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The neuronal ceroid lipofuscinoses are a group of severe and progressive neurodegenerative disorders, generally
with childhood onset. Despite the fact that these diseases remain fatal, significant breakthroughs havebeenmade
in our understanding of the genetics that underpin these conditions. This understanding has allowed the
development of a broad range of models to study disease processes, and to develop new therapeutic approaches.
Suchmodels have contributed significantly to our knowledge of these conditions. In this reviewwewill focus on
the advantages of each individual model, describe some of the contributions the models have made to our
understanding of the broader disease biology and highlight new techniques and approaches relevant to the
study and potential treatment of the neuronal ceroid lipofuscinoses. This article is part of a Special Issue entitled:
“Current Research on the Neuronal Ceroid Lipofuscinoses (Batten Disease)”.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The neuronal ceroid lipofuscinoses (NCLs), as with all neurodegen-
erative diseases, represent a highly complex biological problem. With
all challenging biological questions, model organisms, which allow the
researcher to attune the complexity of the model to the complexity of
the task at hand, represent an invaluable tool.

The NCLs are a group of lysosomal storage disorders of related
clinical pathology. They are characterised by neurodegeneration, lead-
ing to a progressive decline in cognitive and motor function, blindness
and epilepsy, eventually leading to premature death. NCLs have
traditionally been categorised based upon their age of onset but as the un-
derlying genetics of these diseases has become clearer, the NCLs are now
sub-divided based upon the causative genetic defect [1]. Individually
these different forms of NCL are rare. Together however they represent
the most common cause of childhood neurodegeneration, with an
incidence, depending upon global variation, of between 1:12,500 and
1:100,000 [2]. Given that these conditions remain fatal with few thera-
peutic options available to slowdisease progressionor ease patient suffer-
ing, they represent a significant unmet clinical need.
esearch on theNeuronal Ceroid
All basic biology and pre-clinical therapeutic development requires
relevant model systems, from larger animal models for the develop-
ment of therapies and therapeutic technologies to simple single cellular
systems for the study of cell biology and system-level experimentation.
The NCL field has developed a range of such models, which have now
been used extensively to study the biology of NCLs and to aid in thera-
peutic development. Animalmodels used to studyNCLs include classical
model systems, such as the mouse, fruit fly, nematode and zebrafish,
and larger animal models, including dogs, sheep and cattle. The high
degree of evolutionary conservation of some of these genes has even
allowed the development of yeast models [3].

The model organisms available to study the NCLs have been
reviewed in significant depth previously [3]. Consequently, in this
review these contributions will only be summarised. Instead, the aim
is to provide a more detailed account of the advantages of each of
these model systems, to highlight new research findings, and to
describe new techniques and approaches likely to be of benefit to NCL
researchers in the future. The availability of such a range of systems pro-
vides a unique tool kit for studying NCLs, from mammalian models for
disease pathology and therapeutic development to simpler systems
allowing a more detailed understanding of basic biology. The unique
features of these individual models form the main focus of this review.

2. Large animals

Numerous naturally occurring large animal models of the different
forms of NCL have been described since the first report in two English
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Setter dogs in 1953 [4]. The most important to date are the sheep and
the dog, but the disease has also been reported and studied in other
species such as cattle, horses, pigs, goats, cats, ferrets, birds andmonkeys.
The study of thesemodels has largely contributed to a better understand-
ing of the pathophysiology of the disease. Despite themore recent devel-
opment of geneticallymodifiedmousemodels, these large animalmodels
are still valuable. The anatomy of their gyrencephalic brain is closer to
human brain anatomy than the lissencephalic brain of rodents. Conse-
quently, the phenotype of these affected animals more closely mimics
the clinical signs of NCL observed in humans with their longer lifespan
allowing a more thorough evaluation of potential therapeutic strategies.
For these reasons, large animal models are an excellent complement to
laboratory animals. The following section will describe NCL pathology in
these models and illustrate their importance to our understanding of
the pathophysiology and biochemistry of the NCLs. For brevity, the
other large animal affected by NCL will be summarised and referenced
in Table S1.

3. Modelling NCLs in large animals

The disease was first described in a flock of South Hampshire sheep
in New Zealand in 1976 by Jolly and West [5]. The clinical signs start at
7months of age and are usually early signs of blindness that is initially of
cerebral origin but as the disease progresses retinal degeneration
become more apparent. As the animal ages, other signs such as ataxia
and decreased mentation become apparent and, in later stages, partial
seizures occur before death by two years of age [6,7]. The disease is
caused by a mutation in CLN6 [8–10] and another mutation in the
same gene causes similar pathology in Merino sheep [9,11].

A similar phenotype affecting Borderdale sheep was reported in
2002 by Jolly et al. [12] and a colony was established. The causative
mutation was found in CLN5 [13], which is mainly responsible for the
late infantile form of NCL in humans formerly known as the “Finnish
variant” [14].

A form of NCL affecting newborn White Swedish Landrace Sheep
was reported on a Swedish experimental farm [15]. The main clinical
signs include tremors and weakness, an inability to suckle and marked
cerebral atrophy [15]. A mutation in the cathepsin D gene was later
identified [16,17]. Interestingly, a mutation in this gene was subse-
quently identified in a newborn infant with severe microcephaly and
was assigned CLN10 [18].

Multiple forms of NCL have been described in numerous breeds of
dogs. In most cases these have been sporadic descriptions of clinical
cases and only a few colonies have been established and studied as
animal models for NCL research.

The English Setter was the first described animal model of NCL and
most canine studies were performed in this breed. The clinical signs
start at 14–18 months and are characterised by decrease mentation,
ataxia and blindness. Convulsions occurred a few months later and no
animal survived to more than 26 months of age [19]. A mutation in
CLN8 was identified as the cause of the disease in this breed [20]. The
research colony is no longer active, but frozen semen has been stored
[21].

At least three different forms of NCL have been reported in
Dachshunds. The first one, in longhair Dachshunds, is caused by amuta-
tion in the TPP1 gene (CLN2). Progressive neurological signs includemen-
tal retardation, ataxia, blindness and general myoclonus by 9 month
of age [22]. A research colony has been established [23], which to the au-
thors' knowledge, is the only currently available canine colony. In people,
mutation in CLN2mainly results in a classic late infantile form,withmen-
tal retardation, epilepsy and vision deficits [14,24].

NCL has also been reported in numerous other species including
cows [25], monkeys [26], ferrets [27], cats [28,29], pigs [30], goats [31],
horses [32] and birds [33,34]. Specific mutations are listed in Table S1.

Similar to humans with NCL, the main gross pathological findings in
large animals consist of different degrees of cerebral and cerebellar
atrophy [19,35–37]. Histopathologically, there is neuronal loss and
astrocytosis accompanied by the accumulation of autofluorescent stor-
age material that is the hallmark of the NCLs. The South Hampshire
sheep played a key role in the identification of subunit c ofmitochondri-
al ATP synthase as a major component of the storage material in some
forms of NCL [38,39] and was also used to demonstrate that the degree
of neurodegeneration is not correlated with lipopigment accumulation
[40]. Due to their relatively complex cortex, sheep models of NCL have
been used to study the selective and sequential degeneration of
GABAergic interneurons in different regions of the brain [40]. A regional
neurodegeneration in GABAergic neurons was also reported in the
English Setter dog model [41]. Impaired neuronal synaptic function
has also recently been reported in cell culture from sheep with CLN6
mutation [42].

Recent studies suggest that impairedmetal ion homeostasis plays an
important role in the pathophysiology of different neurodegenerative
diseases [43] and a similar finding has been reported in Merino and
South Hampshire sheep carrying CLN6 mutations [44]. This could be
secondary to the progressive loss of themetal transporter Zip7 observed
in the affected sheep [45] and connected with the increases in levels of
α-Synuclein, implicated in Parkinson's disease, and themetal transport-
er ATP13A2, which is mutated in an inherited form of early-onset
Parkinsonism [45,46]. Increased levels of superoxide dismutase were
all seen in these sheep and likely reflect chronic oxidative stress.
Taken together, findings from the sheep models point to chronic neural
inflammation as an important part of the disease process, as is thought
likely for other neurodegenerative disorders.

Large animal models have greatly contributed to the understanding
of the pathophysiology of blindness,most particularly the retinal chang-
es. Multiple functional, histopathological and ultrastructural studies
have been performed in different large animal models and although
most animal models show retinal changes, there is variability in the
severity and distribution of the histopathological changes and their
associated functional consequences. Dachshunds with CLN2 mutation
[23,47], Polish Owczarek Nizinny dogs [48,49], Miniature Schnauzer
[50], Devon cattle (CLN5) [51] and South Hampshire sheep (CLN6) [7,
52–54] show marked retinal atrophy and loss of the rod and cone
layer with associated electroretinographic changes, in line with obser-
vations in humans with mutations in the same genes [55]. In contrast,
English Setters (CLN8) [54,56,57], American bulldogs (CLN10) [58] and
Dalmatians [54,59] show less severe retinal changes and the photore-
ceptor layer is not affected, which again mirrors the presentations in
humans with these mutations [55]. Despite its late onset form, Tibetan
terriers (ATP13A2) [60] also show marked retinal and photoreceptor
changes at a more advanced stage of the disease.
4. Large animal models: a therapeutic focus

Depending on the form of NCL, different therapeutic approaches
have been considered, including various forms of enzyme replacement
therapy (ERT) and gene therapy, and large animal models have proved
invaluable for pilot studies. Initially, haematopoietic cell transplantation
was attempted in the English Setter (CLN8) and SouthHampshire sheep
(CLN6) but with no effect on disease progression [61,62]. This approach
was unlikely to succeed considering the transmembrane nature of the
deficient protein in these forms of NCL, although a recent abstract
suggests that intercellular correction occurs in chimeric sheep created
by merging blastomeres from normal and CLN6 affected embryos [63].
However, in forms of NCL resulting from deficiencies in lysosomal
enzymes, such as CLN1, CLN2 and CLN10 diseases, direct supplementa-
tion can be considered. Dachshunds lacking the tripeptidyl peptidase-1
enzyme (TPP1, or CLN2) represent an excellent model for this type of
strategy. Early studies suggest that intrathecal or intracerebroventricu-
lar administration of recombinant human TPP1 can delay the clinical
signs [64].
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Viral vector mediated gene therapy is another more recent thera-
peutic approach that has shown promising results in ovine CLN5 neuro-
nal cell cultures [65]. Initial studies in unaffected sheep confirmed
extensive protein expression from the AAV9 vector [66] and the first
results from dogs (CLN2 Dachshunds) showed that viral transduction
resulted in an increased enzymatic activity and delayed clinical progres-
sion [67]. Directed therapy to treat retinal degeneration in CLN2 Dachs-
hunds by implanting genetically modified autologous bone marrow
stem cells into the eye is now being developed, with some positive
initial results [68].

