting that SYT11 may be a downstream 

target of ATP13a2 [18]. When ATP13A2 was depleted in HeLa cells, this resulted in decreased 

transcription of SYT11, and also induced SYT11 ubiquitination and degradation. The decrease in 

SYT11 led to lysosomal dysfunction, autophagic blockage and increased accumulation of α-
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synuclein [18]. The results of this study suggest that ATP13A2 and STY11 may regulate 

autophagy via a common pathway.   

 

Mouse Models of ATP13a2 

There are currently two published loss-of-function mouse models with mutations in 

Atp13a2, one with a deletion of exons 12-15 and a portion of exon 16, and the second with a 

deletion of exons 2 and 3, with a premature stop codon in exon 4 [35, 36]. The Schultheis, et al 

model exhibits a mild motor deficit, an accumulation of intraneuronal storage material in the 

cerebellum and hippocampus, and increased insoluble α-synuclein in the hippocampus, but no 

changes in dopamine neurons numbers in the substantia nigra pars compacta [35]. The second 

Atp13a2 mutant mouse also exhibits motor dysfunction as well as neuropathological changes, 

including gliosis and lipofuscinoisis, but no α-synuclein phenotype or evidence of reduced 

dopamine neurons [36].  Both models exhibit some features of the PD phenotype, but neither have 

a particularly strong phenotype (summarized in Supplemental Table 1).  

This thesis aims to characterize a novel Atp13a2 mutant model that lacks exons 21-29 of 

the Atp13a2 gene, to determine if this model better recapitulates the PD phenotype compared to 

existing Atp13a2 mouse models.  This study will evaluate whether this model recapitulates 

cognitive and motor decline associated Parkinonism, and pathological phenotypes of parkinsonism 

and NCL, and will also evaluate autophagy, as there is accumulating evidence that ATP13A2 has 

an important role in lysosomal function and the lysosomal-autophagy pathway.  
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MATERIALS AND METHODS 

Ethics statement 

Animal protocols were approved by the Sanford Research/USD Institutional Animal Care and US 

Committee (USDA License 46-R-0009) with all procedures carried out in strict accordance with 

National Institutes of Health guidelines and the Sanford Research/USD Institution Animal Care 

and Use Committee guidelines.  

 

Knockout mouse generation 

Knockout mice were generated by utilizing an Atp13a2 gene targeting vector to replace exons 21-

29 with a neomycin cassette. This vector was then electroporation in a hybrid mouse stem cell line 

(C57BL/6 x 129SV) and injected into C57BL/6 blastocysts (Stem Cell).  

 

Mouse Genotyping 

DNA for genotyping was extracted from 1mm tail snips collected at weaning age. The Maxwell 

16 Mouse Tail DNA Purification kit was used with the Maxwell 16 Instrument, following the 

manufactures’ instructions (Promega). PCR was performed using standard protocols with primers 

indicated in Supplemental Figure 1. 

 

Animal Behavior 

Open Field Exploration: Each mouse was placed individually into the bottom corner of a black 

infrared transparent Perspex box (40 cm x 40 cm x 35 cm; ANYmaze, Stoelting) and allowed to 

freely explore the open field for 10 minutes. The mice was tracked with a video camera connected 

to the ANYmaze video tracking system (Stoelting). Locomotor activity was analyzed along with 
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other relevant indices of exploratory behavior, including frequency of entries into and total 

duration of time spent in a pre-defined center zone of the open field, number and frequency of 

rearing episodes, path length and total time spent active, as previously described [37, 38]. The 

statistical analysis was quantified by the unpaired t-test.  

 

Force Plate Actimeter: The force-plate actimeter (Bioanalytical Systems, Inc.) was used to 

quantify tremor phenotypes, locomotor behavior, and gait disturbances.  After being weighed, 

mice were placed individually into the force plate actimeter for 20 minute recording sessions. 

During the testing sessions, the actimeter recorded activity via four force transducers supporting 

the load plate on which the mice were placed, and the tremor index and focused stereotypy score 

were calculated as previously described [39]. Results were analyzed using the unpaired t-test.  

 

Rotarod: The rotarod test was performed using two Rotamex-5 accelerating rotarod instruments 

(Columbus Instruments, Columbus, OH), as previously described [40]. During a training period, 

mice were placed on the rotarod starting at zero rpm and accelerating to 48 rpm in 240 seconds, 

and the length of the test depended on how long the mouse was able to maintain balance on the 

rotarod.  Animals were trained for three consecutive runs. Following training, mice rested for 1.5 

h, and were then tested in three test trials consisting of three consecutive runs, with 15 min of rest 

between each trial. The unpaired t-test was used for statistical analysis. 