Large animal models are potentially very useful to test drug thera-
pies. Palliative treatment with the anti-inflammatory minocycline that
is currently in human clinical trials was assessed in a sheep model
of NCL (South Hampshire, CLN6) but showed no ability to inhibit
microglial activation or astrocytosis [69]. However, for interventions
to be assessed quantitatively for therapeutic efficacy, more accurately,
longitudinal biomarkers for disease progression are necessary. To this
end, recent studies have focused on characterising the behavioural
changes in these animal models more accurately [70,71].

5. Mice

Historically, mouse models of neurodegenerative genetic disease
have played a pivotal role in attempts to understand the neurobiology
underpinning these complex disorders. They represent a logical pro-
gression from fly or zebrafish models as a more complex mammalian
system with a greater genetic, anatomical and physiological similarity
to human patients. They are easy to handle, have a high reproductive
rate and are relatively cheap compared to other mammalian model
systems. Such mouse models may arise through natural de novo muta-
tion, induced random mutagenesis or by targeted molecular biology to
disrupt a particular gene or genomic locus. The resolution of such
disruptions can vary from deletion of multiple exons from a gene of
interest to specific point mutations that accurately mimic the genetic
defect in patients. There is no guarantee that the introduction of mu-
tations to the mouse version of the gene will accurately recapitulate
a phenotype similar to that observed in the patient population.
However, if they do then this represents an extremely powerful
biological tool.

Mouse models that faithfully recapitulate andmimic the human form
of the disease have beenused to confirm the role of candidate genes in the
disorder. They can be used to study the underlying mechanism and
progression of the disorder and this information can be used to design
urgently required novel therapies or improve on existing ones. The iden-
tification of reliable biomarkers remains a high priority area in the neuro-
degenerative disease field and mouse models of disease provide an ideal
resource in which to search. Finally, the model itself can be used to test
potential novel therapies and small molecule drugs — do these have any
disease modifying effects in the model, do they ameliorate the disease
symptoms and pathology and do they rescue the model from premature
death? Essentially, this is a fundamental species inwhich pre-clinical test-
ing of therapies can take place before moving onto a larger model of the
disease (if available) or moving directly into the clinic. The NCL field has
greatly benefited from investment and a strategy to generate mouse
models of the various forms of the disease.

6. Modelling NCLs in mice

There are currently 12mouse models of NCL: Cln10mouse [72], two
Cln1 mice [73,74], Cln2 mouse [75], Cln5 mouse [76], Cln6 mouse [77],
Cln8 mouse [78], four Cln3 mice [79–82] and most recently a Cln7
mouse [83]. The reader is referred to a comprehensive review for details
of the various features of the mouse models of NCLs with the exception
of the recent Cln7mouse [84]. In addition to these bona fidemodels of
NCLs, there are other candidate mouse models that display features
that resemble human NCL symptoms. These include null mutation
in genes for ctsf [85], Ppt2 [73,86] and the chloride ion channels
Clcn-6 [87] and Clcn-7 [88]. However, it should be noted that none
of these candidate models can be linked directly to established
human forms of NCL.

An obvious starting point of investigation in the NCL mice is the
characterisation of temporal and spatial CNS pathology. All the models
display the characteristic accumulation of fluorescent material and
brain pathology and, where investigated, retinal involvement and pre-
maturemortality. However, there are also often both obvious and subtle
differences between models of the different forms of the disease.
Furthermore, there can be differences between the models of the
same form of the disease. The four models of CLN3 disease provide a
good example of this. The different mutations in the same gene lead to
differences in the age of neurological symptom onset ranging from
less than two months [80] to 16 months [82]. It is worth noting
that this may be due to residual CLN3 activity due to variant mRNA
transcripts [79] also reported in patient samples [89]. The Cln3 mice
also differ from the other models in that although there is subtle activa-
tion of glial cells, there is not the prominent astrogliosis-associated prolif-
eration or macrophage formation [90,91].

7. Mouse models: a therapeutic focus

The production and characterisation of themodels have undoubt-
edly furthered our understanding of the disease in its various forms
and are ongoing processes. Perhaps the greatest value of the infor-
mation gathered lies in the development of novel therapies. Any
such endeavour requires knowledge of: (1) whether the mouse
model is a reliable tool for therapeutic efficacy i.e. does the model
faithfully recapitulate the symptoms observed in patients; (2) the
target e.g. a particular cell type or receptor; (3) when the therapeutic
agent should be administered i.e. the therapeutic window of oppor-
tunity; and (4) where it is required to be administered i.e. localised
to one particular area or a broader anatomical distribution. There is
also the issue of selecting the most practical and suitable model for
the desired experiment. For example, if a drug requires administra-
tion twice daily to a Cln3 mouse to measure delay of neurological
onset or increase in survival, then the investigator may be advised
to select the model that shows symptoms at 2 months rather than
16 months. It is clear that the vast majority of novel therapies have
been tested in those models of NCLs that are associated with a defec-
tive or absent soluble enzyme. This includes ERT, stem cell and gene
therapies.

ERT has an established history in the lysosomal storage disorder
(LSD)field and has revolutionised the treatment of patients e.g. Gaucher
disease. The drawback is that intravenously administered recombinant
enzyme may have a limited ability to cross the blood–brain barrier
and so treating the CNS has proved difficult. However, high doses of
intravenously administered recombinant Ppt1 enzyme have been
shown to ameliorate pathology in the thalamic region of the brain in
Cln1mice leading to a subsequent later onset ofmotor function deteriora-
tion and extended survival. The effects of this approach are enhanced if
therapy is initiated in the mice from birth [92] and highlights the impor-
tance of intervening within the optimal therapeutic window of opportu-
nity. Similarly, the mouse model of Cln2 has also demonstrated
amelioration of CNS pathology, reduced neurological symptoms
and extended lifespan following intrathecal and intraventricular admin-
istration of recombinant Tpp1 enzyme [93,94]. Encouragingly, this data in
CLN2mice has contributed to the initiation of a Biomarin Pharmaceuticals
sponsored phase I/II clinical trial of recombinant Tpp1 enzyme (BMN-
190) administered to patients with CLN2 disease via intracerebroventric-
ular infusion (ClinicalTrials.gov identifier: NCT01907087).

The recent ascendency of the gene therapy field has led to a number
of successful clinical trials including paediatric neurological conditions
such as X-linked adrenoleukodystrophy and metachromatic leukodys-
trophy [95,96] and themousemodels of NCL have been used to evaluate
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similar gene therapy approaches as potential treatments. This has
primarily been focused on the use of adeno-associated virus (AAV)
gene delivery vectors that carry a therapeutic fully functional version
of the defective gene and are administered directly into the brain. Prom-
ising results have been demonstrated in Cln1 [97–99], Cln2 [100–102]
and Cln10 mice [103,104] resulting in reduction of disease pathology
and extension of lifespan. It is very likely that continued improvements
in AAV vector design and production will lead to further enhancements
in therapeutic efficacy and knowledge of themousemodel pathology is
vital for this process. For example, targeting a particular cell type may
dictate which particular serotype of AAV should be used andwhich pro-
moter should be included to provide optimal expression of the deliv-
ered therapeutic gene. Knowledge of the areas of the brain that are
affected is also vital to ascertain where the vector should be delivered,
or indeed, if multiple sites of administration are required. Finally, an
understanding of the timing of disease progression will influence at
what stage the vector should be administered. The critical issue of inter-
vening early and even pre-symptomatically has been demonstrated in a
Cln2mouse [100] and advantages of perinatal gene therapy have been
recognised for some time [105,106]. This is perhaps most critical in
the context of acute paediatric neurodegenerative diseases where
neuronsmust be rescued prior to irrevocable loss. The promising results
observed in the CLN2mice led to a gene therapy clinical trial in patients
[107].

Finally, stem cell therapies have also been tested in mouse models.
Human neural stem cells have been administered to the brains of neo-
natal Cln1 mice that have been crossed with immunodeficient severe
combined immunodeficiency (SCID) mice to avoid rejection [108]. Ben-
eficial effects included a reduction in autofluorescentmaterial and delay
in motor function deterioration. These findings led to a phase I clinical
trial in CLN1 and CLN2 patients that showed that transplanted cells
did not trigger any adverse effects and supports further investigation
[109].

Comparatively less progress has been made in developing treat-
ments in the mouse models that mimic the defects in transmembrane
protein forms of NCL. They do represent a more difficult target com-
pared to the soluble enzymatic forms — they cannot be secreted and
recaptured by neighbouring cells making cross-correction void. This
effectively excludes ERT as a realistic approach. Gene therapy is still a
viable therapeutic option but will probably require much higher levels
of transduction. However, a recent study has shown that AAV-mediated
gene delivery to the brains of neonatal Cln3mice has a therapeutic benefit
leading to a reduction in storage material, gliosis and evidence of
improved neuron counts [110]. Pharmacological therapies have also
been tested in CLN3 mice including NMDA and AMPA receptor antago-
nists that lead to improved motor function [111,112].

The contribution that the current repertoire of NCL mouse models
available has had on furthering our understanding of this group of
diseases is huge. This is evident from the continual investigation into
new therapies, many of which have made their way to clinical trial.
This is very encouraging and strongly supports continued investment
of resources into the study and use of these models but also the gener-
ation of novel models.

8. Zebrafish

Zebrafish are small freshwater fish that have for many years been an
important research tool. While previously used predominantly by
developmental biologists, zebrafish are now established as a vertebrate
disease model, and are increasingly being used to study neurodegener-
ative disease. The zebrafish genome can be easily manipulated and the
availability of the latest reference assembly (GRCz10) on bioinformatics
databases further supports its use. Orthologues of all NCL-causing genes
exist in zebrafish and are highly conserved; in some cases more than
one copy is present due to duplication of an ancestral locus during
evolution [113].
Zebrafish have many useful characteristics for disease modelling:
they are vertebrates and therefore more similar in their development
and physiology to mammals than other model organisms such as fruit
flies; a single pair can produce several hundred rapidly-developing
offsprings per week, meaning that statistically significant sample sizes
can be reached quickly and larval development is transparent, enabling
high quality imaging techniques to be used to view the developing
animal [114].

Drug-target validation is a highly advantageous feature of
zebrafish, enabling simultaneous toxicity and efficacy testing in a
whole organism. Disease phenotypes manifest early in development
and phenotypic endpoints may include behavioural testing or the
monitoring of fluorescent reporters, for example [114]. Importantly,
candidate compounds can be delivered by simple addition to the
tank water. Illustrative of the potential of zebrafish for drug discov-
ery is the identification of the first bone morphogenetic protein
inhibitor, a derivative of which successfully treats fibrodysplasia
ossificans progressiva [115]. In addition zebrafish research led to
the identification of a number of modifiers of gluconeogenesis
[116] and the repurposing of leflunomide (previously a treatment
for rheumatoid arthritis) to suppress melanoma [117].

Large-scale mutagenesis screens have highlighted approximately
2000 genes involved in development [118,119] and mutations in
many genes relevant to neurological disease (including NCLs) continue
to be found [120]; many of these alleles are currently available through
the Wellcome Trust Sanger Institute, Hinxton, UK.

For quick, proof-of-principle enquiries into the function of
zebrafish orthologues of human disease-causing genes, oligonucleotide-
based knockdown studies are invaluable but suitable controls are essen-
tial [121]. Phenotypes are generally observable before 5 days post
fertilisation. Following initial analysis, knockout animals can also
be generated for research in more stable systems.

Both zinc-finger nucleases (ZFNs) [122] and transcription activator
like endonucleases (TALENs) [123] have successfully knocked-out
zebrafish genes. The current tool of choice is the Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR)-associated system
that uses the Cas9 nuclease to generate breaks or nicks in the chromo-
some [124]. This method also shows promise for the development of
disease-specific knock-ins and the humanisation of zebrafish with
healthy or mutant genes [125].

It should be noted that in some cases, phenotypes will either not
develop or will manifest late in development. This may arise either
due to redundancy in biological pathways or because physiological
difference between zebrafish andmanmean that pathological phenom-
ena such as lipofuscin accumulation are unable to develop. For example,
autofluorescent lipofuscin is undetectable in the zebrafish model of
CLN2 disease, although many other features representative of the
disease do exist [126].

9. Modelling NCLs in zebrafish

To date, six zebrafishmodels of LSDs have been published but several
are undergoing development; three of these are NCL models including
CLN2, CLN10 and CLN11. These and other models for NCLs, are catalogued
in Table S2.

CLN2 disease is caused bymutations in TPP1, encoding the lysosomal
hydrolase tripetidyl peptidase (TPP1). The zebrafish model of CLN2
disease carries amissensemutation leading to a premature termination
codon and complete loss of enzyme function. The lack of functional
lysosomal Tpp1 leads to a number of phenotypes relevant to human
disease including early neurodegeneration, reduced neurogenesis,
epileptic seizures, motor abnormalities, visual defects and premature
death [126].

CLN10 disease is similarly caused by mutations in a lysosomal hydro-
lase, cathepsin D (CTSD). In humans CLN10 disease is very severe, causing
congenital defects. The zebrafish model of CLN10 disease was generated



2271K.M.E. Faller et al. / Biochimica et Biophysica Acta 1852 (2015) 2267–2278
by morpholino oligonucleotide knockdown and is characterised by small
eyes due to the absence of retinal pigmented epithelialmicrovilli, disorga-
nized musculature and premature death [127]. This model also exhibits
lack of yolk resorption, a process reliant on autophagy and, by
extension, lysosomal function. Mis-regulation of autophagy is thought
to contribute to most neurodegenerative diseases.

Mutations in GRNA, encoding granulin, cause CLN11 disease. Two
groups have knocked-down grna, although neither group has validated
the model with respect to CLN11 disease. However, they observed
motor neuron truncation and abnormal CNS development [128,129].
Given that in humans, autosomal dominant GRNA mutations cause
fronto-temporal lobar degeneration, a motor neuron disease variant,
these phenotypes require further investigation.

CLN3 disease is caused by mutations in CLN3, encoding a lysosomal
transmembrane protein of unknown function. Data presented at a num-
ber of international conferences have described a zebrafish model of
CLN3 disease generated by morpholino knockdown. This model exhibits
small eyes, greatly disorganized neuronal axon pathfinding, astrocytosis,
lysosomal storage of subunit c of mitochondrial ATP synthase, epileptic
seizures, motor abnormalities and premature death (Wager at al.,
submitted).

10. Zebrafish models: a therapeutic focus

As highlighted above, zebrafish research has been used to directly
inform therapy but as a relatively simple model, it is perhaps more
ideally suited for the analysis of basic biological processes relevant to
therapy. Although NCL research in zebrafish is a recently established
field, zebrafish have a much longer history of use for studying neurode-
generation as a whole, and comparative analysis of related disease
models can be of significant value in informing therapy in a range of
conditions.

There are a range of established zebrafishmodels for neurodegener-
ation. Zebrafishmodels for Alzheimer's disease include amyloid precur-
sor proteinmorphants [130] and amyloid beta transgenic animals [131].
Aberrant phenotypes in zebrafishmodelling Alzheimer's disease include
disorderedmovement. Transgenic models of tauopathy are also available
[132,133], which display both Tau accumulation and tangle formation,
and Tau phosphorylation. There are also awide range of models available
to study Huntington's and Parkinson's diseases and amyotrophic lateral
sclerosis (ALS).

Huntington's models include huntingtin transient overexpres-
sion models [134], transgenic animals [135] and morphants [136].
Studies in these models indicated protein aggregation, apoptosis,
increased rhodopsin expression, developmental defects and embry-
onic lethality. Interventions such as inhibition of nitric oxide produc-
tion and methylene blue treatment reduced aggregates in some of
these studies.

ALS models include Sod1 mutant overexpression [137] and trans-
genic models [138]. Other models include Tardbp mutant overex-
pression, transgenic or morphant animals [139,140] and Fus
transgenic animals [140]. These models display motor neuron and
neuromuscular junction defects. Studies have indicated a rescue of
these defects by upregulation of Vegf [137] or by methylene blue
treatment [140].

Parkinson's disease is probably the most broadly modelled neu-
rodegenerative disease in zebrafish. Models include, Park2 [141],
Pink1 [142–144], Park7 [145] and Lrrk2 [146] and cover morphant,
transgenic and TILLING mutant models. Pharmacological models
can also be obtained by MPTP exposure [147,148]. Increased
susceptibility to cellular stress and mitochondrial changes are
common features of these models, and many recapitulate dopami-
nergic neuronal loss.

A range of other neurodegenerative diseases have also been
modelled, including frontotemporal dementia [149], spinal muscular
atrophy [150,151] and hereditary spastic paraplegia [152]. Suchmodels
recapitulate many aspects of these diseases, such as spinal motor neu-
ron defects and associated behavioural changes. The successful model-
ling of multiple neurodegenerative diseases in zebrafish highlights its
relevance as a model for NCLs. Further, the interventions that have
been used in these models to correct defects associated with neurode-
generation could inform future NCL research.

11. Fruit fly

For more than a century Drosophila has been at the forefront of
research into genetics, inheritance and development. A huge arsenal
of genetic tools has been developed over that time and new tools
continue to be developed that help to maintain the status of Drosophila
as a key model for studying fundamental mechanisms. More recently,
these powerful genetic tools combined with the short generation time
(10 days) and simple, cheap animal maintenance requirements have
made Drosophila an attractive tool to model human disease. Approxi-
mately three quarters of human genes associated with disease are
conserved in the Drosophila genome [153] and many inherited diseases
have now been modelled in Drosophila. Although small in comparison
to mammals, the Drosophila CNS shares many fundamental properties
with the CNS of higher eukaryotes: it is isolated by a blood–brain barri-
er; neuron–glia interactions are critical for function and numerous neu-
rotransmitters are used in different contexts, including glutamate,
acetylcholine, dopamine, GABA and various peptidergic neurotransmit-
ters. The adult Drosophila CNS also governs complex behaviours includ-
ing mating routines, memory and learning, circadian rhythms, sleep,
walking behaviour and flight navigation. Importantly, aspects of neuro-
pathology are also similar, meaning that Drosophila has been used to
investigate the cell biology of many of the common neurodegenerative
diseases of humans, including both gain-of-function disorders, such
as tauopathies and triplet expansion diseases, and loss-of-function
diseases, such as inherited forms of Parkinson's disease (reviewed in
[154–157]).

12. Modelling NCLs in Drosophila

In common with other invertebrates, Drosophila melanogaster has
only a subset of the disease genes known to cause NCL in humans.
These encode the lysosomal enzymes Ppt1 (CLN1) and cathepsin D
(CLN10), the endo-lysosomal membrane proteins, CLN3 and CLN7
(also known as MFSD8, encoded by CG8596 in Drosophila), and the
synaptic vesicle protein cysteine string protein (CSP or CLN4). Addition-
ally, Drosophila has genes encoding likely lysosomal chloride channels,
including CLC-7 (CG8594), which is associatedwith NCL-like accumula-
tion of lipofuscin and neurodegeneration [88]. Loss-of-function models
have been generated for Ppt1 [158], cln3 [159], cathD [160] and cln7
(Megan O'Hare, Richard Tuxworth and Guy Tear, unpublished) to
study cell biology of the NCLs. In contrast,Drosophila Csp has been stud-
ied extensively not as an NCL disease locus but rather for its functions at
the synapse [161,162], reviewed in [163]. Recent reviews have covered
many of thefindings fromNCL studies usingDrosophila and the reader is
referred to these (see [84,164]). Information and annotation of the Dro-
sophilaNCL genes, details ofmutant alleles and transgenic constructs for
each gene, fly lines and reagents available from the stock centres and all
papers referring to NCL genes can be found on FlyBase (www.flybase.
org). Instead, this perspective will focus on some of the techniques
and tools developed more recently in Drosophila that could be used to
help understand aspects of NCL cell biology in the future, including
newly developed synaptic labelling tools and CRISPR-mediated genome
editing.

The Drosophila research community was quick to adopt the CRISPR
method of genome editing. CRISPR was adapted from a defencemecha-
nism in the bacterium Streptococcus pyogenes and involves a nuclease,
Cas9, being directed to a specific genomic location by a short (20 bp)
guide RNA where it is generates double-stranded breaks (DSBs) in the
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chromosome. DSB repair occurs by one of twomechanisms: error prone
non-homologous end joining (NHEJ), which results in insertions and
deletions (indels), or homology-directed repair (HDR) by copying
from a supplied template. HDR allows for insertions, base changes or
other editing events to be included at the site. Simply change the
guide RNA sequence and the mutations are directed elsewhere in the
genome [165,166].

More than 20 papers have been published in the last two years
detailing strains, reagents and approaches to improve CRISPRmutagen-
esis in Drosophila (reviewed in [167]) and it is fast becoming a standard
technique. Drosophila strains are available which express various forms
of Cas9, including amutated form that cannot generate DSBs so repair is
biassed towards HDR, and forms driven by various different promoters
to improve efficiency. Numerous plasmids and other reagents have
also been generated and made available via stock centres while proto-
cols to test gRNA sites for efficiency of have been developed. CRISPR
genome editing is also being combined with older genomic technolo-
gies such Recombination-Mediated Cassette Exchange (RCME) that
enables rapid insertion of different cassettes into a single CRISPR-
modified genomic strain, for instance to tag a gene with different fluo-
rescent proteins or to generate conditional alleles [168].