 

Barnes Maze: The Barnes maze test was performed using a modified version of a previously 

described protocol  [41]. This test consists of a circular platform (90 cms in diameter, 90 cms off 

the ground) with 20 holes evenly spaced around the perimeter of the platform, surrounded by 
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permanent visual cues.  Mice were placed in the maze for a 2 min. habituation session, and were 

then directed into the target box containing an escape chamber, where it remained for 1 min. The 

mouse then entered the acquisition phase in which it was placed in the center of the maze and 

allowed to explore for up to 3 minutes, followed by a 1 min during which the mouse was contained 

in the escape chamber. If the mouse entered the escape before the end of the 3 min trail, the trail 

was ended at that time. If the mouse did not enter the target chamber in three minutes, it was guided 

gently to the escape chamber and left inside for 1 min. The acquisition phase consisted of four 

days, with each mouse performing five trials per day with an inter-trial interval of 15-20 minutes. 

The first probe trial was completed on day 5 of testing. During this trial the escape chamber was 

removed from the target hole and the mouse was allowed to freely explore for 90 seconds. The 

latency to reach the trained target hole, the total time spent in the target zone, and percentage of 

entries into non-target zones (errors) were measured, in addition to distance travelled, mean speed 

an total time spent immobile. Long-term retention was tested in a second probe trial one week after 

the first probe trial following the same probe trial protocol. Indices were scored using the 

ANYmaze video tracking system (Stoelting, Inc.). Results were analyzed using the unpaired t-test. 

 

Survival 

Spontaneous deaths of WT and ATP13a2 KO animals were tracked from birth to 16 months of 

age. A subset of WT and KO animals that died spontaneously were sent to a pathologist for 

necropsy analysis to determine causes of death. The survival curve was quantified using Log-rank 

(Mantel-Cox) test. 
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Histopathology: Visualization of autofluorescent storage material in the Somatosensory cortex 

and VPM/VPL 

Visualization of autofluorescent storage material used brain coronal sections incubated in 4,6-

diamidino-2-phenylindole (1:2000, DAPI, Thermo Fisher) in TBS, mounted on slides, 

coverslipped using Dako Faramount aqueous mounting medium (Agilent Technologies, 

Lexington, MA), and imaged using a Nikon 90i microscope with NIS-Elements Advanced 

Research software (V 4.20). Images were made at 20X magnification by first using only the blue 

channel (DAPI) for proper location and focusing, then only using the green channel to capture 

autofluorescence with minimal photobleaching.  Three tissue sections were used for each animal, 

with three large images taken of each tissue section.  These large images were split into four equal 

smaller images and the ASM signal was quantified using threshold analysis (Fiji, ImageJ). Data 

was analyzed with GraphPad Prism (v6.04 or later for Windows). Outliers were removed with the 

ROUT method Q=0.1%.  

 

Histopathology: Astrocytic and microglial activity, and ATP subunit C expression in the 

Somatosensory cortex and VPM/VPL 

Free-floating brain coronal sections were washed with TBS and blocked with 15% goat serum 

(Sigma, G6767) and 0.3% Triton X-100 (Fisher, BP151). Following incubation with anti-GFAP 

antibody (1:8000, Dako, 70334), anti-CD68 antibody (1:1000, AbD Serotec, MCA1957), or anti-

SubUnit C antibody (1:2000, Abcam, ab181243), brain tissue sections were conjugated with 

Avidin:Biotin enzyme complex (1:1000, Vector Labs, Burlingame, CA) and taken through a 

standard DAB immunohistochemistry protocol as describe previously (Morgan et al, 2013).  

Sections were imaged and analyzed using an Aperio Digital Pathology Slide Scanner (VERSA; 
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Leica Biosystems; Wetzlar, Germany) and associated software. Three tissue sections were used 

for each animal, with three large images taken of each tissue section (VPM/VPL of the thalamus 

and the somatosensory cortex).  These large images were split into four equal smaller images and 

the total area of immunoreactivity was determined using a threshold analysis (Fiji, ImageJ). Data 

was analyzed with GraphPad Prism (v6.04 or later for Windows). Outliers were removed with the 

ROUT method Q=0.1%.  