The importance of CRISPR genome editing for research into the cell
biology of the NCL disease genes in Drosophila is difficult to underesti-
mate. By inserting sequences encoding fluorescent proteins or epitope
tags into NCL gene loci the requirement for high affinity antibodies
can be by-passed— a particular advantage for transmembrane proteins
such as CLN3 and CLN7 that have proved poorly antigenic. Knock-in
reporters will also circumvent a common issue encountered when
vesicular proteins are fused to reporters and overexpressed: the protein
sorting pathways can be swamped and the fusion protein found inmul-
tiple locations in the cell as a consequence. CRISPR could be used to
knock-in molecular hooks for proteomics studies; genetically encoded
reporters for cellular physiology studies; new markers for lysosomes
can be generated; point mutations mirroring those found in human
patients could be engineered into genes. While CRISPR technology will
also provide these opportunities in other models and systems, the
generation time of Drosophila will enable new in vivo reagents to be
generated and combined with existing tools and reagents very rapidly.
If the correct question is asked, CRISPR genome editing in Drosophila
should speed up research into the cell biology of the NCLs dramatically.

13. Drosophila models: a therapeutic focus

Being a relatively simple model system,Drosophila are ideally suited
to the analysis of the pathways that influence disease. Modifier screens
are an established technique in the Drosophila field. Briefly, candidate
screens or larger scale, random screens are performed to identify
genes that modify a phenotype (usually when made heterozygous or
when overexpressed). The phenotype needs to be easily scorable for
higher throughput so degeneration present in the adult eye is often
used as it can be seen with a dissection microscope. This approach has
been used successfully to identify genes modifying phenotypes relating
to Ppt1 [169] and cln3 [170]. These screens highlighted likely functions
regulating endocytosis for Ppt1 [171], in stress signalling for Cln3
[159] and in JNK signalling for both Ppt1 [171] and Cln3 [170]. More
recently, new collections of RNAi lines have been generated for most
genes in the Drosophila genome (www.flyrnai.org/TRiP-HOME.html).
These lines complement previous collections and allow for very effi-
cient, cell-type specific knock-down of gene expression via the UAS-
GAL4 bi-partite expression system. A small candidate gene approach
for the NCLs genes in Drosophila using some of these reagents has iden-
tified potential connections between Ppt1, cln3 and Cisd2 (also known
as Wfs2), which is mutated in Wolfram syndrome [172]. Wolfram
patients develop childhood-onset optic atrophy and diabetes mellitus,
usually followed by neurodegeneration. The cellular events that under-
pin the disease are perhaps better understood for Wolfram syndrome
than for the NCLs and endoplasmic reticulum stress is considered a
major component [173]. Increases in ER stress markers have been
reported previously in NCL studies [174,175] and this type of genetic
interaction study points to the common features in the cell biology
underpinning different neurodegenerative syndromes.

Synaptopathy – synaptic dysfunction associated with pathology— is
an early hallmark of many neurodegenerative diseases and usually
precedes overt neuronal loss. Synaptopathy also occurs in NCL models
[176]. Given the early onset of neurodegeneration in theNCLs, it is likely
that some of the CLN genes play a role in the development of the
nervous system and/or the stability of synapses. The neuromuscular
junction (NMJ) synapse of the Drosophila larva is an established model
used to study synaptic development, composition, function and plastic-
ity [177]. Motor neurons in Drosophila, in contrast to mammals, are
glutamatergic and their synapses are structurally similar to central synap-
ses of the mammalian CNS. However, unlike mammalian CNS synapses,
they can be made readily accessible for electrical recordings and high-
resolution microscopy by simple dissection (reviewed in [178–180]).
The functions of several conserved components of synapses were eluci-
dated in studies on the Drosophila NMJ, including those of CSP [161,
162]. Recently, super-resolution microscopy studies of the larval NMJ
have provided exquisitely detailed information about the structure of
synapses that will likely hold true for the mammalian CNS [181].

Changes in the electrical properties of larval motor neurons have
been reported in Drosophila lacking Ppt1 function resulting in a locomo-
tion deficit for the larva [182]. The phenotypes are rescued by re-
expressing Ppt1 specifically in the nervous system, demonstrating that
Ppt1 is required only pre-synaptically and consistent with a role in syn-
aptic vesicle endocytosis. No changes were seen in the size of synapses
in Ppt1 mutant larvae but they are present in larvae lacking either cln3
or cln7 function along with changes in locomotion (Megan O'Hare,
Richard Tuxworth and Guy Tear, King's College London, unpublished
observations). The size of the synapse is closely controlled by homeo-
static mechanisms that match pre-synaptic innervation with the
requirements of the post-synaptic muscle so the changes in synapse
size indicate possible alterations to synaptic activity in these mutants
which warrant further examination. Similarly, a careful assessment of
the NMJs in cathD mutant larvae may also reveal synaptic functions
for cathepsin D.

By far the best understood of all theDrosophilaNCL genes is Cspwhich
was originally identified as a component of synapses via amonoclonal an-
tibody screen [183]. There is only one Csp gene inDrosophilawhich corre-
sponds to the CSPα form in mammals. CSP is a palmitoylated protein
containing a dnaJ chaperone-like domain and, given the function of
PPT1 as a depalmitoylating enzyme, CSP is potentially a substrate of
Ppt1. Cspmutants in Drosophila display severe defects in neurotransmis-
sion [161,162,184] and it will be of interest, therefore, to determine
whether combining Csp and Ppt1 mutations exacerbates either synaptic
phenotype.

The larval NMJ of Drosophila has been used extensively to study
synaptic development in part because individual synapses and even
sub-synaptic structures such as active zones can be visualised and quan-
tified [178]. Many genes involved in human neurological disease have
been shown to affect synapse number at theDrosophilaNMJ but wheth-
er similar changes occur in the CNS – and thereforemight also be occur-
ring also in human neuropathology – is much more difficult to answer.
Neurons in the insect CNS are tightly packed in a neuropil and individual
synapses and active zones cannot be visualised so easily. Traditionally,
serial scanning electron microscopy studies have been used to look at
synapse number in neurodegenerative disease post-mortem tissue but
these are laborious and can cover usually only small areas of the CNS.
However, the development of genetic tools to label synapses in
Drosophila may help to address these issues in the future. A recent light
microscopy technique, Synaptic Tagging with Recombination (StaR)
developed for Drosophila by the Zipursky lab [185] allows pre-synaptic
active zones or post-synaptic receptor clusters to be labelledwith epitope

http://www.flyrnai.org/TRiP-HOME.html


2273K.M.E. Faller et al. / Biochimica et Biophysica Acta 1852 (2015) 2267–2278
tags or fluorescent proteins and quantified in small subsets of neurons—
small enough subsets that individual synapses can be visualised. A cell-
type specific “flip-out” technique governs which neurons are labelled.
This type of approach fits well with the Fly Light project at HHMI Janelia
Farm Research Institute that has generated thousands of lines to control
transgene expression in small subsets of neurons within the Drosophila
CNS [186] (seewww.janelia.org/team-project/fly-light). Looking forward,
it seems possible that we will be able to ask what happens to synapse
number in Drosophila NCL and other neurodegeneration mutants in
development and, potentially, as flies age and neurodegeneration
progresses.

14. Yeast

Yeast are an invaluable tool for the study of eukaryotic cell biology.
Yeast species have been utilised for decades to study basic cellular pro-
cesses, such as cell division, protein and membrane trafficking and cell
signalling. Yeast were also the first post-genomic eukaryotic model
[187], highlighting its regard as a key system in basic biology, and also
many of the current advantages that yeast species afford.

There are two commonly used yeast model systems, the budding
yeast Saccharomyces cerevisiae and the fission yeast Schizosaccharomyces
pombe. Although fission yeast has been used as a model system for a
shorter period of time, both have similar tools and advantages. Their sta-
tus as long-standing post-genomicmodels has allowed an understanding
of the yeast genome in exceptional detail. This detailed genomic under-
standing has afforded an equally detailed analysis of the yeast tran-
scriptome and proteome, allowing truly quantitative analysis of these
omic profiles [188], the characterisation of these profiles under different
conditions and the influence of different regulatory processes [189]. This
understanding has also been coupled with in silico techniques to predict
and identify functional protein domains [190], predict protein interaction
networks [191,192], and to expand our understanding of metabolic
processes [193]. Importantly, all this information is integrated into com-
prehensive genome databases [194,195], providing an exceptional level
of information about a gene of interest before a single experiment need
be performed.

Another product of this advanced understanding is the presence of a
wide range of functional genomic tools. Some of the most widely used
and valuable of these tools are the yeast gene deletion collections
[196,197]. Importantly, these resources provide a platform for many
technologies that are relevant to the study of disease. The combination
of a genomewide-deletion collection, classical yeast genetic approaches
and robotic technologies has facilitated the development of new func-
tional genomic techniques. One of the most popular of these is the
synthetic genetic array [198], which allows the generation of a genome-
wide array of mutants, each also carrying a mutation in a query gene.
Such approaches provide information about the functions with which
a gene interacts, and can also highlight new potential therapeutic
strategies.

Yeast also havemore direct applications in the development of ther-
apies, and have been used in numerous and varied drug discovery
projects [199]. One particular advantage of yeast is the ability to use
the deletion libraries to identify drug targets by analysing the effect of
a drug on the fitness profile of the library [200], greatly streamlining
phenotypic drug screening.

15. Modelling NCLs in yeast

Both budding and fission yeast have been used extensively to study
the underlying biology of NCLs. CLN3 and CLN10 are conserved in
budding yeast, whereas fission yeast has orthologues of CLN1, CLN3
and CLN10. In addition, budding yeast has a known orthologue of
ATP13A2 (CLN12), one of the most recently identified NCL genes [201].

Much work in yeast has focused on the budding and fission yeast
orthologues of CLN3 (BTN1 and btn1 respectively), which, like CLN3,
are membrane proteins of unknown function. This work is reviewed in
detail in [3], and will be summarised briefly here. Budding yeast BNT1 is
known to localise to the vacuole and Golgi, and has an established role
in vacuolar (the yeast lysosome) and cellular pH homeostasis, basic
amino acid transport and storage and nitric oxide production
[202–209]. Fission yeast btn1 displays the same localization pattern
as BTN1, and regulates vacuolar pH and morphology, cell polarity,
cell wall homeostasis, temperature sensitivity and osmotic homeo-
stasis [210–212]. Fission yeast has also been used to highlight the
different levels of function retained by different disease-causing mu-
tations modelled in btn1 [213] and the metabolic changes, including
increased glycolytic flux and TCA cycle activity, seen upon loss of
btn1 [214]. It was also used to highlight a role for btn1 in membrane
and protein trafficking [215]. Loss of btn1 has been shown to lead to
the mis-sorting of the vacuolar protein carboxypeptidase Y, through
processes both dependent on and independent of its sorting receptor
Vps10. These observationswere accompanied by changes inGolgi num-
ber, subcellular localization and morphology. A comparable role for
BTN1 has also been reported, with BTN1 regulating Golgi morphology
by modulating SNARE (SED5) phosphorylation by YCK3 [216]. Finally,
BTN1 has been demonstrated to have a role in phospholipid homeosta-
sis, in particular leading to a decrease in phosphatidylethanolamine
levels [217].

The budding yeast orthologue of CLN10 (PEP4) is also well studied.
CLN10/PEP4 encodes cathepsin D, a vacuolar hydrolase. Inwork discussed
in [3], PEP4 has been shown tomediate vacuolar proteasematuration and
vacuolar morphology [218]. PEP4 is also important in the maintenance of
cells in quiescence, with its expression increasing with cellular age [219].
Further, it has been shown that the catalytic activity of PEP4 protects
against apoptosis, through the degradation of damaged macromolecules,
while the pro-peptide protects against necrosis by promoting histone
hypoacetylation, and the retention of pro-necrotic factors in the nucleus
[220].

In more recent work, PEP4 has been demonstrated to be protective
against acetic acid induced apoptosis [221]. During acetic acid induced
stress, PEP4 translocates from the vacuolar lumen to the cytosol,
where it is required for mitochondrial degradation, and the protection
against oxidative damage that this affords. The catalytic activity of
PEP4 is required for mitochondrial degradation, in a process that relies
upon the mitochondrial AAC proteins, adenine nucleotide translocators
found in the mitochondrial inner membrane [222].

The recent identification of ATP13A2 (CLN12) as the disease-causing
gene in a rare case of juvenile NCL has highlighted the relevance of a
number of yeast studies to NCL [201]. Many studies have investigated
the cell biology of the yeast orthologue of CLN12 (YPK9), focusing partic-
ularly on its role in an early onset familial Parkinsonism (Kufor–Rakeb
syndrome). CLN12 is a Golgi-resident P-type ATPase, a family of
proteins that includes cation transporters. Consistent with this, the
loss of YPK9 leads to sensitivity to cadmium, manganese, nickel and
selenium, suggesting a role in cation transport [223].

In a genome-wide overexpression screen, YPK9 was identified as a
suppressor of α-synuclein toxicity [224], the key component of Lewy
bodies in Parkinson's disease, which is also elevated in CLN3 disease
models [225]. Increased expression of YPK9 reduced the number of
intracellular α-synuclein inclusions, but not total levels of protein.
This effect was linked to a rescue of vesicular trafficking defects,
allowing the exit of carboxypeptidase Y from the endoplasmic reticu-
lum. Disease causing mutations linked to Kufor–Rakeb syndrome led
to mis-localisation of YPK9 and prevented protection against toxicity.
A mutation abolishing ATPase activity, by contrast, did not affect locali-
zation but also prevented protection. In this study, loss of YPK9 was
again linked to manganese sensitivity.

In a separate genomewide screen, this time looking at the interactions
of YPK9 itself, YPK9was shown to interact with a number of genes known
to be involved in protein trafficking and manganese homeostasis [226].
A particularly well represented group were those linked to vesicle-
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mediated transport. This included a number of VPS genes, the t-SNARE
VAM3, the Rab YPT6, vacuolar transport chaperone complex members,
and GLO3, an Arf GAP involved in ER–Golgi transport.
16. Yeast models: a therapeutic focus

Pathology in the NCLs have been linked to awide array of cellular pro-
cesses but altered lipid homeostasis, particularly changes in sphingolipids
and ceramides, and lysosomal dysfunction are common themes for a
broad range of NCL genes [227]. Both processes have been studied exten-
sively in yeast, providing insights with relevance to disease and processes
that could be relevant to therapy.

Neurodegeneration can be thought of as a condition of impaired
cellular lifespan. Cellular age in yeast is generally measured using two
parameters: replicative lifespan (RLS), which is the number of divisions
a cell goes through before death, and chronological lifespan (CLS),
which is the amount of time a cell can survive in senescence [228]. In
some of the earliest work to highlight genes involved in cellular ageing,
budding yeast was used to identify LAG1 (Longevity-Assurance Gene 1),
a gene that, when deleted, caused a 50% increase in replicative lifespan.
LAG1 encodes a component of ceramide synthase, which catalyses
ceramide synthesis from dihydroceramide. Such an observation pro-
vides evidence that ceramide levels directly affect lifespan and interest-
ingly, ceramide levels are perturbed in a number of NCLs [227]. CLN8
itself shares homology with LAG1, containing a TLC (TRAM–Lag1p–
CLN8) domain, suggesting a potential role in ceramide synthesis.
Further, the human homologs of LAG1 can complement aspects of the
loss of CLN9 [229].

The link between sphingolipids and cellular ageing extends beyond
LAG1. IPT1, which catalyses the production of the terminal sphingolipid
mannose-(inositol-P)2-ceramide, increases CLS when deleted [230],
and ISC1, an inositol phosphosphingolipid phospholipase C that pro-
duces ceramides, shortens CLSwhen deleted [231]. Lifespan in the latter
deletion strain was greatly improved by deletion of SIT4 that codes for a
phosphatase positively regulated by ceramides [232] This suggests a
link between the lifespan-altering effects of ceramides and downstream
signalling processes. Interestingly, SIT4 is involved in a broad range of
range of processes linked to NCL including; protein trafficking [233],
glycogen metabolism [234], heat-shock functions, cytoskeletal organi-
sation and ribosome biogenesis [235], and vacuolar homeostasis [236].

The link between vacuolar homeostasis and cellular lifespan is not
limited to ceramide-dependent processes. A study of how amino acid
deprivation increases lifespan in yeast indicated that methionine with-
drawal increases vacuolar acidification in a manner dependent upon
autophagy. The authors then went on to demonstrate that increasing
vacuolar acidification alone was sufficient to increase lifespan [237],
providing evidence for a key role of vacuolar function in longevity. As
well as lowpH in the vacuole being protective against ageing, increasing
pH has been shown to be a part of normal ageing in budding yeast.
Increasing vacuolar pH has been demonstrated to lead to a decrease in
vacuolar amino acid storage and was also coupled with an increase in
mitochondrial dysfunction [238]. This link between vacuolar pH and
mitochondrial dysfunction provides a key link between vacuolar chang-
es, as observed in models for NCL, and defects known to contribute cell
death with cellular increasing age [239].

Yeast represent the simplest established model for eukaryotic cell
biology, allowing the study of cellular processes at a depth not afforded
by other systems. Further, the conservation of NCL genes in such a sim-
ple system suggests that they regulate fundamental cellular functions,
and provides the opportunity to utilise the advantages of the yeast
model. This approach has provided disease-relevant insights into the
roles of CLN3, CLN10 and the newly identified CLN12. In addition, the
level of information available regarding metabolic, biosynthetic and
signalling pathways in yeast species can provide valuable information
about processes involved in disease. In this review, such information
regarding sphingolipid biosynthesis and vacuolar function has also
been explored.

17. Emerging models for NCLs

There are relatively fewmodels available for the study of adult onset
NCLs. Beyond the cathepsin F (CLN13) knock-out mouse model for type
B Kufs disease [240], and the DNAJC5 (CLN4) knock-out mouse, which
provides a model for autosomal-dominant adult-onset NCL [241],
there are few options for the study of these conditions.

The nematode worm Caenorhabditis elegans provides a very simple
multicellular eukaryotic model system with a highly stereotyped and
defined development and body plan [242]. C. elegans has orthologues
of CLN3 and CLN10, however little work has been done to study these
genes in the nematode (reviewed in [243]). C. elegans however has
recently emerged as a potential model for autosomal-dominant adult-
onset NCL [244]. Nematodes lacking the orthologue of CLN4 (dnj-14),
which encodes the molecular chaperone cysteine string protein α,
exhibit reduced lifespan, locomotor defects and impaired neurotrans-
mitter release. Underlying this phenotype, the worms exhibited an
age-dependent decline in neuronal cell bodies, reduced neurite num-
bers and contorted neuronal processes, particularly in the head of the
animal. Among the neurons lost, sensory neurons were particularly af-
fected, leading to chemosensing defects.

The lifespan defect in these wormswas exploited to allow screening
for potential therapeutic compounds. Resveratrol was the only com-
pound to rescue this defect, in addition to giving a partial rescue of the
neurodegeneration and chemotaxis phenotypes. Resveratrol has been
described in the past as being beneficial for lifespan and, although the
mechanism-of-action is unclear, it is known to activate the Sirtuin
class of histone deacetylases and may act as a phosphodiesterase
(PDE) inhibitor [245]. Consistent with a role as a PDE inhibitor, the
rescue elicited byResveratrolwasmimicked by a knownPDEantagonist
Rolipram and consistent with this being the main therapeutic mecha-
nism of Resveratrol in this case, the deletion of Sirtuin sir-2.1 did not
affect this rescue. These observations provide key information about
the biology of CLN4 deficiency, aswell as a new therapeuticmechanism.

The social amoeba Dictyostelium discoideum is another very well-
established eukaryoticmodel organism.Dictyostelium has been success-
fully used in a number of studies to examine the role of genes associated
with neurodegenerative disorders [246–248], however it has only
recently been used in the study of NCLs. In a recent study, however,
the role of the Dictyostelium orthologue of CLN3 (Cln3) was explored
[249]. Cln3 was shown to localise to the vacuolar and endocytic com-
partments of Dictyostelium, consistent with observations in other
model systems. Cells lacking Cln3 exhibited altered trafficking and pro-
cessing of autocrine proliferation repressor (AprA), leading to increased
proliferation, suggesting changes in protein trafficking. Dictyostelium
also has a well characterised life-cycle, involving the formation of coor-
dinatedmulticellular aggregates (slugs), whichwas altered upon loss of
Cln3. These cells displayed a more rapid development through their
lifecycle and faster migrating slugs. All these pleiotropic effects were
rescued by expression of Cln3, or human CLN3, indicating that these
proteins are functional orthologues.