 

Histopathology: Dopamine neurons and nerve endings 

Tissue Processing : Brain tissue was processed as previously described, with modifications [42]. 

Animals were sacrificed by intraperitoneal injection of 0.2mL pentobarbital or CO2 asphyxiation 

and then transcardially perfused with a vascular rinse of PBS, followed by fixative (4% 

paraformaldehyde in 0.1M sodium phosphate buffer, pH 7.4). Brains were harvested and placed 

in fixative overnight at 4°C, and then into cryoprotectant solution (30% sucrose solution in 50mM 

Tris buffered saline, pH 7.6, with 0.05% sodium azide), and stored at 4°C. Twenty-four hours 

before sectioning, the brains were placed in fresh cryoprotectant solution, and sectioned with a 

Micron HM 430 freezing microtome into 40µm coronal sections that were stored in cryoprotectant 

solution at 4°C.    

 

Immunohistochemical staining for Dopamine neurons of the substantia nigra striatum: Antigen 

retrieval was performed by incubating sections in 10mM citric acid, 0.05% Tween 20, pH 6.0, at 

95°C for 30 min, and then sections were blocked with 5% normal serum for 2 hours at room 

temperature. Incubation in primary antibody (Tyrosine Hydroxylase, Novus Biologicals, 1:1000) 

was performed for 48 hours at room temperature, and 4°C overnight, followed by incubation in 
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secondary antibody (488 goat anti-rabbit, Alexa Fluor, 1:500) at 4°C overnight. Sections were 

incubated with Hoechst stain (Thermo Scientific, 1:10,000) for 10 minutes at room temperature, 

then mounted onto glass slides  with Faramount aqueous mounting medium (Dako). Stereological 

analysis was performed using StereoInvestigator software (MBF BioScience). Results were 

analyzed using the unpaired t-test. 

 

Immunohistochemical staining for dopaminergic nerve terminals of the striatum: 

Immunohistochemical staining was performed as previously described [42]. Endogenous 

peroxidase activity was quenched with 1% hydrogen peroxide in Tris buffered saline (TBS) for 

15-30 min., followed by blocking with 15% normal serum in TBS.0/3% Triton-X 100 (TBS-T) for 

40 minutes. Incubation in primary antibody (Tyrosine Hydroxylase, Novus Biologicals, 1:1000) 

in primary antiserum diluted in 10% normal serum in TBS-T was performed at 4°C overnight, and 

then incubated in biotinylated secondary antibody (goat anti-rabbit, Vector Labs, 2µg/mL) diluted 

with normal serum in TBS-T at room temperature for two hours. The sections were incubated in a 

prepared solution of VectaStain ABC reagent (Vector Labs, Peterborough, UK) in TBS for two 

hours at room temperature. Markers were visualized by incubating the sections in a filtered 

solution of DAB mixed with 30% hydrogen peroxide for 5-10 minutes in darkness at room 

temperature; the reaction was stopped with ice-cold TBS. Sections were mounted on double dipped 

chrome gelatin slides (VWR, Dorset, UK), air dried overnight, then passed through a graded series 

of alcohol followed by a one hour incubation in fresh xylene. Sections were mounted with xylene-

based mounting medium DPX (VWR, Dorset, UK). The intensity of immunoreactivity was 

measured via a semi-automated thresholding image analysis method. Images were collected at 10x 

using a Zeiss Axio-Image M2 microscope. For each brain region of interested. Ten consecutive 
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images were capture per brain sections, across three sections, to produce a total of 30 images per 

brain per region. The camera set-up, light intensity and calibration remained unchanged throughout 

the imaging process. The images were processed using ImageJ to determine the contrast between 

foreground staining and a clear background. The unpaired t-test was used for statistical analysis.  

 

α-synuclein protein levels in brain tissue 

Frozen brains were homogenized and lysed for 1 hour at 4°C in tris buffer (50 mM Tris, 150 mM 

NaCl, 0.2% Triton x-100 and 2μg/ml Aprotinin). The suspension was centrifuged for 10 min at 

10000 rpm and the supernatant (soluble fraction) was collected. The remained pellets were 

incubated with RIPA buffer (+2μg/ml Aprotinin) for one hour at 4°C. The suspension was 

centrifuged for 10 min at 10000 rpm and the supernatant (insoluble in Tris) was collected. The 

concentration of protein lysate was measured using the Micro BCA Protein assay. Protein extracts 

from each soluble fraction (6 μg/lane) and insoluble fractions (2 μg/lane) were subjected to SDS-

PAGE (4% Bis-Tris-Pluse Gel). The western blot was performed on the nitrocellulose (NC) 

membrane (25 V, 20 minutes). The NC membrane was blocked with 2% BSA-PBS and incubated 

with 2μg/ml anti synuclein or 2μg/ml ubiquitin over night at 4°C. The protein of interests 

(synuclein & ubiquitin) was detected with goat anti rabbit (HRP) and DAB chromogene. 

 

Autophagy activity in mouse embryonic fibroblasts 

Cultured embryonic fibroblasts derived from WT and Atp13a2 -/- mice were expanded over 

passages 4-9. Fibroblasts were plated at 70% confluence in a 6-well plate and allowed to adhere 

for 24 hours. For baseline turnover (4-8 independent biological replicates), media was replaced 

with DMEM+10% FBS with either bafilomycin (final concentration 12.5 nM) or DMSO vehicle 
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(1:1000) for 6 hours. For starvation (4 independent biological replicates), media was replaced with 

either DMEM+10% FBS or EBSS without serum with either bafilomycin (12.5 nM) or DMSO 

vehicle (1:1000) for 1 hour. To harvest, cells rinsed 1x with PBS, scraped and collected in PBS 

and pelleted at 750g for 8 minutes at 4°C. Supernatant was removed and cells were lysed in 

Laemellis’ buffer with protease inhibitor (Thermo Scientific).  

25-40 µg cell lysis protein was separated via SDS-PAGE in 15% acrylamide and transferred to 0.2 

µm PVDF (Biorad) for immunoblotting. LC3-II levels detected with rabbit-anti LC3B (Cell 

signaling, 1:500 in 1% milk) and beta-tubulin detected with rabbit-anti beta-tubulin (Abcam, 

1:2000 in 5% milk). After incubation with donkey-anti-rabbit HRP secondary antibody (GE 

Health, 1:10000 in 1% milk), bands were visualized with Luminata Forte Western HRP substrate 

(Millipore). Chemiluminescence detected with Chemidoc XRS Imager (Biorad) and quantified 

using Image Studio Lite. LC3-I or -II divided by in-lane β-tubulin signal was normalized to within-

experiment untreated control and differences between genotypes and treatments determined via 

paired t test in R Studio. 
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RESULTS 

Successful generation of novel Atp13a2 knockout mouse by removing exons 21-29 

 Knockout mice were generated by utilizing an Atp13a2 gene-targeting vector to replace 

exons 21-29, the last 6 transmembrane domains of the ATP13A2 protein, with a neomycin cassette 

(Figure 1, Figure S1a-d).  qPCR analysis was performed using primers directed against both 5’ 

and 3’ regions of the transcript that were predicted to be present or lost in KO animals, respectively 

(Figure S2a-b, Supplemental Table 2). The Atp13a2 transcript was amplified using the 5’ primer 

pair, but not with the 3’ primers, indicating that the transcript was not subject to nonsense-mediated 

decay but that exons 21-29 were successfully abolished (Fig S2a-b). To determine if the knockout 

of full-length Atp13a2 affected expression of other genes in the ATPase family, transcripts of  

Atp13a3, Atp13a4 and Atp13a5 were analyzed in adult WT and Atp13a2 KO mouse brains, but no 

differences in relative gene expression were identified (Figure S2c-e, Supplemental Table 2). 
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Atp13a2 knockout mice exhibit some motor deficits and no measurable cognitive 

impairments 

The Open Field, Forceplate, and Rotarod tests were performed to assess motor function. 

At 8 months of age, significant differences were noted in certain aspects of the Open Field test, 

with Atp13a2 knockout mice spending more time immobile (Figure 2a), moving at a slower speed 

(Figure 2b), and traversing less distance (Figure 2c) than their wild-type littermates. Hindlimb 

rears, a normal behavior that is a function of both strength and coordination was diminished in 

Figure 1: KO mouse generation and validation schema 
An Atp213a2 gene targeting vector was utilized to replace exons 21-29 with a neomycin cassette. 
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Atp13a2 knockout mice at 18 months of age (Figure 2d). Additionally, knockout animals displayed 

more abnormal movements as evidenced by an increased rate of focused stereotypies (Figure 2e) 

and an elevated tremor index at 18 months of age (Figure 2f), in the Forceplate test. Most 

significantly, knockout animals also demonstrated an age-dependent impairment in rotarod 

performance that was present from a young age (Figure 2g). The Barnes Maze test was utilized to 

assess cognitive function, but failed to discriminate between WT and KO animals (Figure S3).  