In a later study, Dictyostelium was also used to analyse the role of
CLN2 (TPP1) [250]. The Dictyostelium orthologue DdTpp1 was demon-
strated to contribute to the cleavage of TPP1 substrate, suggesting the
same role for ddTpp1 as TPP1. Both ddTpp1 and TPP1were also demon-
strated to localise to the lysosome of Dictyostelium. Like cells lacking
Cln3, cells lacking ddTpp1 exhibited amore rapidmulticellular develop-
ment, possibly suggesting overlapping roles. Cells lacking ddTpp1
displayed further developmental changes, exhibiting defects in spore
formation. These cells also exhibited clear defects in autophagy and
lysosomal function, with autophagic stimulation leading to a reduction
in cell size and viability and lysosomal perturbation leading to impaired
development. Finally, this later phenotype could be suppressed by the
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loss of an oxysterol-binding protein-like protein stpA, providing insights
into themechanismof this defect and a potentialmechanismof suppress-
ing defects associated with the loss of TPP1.

This work in both C. elegans and Dictyostelium provides new informa-
tion about the roles of different NCL genes. Importantly this work
also opens up the repertoire of tools available to NCL research, providing
valuable new models for the study of these diseases.
18. Concluding remarks

Model organisms have provided a wealth of information about the
processes that underlie the pathological changes observed in NCL. In
addition, suchmodels provide a means for the identification and devel-
opment of much needed novel therapies. The work summarised in this
review also highlights the advantages of these models, and the value of
using a broad range of experimental systems in tackling complex
biological problems such as neurodegenerative disease. Finally, by
looking to broader related basic research in these models, we are able
to gain an insight into the cellular processes which may influence
disease.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbadis.2015.04.022.
Transparency document

The Transparency document associated with this article can be
found, in the online version.
References

[1] A. Schulz, et al., NCL diseases — clinical perspectives, Biochim. Biophys. Acta
(BBA) — Mol. Basis Dis. 1832 (11) (2013) 1801–1806.

[2] E. Siintola, A.E. Lehesjoki, S.E. Mole, Molecular genetics of the NCLs — status and
perspectives, Biochim. Biophys. Acta (BBA) — Mol. Basis Dis. 1762 (10) (2006)
857–864.

[3] M. Bond, et al., Use ofmodel organisms for the study of neuronal ceroid lipofuscinosis,
Biochim. Biophys. Acta 1832 (11) (2013) 1842–1865.

[4] L.O. Hagen, Lipid dystrophic changes in the central nervous system in dogs, Acta
Pathol. Microbiol. Scand. 33 (1) (1953) 22–35.

[5] R.D. Jolly, D.M. West, Blindness in South Hampshire sheep: a neuronal
ceroidlipofuscinosis, N. Z. Vet. J. 24 (6) (1976) 123.

[6] R.D. Jolly, et al., Ovine ceroid-lipofuscinosis: a model of Batten's disease,
Neuropathol. Appl. Neurobiol. 6 (3) (1980) 195–209.

[7] I.G. Mayhew, et al., Ceroid-lipofuscinosis (Batten's disease): pathogenesis of blind-
ness in the ovine model, Neuropathol. Appl. Neurobiol. 11 (4) (1985) 273–290.

[8] M.F. Broom, et al., Ovine neuronal ceroid lipofuscinosis: a large animal model
syntenic with the human neuronal ceroid lipofuscinosis variant CLN6, J. Med.
Genet. 35 (9) (1998) 717–721.

[9] I. Tammen, et al., A missense mutation (c.184CNT) in ovine CLN6 causes neuronal
ceroid lipofuscinosis in Merino sheep whereas affected South Hampshire sheep
have reduced levels of CLN6 mRNA, Biochim. Biophys. Acta (BBA) — Mol. Basis
Dis. 1762 (10) (2006) 898–905.

[10] I.F. Mohd Ismail, et al., Next generation sequencing identifies the disease causing
mutation for NCL in South Hampshire sheep, 13th International Conference on
Neuronal Ceroid Lipofuscinoses (Batten Disease) 2012, p. O7 (London, UK).

[11] I. Tammen, et al., Neuronal ceroid lipofuscinosis in Australian Merino sheep: a new
animal model, Eur. J. Paediatr. Neurol. 5 (Suppl. A) (2001) 37–41.

[12] R.D. Jolly, et al., Neuronal ceroid-lipofuscinosis in Borderdale sheep, N. Z. Vet. J. 50
(5) (2002) 199–202.

[13] T. Frugier, et al., A new large animal model of CLN5 neuronal ceroid lipofuscinosis
in Borderdale sheep is caused by a nucleotide substitution at a consensus splice site
(c.571 + 1GNA) leading to excision of exon 3, Neurobiol. Dis. 29 (2) (2008)
306–315.

[14] A. Schulz, et al., NCL diseases — clinical perspectives, Biochim. Biophys. Acta
(BBA) — Mol. Basis Dis. 1832 (11) (2013) 1801–1806.

[15] B. Järplid, M. Haltia, An animal model of the infantile type of neuronal ceroid-
lipofuscinosis, J. Inherit. Metab. Dis. 16 (2) (1993) 274–277.

[16] J. Tyynelä, et al., A mutation in the ovine cathepsin D gene causes a congenital
lysosomal storage disease with profound neurodegeneration, EMBO J. 19 (12)
(2000) 2786–2792.

[17] J. Tyynelä, et al., Congenital ovine neuronal ceroid lipofuscinosis—a cathepsin D
deficiency with increased levels of the inactive enzyme, Eur. J. Paediatr. Neurol. 5
(Suppl. A) (2001) 43–45.

[18] E. Siintola, et al., Cathepsin D deficiency underlies congenital human neuronal
ceroid-lipofuscinosis, Brain 129 (Pt 6) (2006) 1438–1445.
[19] N. Koppang, The English setter with ceroid-lipofuscinosis: a suitable model for the
juvenile type of ceroid-lipofuscinosis in humans, Am. J. Med. Genet. Suppl. 5
(1988) 117–125.

[20] M.L. Katz, et al., A mutation in the CLN8 gene in English Setter dogs with neu-
ronal ceroid-lipofuscinosis, Biochem. Biophys. Res. Commun. 327 (2) (2005)
541–547.

[21] D.N. Palmer, et al., Large animal models, in: S.E. Mole, R.E. Williams, H.H. Goebel
(Eds.), The Neuronal Ceroid Lipofuscinoses (Batten Disease), Oxford University
Press, Oxford, UK 2011, pp. 284–320.

[22] T. Awano, et al., A frame shift mutation in canine TPP1 (the ortholog of human
CLN2) in a juvenile Dachshund with neuronal ceroid lipofuscinosis, Mol. Genet.
Metab. 89 (3) (2006) 254–260.

[23] R.E.H. Whiting, et al., Pupillary light reflex deficits in a canine model of late
infantile neuronal ceroid lipofuscinosis, Exp. Eye Res. 116 (2013) 402–410.

[24] A. Schulz, et al., NCL diseases — clinical perspectives, BBA — Molecular Basis of
Disease2013. 1–6.

[25] P.J. Houweling, J.A.L. Cavanagh, I. Tammen, Radiation hybrid mapping of three
candidate genes for bovine neuronal ceroid lipofuscinosis: CLN3, CLN5 and CLN6,
Cytogenet. Genome Res. 115 (1) (2006) 5–6.

[26] V. Jasty, R.L. Kowalski, E.H. Fonseca, An unusual case of generalized ceroid-
lipofuscinosis in a cynomolgus monkey, Vet. Pathol. 21 (1) (1984) 46–50.

[27] K. Nibe, et al., Clinical and pathologic features of neuronal ceroid-lipofuscinosis in a
ferret (Mustela putorius furo), Vet. Pathol. 48 (6) (2011) 1185–1189.

[28] H. Weissenböck, C. Rössel, Neuronal ceroid-lipofuscinosis in a domestic cat:
clinical, morphological and immunohistochemical findings, J. Comp. Pathol. 117
(1) (1997) 17–24.

[29] H. Nakayama, et al., Systemic ceroid-lipofuscinosis in a Japanese domestic cat, J. Vet.
Med. Sci. 55 (5) (1993) 829–831.

[30] M.F. Cesta, et al., Neuronal ceroid lipofuscinosis in a Vietnamese pot-bellied pig
(Sus scrofa), Vet. Pathol. 43 (4) (2006) 556–560.

[31] R.A. Fiske, R.W. Storts, Neuronal ceroid-lipofuscinosis in Nubian goats, Vet. Pathol.
25 (2) (1988) 171–173.

[32] A. Url, et al., Equine neuronal ceroid lipofuscinosis, Acta Neuropathol. 101 (4)
(2001) 410–414.

[33] E.E. Evans, et al., Neuronal ceroid lipofuscinosis in amallardduck (Anas platyrhynchos),
J. Avian Med. Surg. 26 (1) (2012) 22–28.

[34] R.L. Reece, P. MacWhirter, Neuronal ceroid lipofuscinosis in a lovebird, Vet. Rec.
122 (8) (1988) 187.

[35] R.D. Jolly, et al., Ceroid-lipofuscinosis (Batten's disease): pathogenesis and sequential
neuropathological changes in the ovine model, Neuropathol. Appl. Neurobiol. 15 (4)
(1989) 371–383.

[36] R.D. Jolly, et al., Ovine ceroid-lipofuscinosis is a proteolipid proteinosis, Can. J. Vet.
Res. 54 (1) (1990) 15–21.

[37] Y. Nakamoto, et al., Neuronal ceroid-lipofuscinosis in longhaired chihuahuas:
clinical, pathologic, and MRI findings, J. Am. Anim. Hosp. Assoc. 47 (4)
(2011) e64–e70.

[38] D.N. Palmer, et al., Ovine ceroid lipofuscinosis. The major lipopigment protein and
the lipid-binding subunit of mitochondrial ATP synthase have the same NH2-
terminal sequence, J. Biol. Chem. 264 (10) (1989) 5736–5740.

[39] I.M. Fearnley, et al., The sequence of the major protein stored in ovine ceroid
lipofuscinosis is identical with that of the dicyclohexylcarbodiimide-reactive
proteolipid of mitochondrial ATP synthase, Biochem. J. 268 (3) (1990) 751–758.

[40] M.J. Oswald, et al., Location and connectivity determine GABAergic interneuron
survival in the brains of South Hampshire sheep with CLN6 neuronal ceroid
lipofuscinosis, Neurobiol. Dis. 32 (1) (2008) 50–65.

[41] P.A. March, S. Wurzelmann, S.U. Walkley, Morphological alterations in neocortical
and cerebellar GABAergic neurons in a canine model of juvenile Batten disease,
Am. J. Med. Genet. 57 (2) (1995) 204–212.

[42] N.J. Neverman, D.N. Palmer, S.M. Hughes, Synaptic pathology in CLN6 ovine neuronal
ceroid lipofuscinosis, 14th International Conference on Neuronal Ceroid
Lipofuscinoses (Batten Disease) 2014, p. O50 (Cordoba, Argentina).

[43] S. Bolognin, L. Messori, P. Zatta, Metal ion physiopathology in neurodegenerative
disorders, Neuromolecular Med. 11 (4) (2009) 223–238.