Figure 2: Neuromotor dysfunction is seen in Atp13a2 KO mice  
In an open field test, Atp13a2 KO mice spent more time immobile (A), moved at a slower speed (B), and traversed 
less distance (C) compared to wild-type littermates. Hindlimb rears was also diminished in older animals (D). In 
a Force plate test, knockout animals displayed more abnormal movements, indicated by an increased rate of 
focused stereotypies (E) and an elevated tremor index (F). Knockout animals also demonstrated an age-dependent 
impairment in rotarod performance that was present from a young age (G,H). Open field: WT n = 7-9M/7-9F, 
Atp13a2 n = 8-11M/7-9F; Force Plate: WT n = 8-9M/7-8F, Atp13a2 n = 8-11M/7-9F;  Rotarod: WT n = 12-
27M/6-27F; Atp13a2 n = 6-33M/12-27F. Mean ± SEM, unpaired t-test. *p <0.05, **p<0.01.  
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Decreased long-term survival of Atp13a2 knockout mice 

As KO animals began to approach 1 year of age, the frequency of spontaneous deaths began 

to increase. Affected animals were without exception in a normal state of health, but were 

subsequently found dead, typically overnight. Although some WT animals occasionally expired 

unexpectedly, the proportion of KOs with this finding significantly exceeded the occurrence in 

WT animals (Figure 3).  Necropsies were performed on a representative sample of both WT and 

KO animals, but this analysis failed to determine a reliable cause of death (data not shown).  

 

Atp13a2 knockout mice exhibit typical NCL-like brain pathologies 

Given that human patients with mutations in ATP13A2 accumulate abnormal vacuolar 

storage material, brain histopathology was studied by evaluating KO animals for evidence of 

ceroid lipofuscin. Ceroid lipofuscin typically demonstrates autofluorescence [43]. A significant 

increase in autofluorescence is seen in the Atp13a2 KO mouse in the somatosensory cortex and 

Figure 3: Survival 
Atp13a2 KO  mice exhibit premature death. WT n= 44, Atp13a2 KO n = 36. Log-rank (Mantel-Cox) test, p <0.0001 
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VPM/VPL compared to WT animals, at 17-20 months of age (Figure 4a). The mitochondrial ATP 

synthase subunit C has previously been identified as a component of storage material [44], so the 

presence of subunit C was evaluated in WT and KO 17-20 month animal brains, and a significant 

increase in the presence of subunit C was identified in the somatosensory cortex and VPM/VPL 

of the thalamus (Figure 4b).  Both of these findings taken together indicate the presence of neuronal 

ceroid lipofuscinosis in KO animals.  

Figure 4: Atp13a2 KO mice have an increase in lysosomal accumulation 
A) Atp13a2 KO mice have accumulated autofluorescent storage material (ASM) in two parts of the brain: the 
somatosensory cortex and VPM/VPL of the thalamus. Somatosensory Cortex: WT n=124, Biological n=5M/6F; 
Atp13a2 n=111, Biological n=5M/5F; VPM/VPL: WT n=128, Biological n=5M/6F; ATP13A2 n=114, Biological 
n=5M/5F. B) Atp13a2 KO mice have accumulated mitochondrial ATP synthase subunit C (Subunit C) in the 
somatosensory cortex and VPM/VPL of the thalamus. Somatosensory Cortex: WT n=116, Biological n=5M/6F; 
Atp13a2 n=116, Biological n=5M/5F; VPM/VPL: WT n=125, Biological n=5M/6F; Atp13a2 n=116, Biological 
n=5M/5F. Mean ± SEM, unpaired t-test. ****p<0.0001. 
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Neuroimmunologic activation characterized by both reactive astrocytosis and microglial 

activation are common features across several mouse models of NCL [45-48]. Glial fibrillary 

acidic protein (GFAP) staining was performed, and found reactive astrocytes in the somatosensory 

cortex and VPM/VPL of Atp13a2 KO mice at 17-20 month of ages, (Figure 5a). CD68 staining 

also revealed aggregates of activated microglia at 17-20 months of age in the somatosensory cortex 

and VPM/VPL (Figure 5b).   

Figure 5: Atp13a2 KO mice have increased neuroinflammation  
A) Atp13a2 KO mice have increased astrocytosis (GFAP+) the somatosensory cortex and VPM/VPL of the 
thalamus. Somatosensory Cortex: WT n=113, Biological n=5M/6F; Atp13a2 n=120, Biological n=5M/5F; 
VPM/VPL: WT n=121, Biological n=5M/6F; Atp13a2 n=120, Biological n=5M/5F. B) Atp13a2 KO mice have 
increased microgliosis (CD68+) in the somatosensory cortex and VPM/VPL of the thalamus. Somatosensory 
Cortex: WT n=126, Biological n=5M/6F; Atp13a2 n=116, Biological n=5M/5F; VPM/VPL: WT n=128, 
Biological n=5M/6F; Atp13a2 n=119, Biological n=5M/5F. Mean ± SEM, unpaired t-test. ****p<0.0001.  
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Atp13a2 knockout mice show reduced dopaminergic neurons in the substantia nigra 

 To determine whether Atp13a2 KO mice show degeneration in dopaminergic neurons, 

unbiased stereology was used to quantify tyrosine hydroxylase immunoreactivity in cell bodies of 

the substantia nigra of WT and KO brains from mice aged 17-20 months. This analysis revealed a 

significant reduction in the number of dopaminergic neurons of the substantia nigra (Figure 6a-b). 

We next quantified dopaminergic nerve terminals of the striatum by threshold analysis of tyrosine 

hydroxylase immunoreactivity, which did not indicate a significant difference between the WT 

and Atp13a2 KO (Figure  6c, d). The expression of insoluble α-synuclein was also assessed in WT 

and knockout brain lysates, but the results were inconclusive (Fig S4).   

Figure 6: TH immunohistochemistry and stereology in Atp13a2 KO mouse 
Tyrosine hydroxylase immunoreactivity in cell bodies was quantified using unbiased stereology (A, B). This 
analysis revealed a significant reduction in the number of dopaminergic neurons of the substantia nigra. Threshold 
analysis of tyrosine hydroxylase expression in dopaminergic nerve endings of the Striatum did not indicates a 
significant difference (C, D). Substantia nigra: WT n = 25 sections, Biological n = 5M; Atp13a2  n = 23 sections, 
Biological n = 5M ; Striatum: WT n = 40 sections, Biological n = 5M; Atp13a2 n = 38 sections, Biological n = 
5M. Mean ± SEM, unpaired t-test. *p<0.05. 
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Atp13a2 knockout mice exhibit reduced Autophagy activity  

Our studies in both a ypk9 yeast deletion model and in human patient fibroblasts revealed 

a marked impairment of autophagy when cells were starved of nitrogen sources (primarily in the 

form of amino acids) (Madeo, unpublished data). This failure of autophagy occurs in the context 

of Atg9 accumulation, suggesting an inability to generate mature autophagosomes. To determine 

if this failure of autophagy extrapolated to a higher eukaryotic model, mouse embryonic fibroblasts 

were derived from our mouse model, and levels of LC3 were analyzed. In baseline conditions, 

Atp13a2 KO mouse embryonic fibroblasts (MEFs) show decreased levels of LC3-I and LC3-II 

(Fig 7a, b). Bafilomycin treatment to block autophagic degradation results in increased levels of 

LC3-II in both WT and Atp13a2 KO cells, but LC3-II levels in the KO cells are significantly 

decreased compared to WT cells  (Fig 7c). A 1 hr. starvation treatment to induce autophagy fails 

to significantly increase LC3-II in both WT and Atp13a2 KO KO MEFs, but LC3-II levels in the 

KO cells are still significantly decreased compared to WT LC3-II levels in this condition (Fig 7d).   
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Figure 7: Autophagy decreased in Atp13a2 KO mouse embryonic fibroblasts 
Western blotting (A) and quantification of LC3-I and LC3-II intensity normalized to within-experiment untreated 
control (B-D). Atp13a2 KO mouse embryonic fibroblasts (MEFs) have reduced LC3-I (B) and LC3-II (C) levels 
compared to WT MEFs. Blocking autophagy clearance with bafilomyocin increases LC3-II levels at 6 hours in 
both WT and Atp13a2 KO MEFs (C). Starvation conditions fails to significantly upregulate autophagy in both 
WT and Atp13a2 KO cells, but after 1 hr starvation LC3-II are significantly reduced in Atp13a2 KO MEFs 
compared to WT MEFs (D). n=4-8 replicates. Paired t-test; * P<0.05, **P<0.0008.  
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DISCUSSION 

We report the generation and characterization of a novel Atp13a2 KO mouse. This mouse 

produces ATP13A2 protein lacking the C-terminal exons 21-29, predicted to abolish the last 6 

transmembrane domains of the protein. A similar mutation has previously been reported in a 

ATP13A2 patient with a homozygous mutation in exon 23 (c.2742_2743delTT) resulting in a 

premature stop codon [22].   