[44] K.M. Kanninen, et al., Increased zinc and manganese in parallel with neurodegen-
eration, synaptic protein changes and activation of Akt/GSK3 signaling in ovine
CLN6 neuronal ceroid lipofuscinosis, PLoS One 8 (3) (2013) e58644.

[45] A. Grubman, et al., Deregulation of subcellular biometal homeostasis through loss
of the metal transporter, Zip7, in a childhood neurodegenerative disorder, Acta
Neuropathol. Commun. 2 (2014) 25.

[46] J. Schapansky, J.D. Nardozzi, M.J. LaVoie, The complex relationships between
microglia, alpha-synuclein, and LRRK2 in Parkinson's disease, Neuroscience (2014)
http://dx.doi.org/10.1016/j.neuroscience.2014.09.049.

[47] M.L. Katz, et al., Retinal pathology in a canine model of late infantile neuronal
ceroid lipofuscinosis, Invest. Ophthalmol. Vis. Sci. 49 (6) (2008) 2686–2695.

[48] A. Wrigstad, et al., Neuronal ceroid lipofuscinosis in the Polish Owczarek Nizinny
(PON) dog, Doc. Ophthalmol. 91 (1) (1995) 33–47.

[49] K. Narfström, et al., Neuronal ceroid lipofuscinosis: clinical and morphologic find-
ings in nine affected Polish Owczarek Nizinny (PON) dogs, Vet. Ophtalmol. 10
(2) (2007) 111–120.

[50] R.D. Jolly, et al., Ceroid-lipofuscinosis in miniature Schnauzer dogs, Aust. Vet. J. 75
(1) (1997) 67.

[51] P.A.W. Harper, et al., Neurovisceral ceroid-lipofuscinosis in blind Devon cattle, Acta
Neuropathol. 75 (6) (1988) 632–636.

[52] R.J. Graydon, R.D. Jolly, Ceroid-lipofuscinosis (Batten's disease) sequential electro-
physiologic and pathologic changes in the retina of the ovine model, Invest.
Ophthalmol. Vis. Sci. 25 (3) (1984) 294–301.

http://dx.doi.org/10.1016/j.bbadis.2015.04.022
http://dx.doi.org/10.1016/j.bbadis.2015.04.022
http://dx.doi.org/
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0005
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0005
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1060
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1060
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1060
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1065
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1065
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0010
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0010
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0015
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0015
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0020
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0020
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0025
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0025
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0030
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0030
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0030
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1070
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1070
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1070
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1070
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1070
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1075
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1075
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1075
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1080
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1080
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0035
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0035
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1085
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1085
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1085
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1085
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1085
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1090
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1090
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0040
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0040
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0045
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0045
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0045
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1095
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1095
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1095
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0050
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0050
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0055
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0055
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0055
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0060
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0060
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0060
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1100
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1100
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1100
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0065
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0065
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0065
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0070
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0070
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1105
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1105
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0075
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0075
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0075
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1110
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1110
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0085
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0085
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0090
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0090
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0090
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0095
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0095
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0100
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0100
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0105
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0105
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0110
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0110
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0115
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0115
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0120
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0120
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0125
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0125
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0125
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0130
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0130
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0135
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0135
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0135
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0140
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0140
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0140
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0145
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0145
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0145
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0150
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0150
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0150
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0155
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0155
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0155
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1115
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1115
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1115
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0160
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0160
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0165
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0165
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0165
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0170
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0170
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0170
http://dx.doi.org/10.1016/j.neuroscience.2014.09.049
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0180
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0180
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0185
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0185
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0190
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0190
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0190
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0195
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0195
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0200
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0200
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0205
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0205
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0205


2276 K.M.E. Faller et al. / Biochimica et Biophysica Acta 1852 (2015) 2267–2278
[53] D. Armstrong, R. Jolly, Quantitative analysis of retinal outer segments in ovine
ceroid-lipofuscinosis, Vet. Res. Commun. 10 (1) (1986) 79–82.

[54] H.H. Goebel, Retina in various animal models of neuronal ceroid-lipofuscinosis,
Am. J. Med. Genet. 42 (4) (1992) 605–608.

[55] G.W. Anderson, H.H. Goebel, A. Simonati, Human pathology in NCL, Biochim.
Biophys. Acta (BBA) — Mol. Basis Dis. 1832 (11) (2013) 1807–1826.

[56] E.L. Berson, G. Watson, Electroretinograms in English setters with neuronal ceroid
lipofuscinosis, Invest. Ophthalmol. Vis. Sci. 19 (1) (1980) 87–90.

[57] S.E. Nilsson, et al., Studies on the retina and the pigment epithelium in hereditary
canine ceroid lipofuscinosis. IV. Changes in the electroretinogram and the standing
potential of the eye, Invest. Ophthalmol. Vis. Sci. 24 (1) (1983) 77–84.

[58] J. Evans, et al., A variant form of neuronal ceroid lipofuscinosis in American bull-
dogs, J. Vet. Intern. Med. 19 (1) (2005) 44–51.

[59] H.H. Goebel, E. Dahme, Retinal ultrastructure of neuronal ceroid-lipofuscinosis in
the dalmatian dog, Acta Neuropathol. 68 (3) (1985) 224–229.

[60] M.L. Katz, et al., Assessment of retinal function and characterization of lysosomal
storage body accumulation in the retinas and brains of Tibetan Terriers with
ceroid-lipofuscinosis, Am. J. Vet. Res. 66 (1) (2005) 67–76.

[61] H.J. Deeg, et al., Batten's disease: failure of allogeneic bonemarrow transplantation
to arrest disease progression in a canine model, Clin. Genet. 37 (4) (1990)
264–270.

[62] V.J. Westlake, et al., Hematopoietic cell transplantation in fetal lambs with ceroid-
lipofuscinosis, Am. J. Med. Genet. 57 (2) (1995) 365–368.

[63] L.A. Barry, et al., In vivo Intercellular Correction in Ovine CLN6, 13th International
Conference on Neuronal Ceroid Lipofuscinoses (Batten Disease) 2012, p. O18
(London, UK).

[64] C.M. Sibigtroth, et al., TreatmentWith Recombinant Human Tripeptidyl Peptidase-
1 (rhTPP1) Delays Onset of Neurologic Signs in a Canine Model of Late Infantile
Neuronal Ceroid Lipofuscinosis (LINCL), 13th International Conference onNeuronal
Ceroid Lipofuscinoses (Batten Disease) 2012, p. O45 (London, UK.).

[65] S.M. Hughes, et al., Inhibition of storage pathology in prenatal CLN5-deficient
sheep neural cultures by lentiviral gene therapy, Neurobiol. Dis. 62 (C) (2014)
543–550.

[66] N.L. Mitchell, et al., Gene Therapy Using Adeno-associated Virus Serotype 9 in the
Sheep Brain, 14th International Conference on Neuronal Ceroid Lipofuscinoses
(Batten Disease) 2014, p. O48 (Cordoba, Argentina).

[67] L. Tecedor, et al., AAV-TPP1 Transduction of Brain Ependyma in TPP1-null Dogs
Results in Widespread CNS Distribution of TPP1 Enzyme and Improves NCL
Disease Phenotypes, 13th International ConferenceonNeuronal Ceroid Lipofuscinoses
(Batten Disease) 2012, p. O47 (London, UK).

[68] C.J. Tracy, et al., Ex Vivo Gene Therapy as a Directed Therapy for Progressive Retinal
Degeneration in a Canine Model of CLN2, 14th International Conference on Neuro-
nal Ceroid Lipofuscinoses (Batten Disease) 2014, p. P30 (Cordoba, Argentina).

[69] G.W. Kay, D.N. Palmer, Chronic oral administration of minocycline to sheep with
ovine CLN6 neuronal ceroid lipofuscinosis maintains pharmacological concentra-
tions in the brain but does not suppress neuroinflammation or disease progression,
J. Neuroinflammation 10 (1) (2013) (1–1).

[70] D.N. Sanders, et al., A reversal learning task detects cognitive deficits in a Dachshund
model of late-infantile neuronal ceroid lipofuscinosis, Genes Brain Behav. 10 (7)
(2011) 798–804.

[71] G.M. Cronin, et al., Observations on Altered Behaviour and Growth in the
Australian CLN6 Merino Sheep Model, 14th International Conference on Neuronal
Ceroid Lipofuscinoses (Batten Disease) 2014, p. P24 (Cordoba, Argentina).

[72] P. Saftig, et al., Mice deficient for the lysosomal proteinase cathepsin D exhibit
progressive atrophy of the intestinal mucosa and profound destruction of lymphoid
cells, EMBO J. 14 (15) (1995) 3599–3608.

[73] P. Gupta, et al., Disruption of PPT1 or PPT2 causes neuronal ceroid lipofuscinosis in
knockout mice, Proc. Natl. Acad. Sci. U. S. A. 98 (24) (2001) 13566–13571.

[74] A. Jalanko, et al., Mice with Ppt1Deltaex4 mutation replicate the INCL phenotype
and show an inflammation-associated loss of interneurons, Neurobiol. Dis. 18 (1)
(2005) 226–241.

[75] D.E. Sleat, et al., A mouse model of classical late-infantile neuronal ceroid
lipofuscinosis based on targeted disruption of the CLN2 gene results in a loss of
tripeptidyl-peptidase I activity and progressive neurodegeneration, J. Neurosci.
24 (41) (2004) 9117–9126.

[76] O. Kopra, et al., A mouse model for Finnish variant late infantile neuronal ceroid
lipofuscinosis, CLN5, reveals neuropathology associated with early aging, Hum.
Mol. Genet. 13 (23) (2004) 2893–2906.

[77] R.T. Bronson, et al., Neuronal ceroid lipofuscinosis (nclf), a new disorder of the
mouse linked to chromosome 9, Am. J. Med. Genet. 77 (4) (1998) 289–297.

[78] R.T. Bronson, et al., Motor neuron degeneration of mice is a model of neuronal
ceroid lipofuscinosis (Batten's disease), Ann. Neurol. 33 (4) (1993) 381–385.

[79] S.L. Cotman, et al., Cln3(Deltaex7/8) knock-in mice with the common JNCL
mutation exhibit progressive neurologic disease that begins before birth, Hum.
Mol. Genet. 11 (22) (2002) 2709–2721.

[80] S.L. Eliason, et al., A knock-in reporter model of Batten disease, J. Neurosci. 27 (37)
(2007) 9826–9834.

[81] M.L. Katz, et al., A mouse gene knockout model for juvenile ceroid-lipofuscinosis
(Batten disease), J. Neurosci. Res. 57 (4) (1999) 551–556.