Our KO mice show a mild impairment of motor function. The most notable motor function 

phenotype we identified was with the rotarod test, with decreased performance in KO animals 

starting at 2-6 months.  This phenotype is generally more severe than seen in the previously 

reported Atp13a2 KO mice, in which a phenotype did not emerge until 9 to 18 months of age [35, 

36]. Our KO animals also had significantly decreased survival compared to WT animals, starting 

at 8-10 months ago, but necropsy studies failed to identity a specific cause of death that was more 

likely to be seen in the KO animal animals. Evidence of pathology associated with parkinsonism 

is also seen in this model, with a significant reduction in TH-positive dopaminergic neurons of the 

substantia nigra.  

 Similar to patients with CLN12, we found evidence of ceroid lipofuscin in the brains of 

Atp13a2 KO mice. An overlap between forms of NCL and monogenic parkinsonism has been well-

described [49]. Patients with heterozygous mutation in GBA represent the most frequently seen 

form of genetic parkinsonism, while biallelic mutations in GBA lead to Gaucher disease. We 

recently described ceroid lipofuscin deposition in patients with FBXO7 mutations (Madeo, 

unpublished data), another gene that has previously been associated with familial parkinsonism 

[10, 11]. The overlap between lysosomal storage diseases and parkinsonism is considerable, and 
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advances in each field may inform the other in the future. ATp13a2 KO mouse brains also featured 

signs of astrocyte and microglial activation, as seen in several other forms of NCL [50].  

 KO animals demonstrate a selective impairment of autophagy as observed in the yeast 

model.  Our results suggest that while basal conditions indicate an overall reduction in autophagy 

activity in the mutant cells, upregulation of LC3-II in the presence of the Bafilomycin A indicates 

normal function of autophagic clearance. This data supports previous in vitro studies, which have 

also indicated a role of ATP13A2 in the autophagy-lysosome pathway and autophagy regulation 

[18, 19]. These findings corroborates the yeast study findings, and suggest that the autophagy 

machinery in the KO animals remains intact. Recent studies that implicate a role of ATP13A2 in 

transporting polyamines have found that loss of ATP13A2 results in the accumulation of these 

polyamines in the endolysosomes, contributing to cell toxicity and death, and also suggesting a 

direct link between lysosomal dysfunction and ATP13A2-associated neurodegeneration [30].  

As with the other Atp13a2 mouse models of parkinsonism that have been previously 

characterized, our novel model also exhibits some feature of the PD phenotype, but overall the 

phenotype is relatively mild. Recent studies have suggested that mechanisms of genetic 

compensation can results in little to no identifiable phenotype in genetic knock-out models of 

disease, compared to knock-down models of disease [51, 52]. Studies have also found specific 

mechanisms linked to nonsense mediated decay, where a premature stop codon triggers a genetic 

compensation response [53]. Transcript analysis of the short arm Atp13a2 sequence shows that the 

truncated mRNA is present in KO animals, suggesting that this transcript is not being targeted for 

nonsense mediated decay in the KO animals (Figure S2). The level of short arm transcript in the 

KO animals is actually 15-fold higher compared to the WTs, suggesting a significant increase in 

transcription of Atp13a2 in the KO animals. This may be a compensatory mechanism to 
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compensate for non-functioning protein in the KO animals. Another approach to generating 

genetic models of disease is to target the mutation to specific organs or cell types. Brain-specific 

knockout animals might demonstrate a more severe phenotype, as has been observed for other 

monogenic PD models [54]. These factors should be considered in future efforts to generate 

genetic models of parkinsonism, that better recapitulate the clinical phenotypes and may provide 

a better model for studying disease mechanisms and potential therapeutics.  
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SUPPLEMENTAL FIGURES 

Figure S1: Sequence analysis of Atp13a2 KO mouse  
Schematic representation of the WT, Atp13a2 KO Neo and Atp13a2 KO Floxed genotyping primer design (A). Table 
of genotyping primers, sequence and expected product band size (B). Examples of genotyping results for Flox and 
WT (C), and KO Neo (D) also shown.   
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Figure S2: P5B ATPase family transcript analysis 
The expression of ATPase family transcripts was analyzed in adult (age 4-28 months) WT and Atp13a2 KO mouse 
brains. The absence of WT Atp13a2 was confirmed in Atp13a2 KO mice (A). Transcript analysis of short arm (sa) 
indicated increased expression of the sa in KO brains (B).  No differences in relative gene expression of Atp13a3, 
Atp13a4 or Atp13a5 were identified in WT and Atp13a2 KO mice (C-E). Mean ± SEM, unpaired t-test. **p = 0.0016, 
****p<0.0001.  
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Figure S3: Nondiscriminating phenotype tests 
The Barnes maze test was performed to evaluate cognitive function adult WT and Atp13a2 KO mice at ages 6, 8, 10 
and 12 months. No significant differences in distance travelled, mean speed, time immobile, time in target zone, 
primary latency to target zone or percent errors performed were identified in either Day 5 (A) or Day 12 (B) probe 
trials. N = 4-17; Mean ± SEM, unpaired t-test. 
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Figure S4: α-Synuclein and ubiquitin expression 
Western blot analysis was performed to quantify ubiquitin and α-synuclein expression in WT and ATp13a2 KO mouse 
brain protein soluble (A) and insoluble (B) fractions, extracted from 12-month mouse brains. 
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SUPPLEMENTAL TABLES 

 

 
Table S1: Summary of Atp13a2 mouse model phenotypes 
Comparison of phenotypes identified in published [35, 36] and novel Atp13a2 mouse models.  

 

  

Schultheis et al, 2013 Kett et al, 2015 Novel mouse model

Atp13a2  deletion
Exons 12-15, portion of exon 16 Exons 2-3, premature stop codon 

in exon 4
Exons 21-29

Background Black Swiss C57BL6/129 C57BL6
Survival Did not assess Did not assess Decreased survival in KO animals

Motor function

Impaired Beam Traversal 
challenge performance, altered 
gait (20-29 months)

Decreased movement in Open 
Field test (9, 12, 15, 18 months), 
rear limb clasping phenotype (18 
months)

Decreased performance in 
Rotarod task (2-6 months, 12 and 
18 months)

Cognitive function

No significant differences 
identified in novel object and 
spatial recognization, water maze 
tasks (12-17 months)

Did not assess No significant differense 
identified on Barnes Maze task (6-
12 months)

Dopaminergic neurons
No significant differences 
identified (20-29 months)

No significant differences 
identified (18 months)

Decrease in TH+ neurons of 
substantia nigra (17-20 months)

NCL Autofluorescence

Increased autofluorescence in 
cerebellum, hippocampus (18 
months)

Increased autofluorescence in 
cerebellum, hippocampus, cortex 
(18 months)

Increased autoflorescence and 
accumulation of Subunit C in 
VPM/VPL, somatosensory cortex 
(17-20 months)

Glial activity

Did not assess GFAP immunoreactivity in 
cerebellum, hippocampus, cortex 
(18 months)

GFAP and CD68 immunoreactivity 
in VPM/VPL, somatosensory 
cortex (17-20 months)

Autophagy

Increase in gene expression of 3 
autophagy-related genes in 
substantia nugra (8-15 months)

No change in steady-state LC3 
levelss in tissue; p62 protein 
increased in some brain regions 
(18 months)

Decreased LC3 levels in MEFs
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Gene Sense sequence Anti-sense sequence 

ATP13A2 CATCCTGTGTAGAGATAGC
A GTTGCAGCATCGTTCTTC 

ATP13A2 short arm GAGAGGGATGAGTTCCTA CTCGTTTTAGGAGGTTGTC 
ATP13A3 GCAACTGAAGAAGAAACA GCGAACAATTCCTATCTC 

ATP13A4 GCCAGAAAGTCATTCTTG CTTCCTCTCTAATGTTGATATA
G 

ATP13A5 CCGATGAATTTCGAAGATA GCTTGGTTTATGACTGAG 
 

Table S2: qPCR transcript analysis primers 
Primers used for transcript analysis of P5B ATPase family.   
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