[82] H.M. Mitchison, et al., Targeted disruption of the Cln3 gene provides a mouse
model for Batten disease. The Batten Mouse Model Consortium [corrected],
Neurobiol. Dis. 6 (5) (1999) 321–334.

[83] M. Damme, et al., Gene disruption ofMfsd8 inmice provides the first animal model
for CLN7 disease, Neurobiol. Dis. 65 (2014) 12–24.

[84] M. Bond, et al., Use of model organisms for the study of neuronal ceroid
lipofuscinosis, Biochim. Biophys. Acta 1832 (11) (2013) 1842–1865.
[85] C.H. Tang, et al., Murine cathepsin F deficiency causes neuronal lipofuscinosis and
late-onset neurological disease, Mol. Cell. Biol. 26 (6) (2006) 2309–2316.

[86] P. Gupta, et al., Disruption of PPT2 in mice causes an unusual lysosomal storage
disorder with neurovisceral features, Proc. Natl. Acad. Sci. U. S. A. 100 (21)
(2003) 12325–12330.

[87] M. Poet, et al., Lysosomal storage disease upon disruption of the neuronal chloride
transport protein ClC-6, Proc. Natl. Acad. Sci. U. S. A. 103 (37) (2006) 13854–13859.

[88] D. Kasper, et al., Loss of the chloride channel ClC-7 leads to lysosomal storage
disease and neurodegeneration, EMBO J. 24 (5) (2005) 1079–1091.

[89] C. Kitzmuller, et al., A function retained by the common mutant CLN3 protein is
responsible for the late onset of juvenile neuronal ceroid lipofuscinosis, Hum.
Mol. Genet. 17 (2) (2008) 303–312.

[90] C.C. Pontikis, et al., Late onset neurodegeneration in the Cln3−/− mouse model of
juvenile neuronal ceroid lipofuscinosis is preceded by low level glial activation,
Brain Res. 1023 (2) (2004) 231–242.

[91] C.C. Pontikis, et al., Thalamocortical neuron loss and localized astrocytosis in the
Cln3Deltaex7/8 knock-in mouse model of Batten disease, Neurobiol. Dis. 20 (3)
(2005) 823–836.

[92] J. Hu, et al., Intravenous high-dose enzyme replacement therapywith recombinant
palmitoyl-protein thioesterase reduces visceral lysosomal storage and modestly
prolongs survival in a preclinical mouse model of infantile neuronal ceroid
lipofuscinosis, Mol. Genet. Metab. 107 (1–2) (2012) 213–221.

[93] M. Chang, et al., Intraventricular enzyme replacement improves disease phenotypes in
a mouse model of late infantile neuronal ceroid lipofuscinosis, Mol. Ther. 16 (4)
(2008) 649–656.

[94] S. Xu, et al., Large-volume intrathecal enzyme delivery increases survival of a
mouse model of late infantile neuronal ceroid lipofuscinosis, Mol. Ther. 19 (10)
(2011) 1842–1848.

[95] A. Biffi, et al., Lentiviral hematopoietic stem cell gene therapy benefits metachro-
matic leukodystrophy, Science 341 (6148) (2013) 1233158.

[96] N. Cartier, et al., Hematopoietic stem cell gene therapywith a lentiviral vector in X-
linked adrenoleukodystrophy, Science 326 (5954) (2009) 818–823.

[97] M. Griffey, et al., Adeno-associated virus 2-mediated gene therapy decreases
autofluorescent storage material and increases brain mass in a murine model of
infantile neuronal ceroid lipofuscinosis, Neurobiol. Dis. 16 (2) (2004) 360–369.

[98] M.A. Griffey, et al., CNS-directed AAV2-mediated gene therapy ameliorates
functional deficits in a murine model of infantile neuronal ceroid lipofuscinosis,
Mol. Ther. 13 (3) (2006) 538–547.

[99] S.L. Macauley, et al., Synergistic effects of central nervous system-directed gene
therapy and bone marrow transplantation in the murine model of infantile neuro-
nal ceroid lipofuscinosis, Ann. Neurol. 71 (6) (2012) 797–804.

[100] M.A. Cabrera-Salazar, et al., Timing of therapeutic intervention determines
functional and survival outcomes in a mouse model of late infantile batten disease,
Mol. Ther. 15 (10) (2007) 1782–1788.

[101] M.A. Passini, et al., Intracranial delivery of CLN2 reduces brain pathology in a
mouse model of classical late infantile neuronal ceroid lipofuscinosis, J. Neurosci.
26 (5) (2006) 1334–1342.

[102] D. Sondhi, et al., Enhanced survival of the LINCL mouse following CLN2 gene
transfer using the rh.10 rhesus macaque-derived adeno-associated virus vector,
Mol. Ther. 15 (3) (2007) 481–491.

[103] L.S. Pike, et al., Imaging gene delivery in a mouse model of congenital neuronal
ceroid lipofuscinosis, Gene Ther. 18 (12) (2011) 1173–1178.

[104] Z. Shevtsova, et al., CNS-expressed cathepsin D prevents lymphopenia in a murine
model of congenital neuronal ceroid lipofuscinosis, Am. J. Pathol. 177 (1) (2010)
271–279.

[105] R. Karda, et al., Perinatal systemic gene delivery using adeno-associated viral
vectors, Front. Mol. Neurosci. 7 (2014) 89.

[106] A.A. Rahim, et al., Perinatal gene delivery to the CNS, Ther. Deliv. 2 (4) (2011)
483–491.

[107] S. Worgall, et al., Treatment of late infantile neuronal ceroid lipofuscinosis by CNS
administration of a serotype 2 adeno-associated virus expressing CLN2 cDNA,
Hum. Gene Ther. 19 (5) (2008) 463–474.

[108] S.J. Tamaki, et al., Neuroprotection of host cells by human central nervous system
stem cells in a mouse model of infantile neuronal ceroid lipofuscinosis, Cell Stem
Cell 5 (3) (2009) 310–319.

[109] N.R. Selden, et al., Central nervous system stem cell transplantation for children
with neuronal ceroid lipofuscinosis, J. Neurosurg. Pediatr. 11 (6) (2013) 643–652.

[110] D. Sondhi, et al., Partial correction of the CNS lysosomal storage defect in a mouse
model of juvenile neuronal ceroid lipofuscinosis by neonatal CNS administration of
an adeno-associated virus serotype rh.10 vector expressing the human CLN3 gene,
Hum. Gene Ther. 25 (3) (2014) 223–239.

[111] A.D. Kovacs, D.A. Pearce, Attenuation of AMPA receptor activity improves motor
skills in a mouse model of juvenile Batten disease, Exp. Neurol. 209 (1) (2008)
288–291.

[112] A.D. Kovacs, et al., Age-dependent therapeutic effect of memantine in a mouse
model of juvenile Batten disease, Neuropharmacology 63 (5) (2012) 769–775.

[113] T. Blomme, et al., The gain and loss of genes during 600 million years of vertebrate
evolution, Genome Biol. 7 (5) (2006) R43.

[114] K. Wager, F. Mahmood, C. Russell, Modelling inborn errors of metabolism in
zebrafish, J. Inherit. Metab. Dis. 37 (4) (2014) 483–495.

[115] P.B. Yu, et al., BMP type I receptor inhibition reduces heterotopic [corrected]
ossification, Nat. Med. 14 (12) (2008) 1363–1369.

[116] P. Gut, et al., Whole-organism screening for gluconeogenesis identifies activators of
fasting metabolism, Nat. Chem. Biol. 9 (2) (2013) 97–104.

[117] R.M. White, et al., DHODHmodulates transcriptional elongation in the neural crest
and melanoma, Nature 471 (7339) (2011) 518–522.

http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0210
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0210
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0215
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0215
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1125
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1125
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0220
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0220
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0225
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0225
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0225
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0230
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0230
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0235
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0235
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0240
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0240
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0240
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0245
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0245
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0245
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0250
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0250
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1130
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1130
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1130
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1135
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1135
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1135
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1135
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0255
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0255
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0255
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1140
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1140
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1140
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1145
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1145
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1145
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1145
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1150
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1150
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1150
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1155
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1155
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1155
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1155
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0260
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0260
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0260
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1160
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1160
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1160
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0265
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0265
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0265
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0270
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0270
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0275
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0275
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0275
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0280
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0280
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0280
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0280
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0285
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0285
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0285
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0290
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0290
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0295
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0295
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0300
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0300
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0300
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0305
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0305
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0310
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0310
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1165
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1165
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1165
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0315
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0315
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0320
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0320
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0325
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0325
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0330
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0330
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0330
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0335
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0335
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0340
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0340
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0345
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0345
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0345
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0350
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0350
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0350
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0350
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0355
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0355
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0355
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0360
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0360
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0360
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0360
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0365
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0365
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0365
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0370
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0370
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0370
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0375
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0375
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0380
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0380
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0385
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0385
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0385
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0390
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0390
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0390
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0395
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0395
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0395
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0400
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0400
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0400
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0405
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0405
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0405
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1170
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1170
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1170
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0410
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0410
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0415
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0415
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0415
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0420
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0420
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0425
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0425
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0430
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0430
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0430
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0435
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0435
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0435
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0440
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0440
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1175
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1175
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1175
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1175
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0445
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0445
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0445
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0450
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0450
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0455
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0455
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0460
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0460
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0465
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0465
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0470
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0470
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0475
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0475


2277K.M.E. Faller et al. / Biochimica et Biophysica Acta 1852 (2015) 2267–2278
[118] H. Baier, et al., Genetic dissection of the retinotectal projection, Development 123
(1996) 415–425.

[119] E.E. Patton, L.I. Zon, The art and design of genetic screens: zebrafish, Nat. Rev.
Genet. 2 (12) (2001) 956–966.

[120] R.N. Kettleborough, et al., A systematic genome-wide analysis of zebrafish protein-
coding gene function, Nature 496 (7446) (2013) 494–497.

[121] K. Wager, C. Russell, Mitophagy and neurodegeneration: the zebrafish model
system, Autophagy 9 (11) (2013) 1693–1709.

[122] S.C. Ekker, Zinc finger-based knockout punches for zebrafish genes, Zebrafish 5 (2)
(2008) 121–123.

[123] J.D. Sander, et al., Targeted gene disruption in somatic zebrafish cells using
engineered TALENs, Nat. Biotechnol. 29 (8) (2011) 697–698.

[124] W.Y. Hwang, et al., Efficient genome editing in zebrafish using a CRISPR-Cas
system, Nat. Biotechnol. 31 (3) (2013) 227–229.

[125] B. Schmid, C. Haass, Genomic editing opens new avenues for zebrafish as a model
for neurodegeneration, J. Neurochem. 127 (4) (2013) 461–470.

[126] F. Mahmood, et al., A zebrafishmodel of CLN2 disease is deficient in tripeptidyl pepti-
dase 1 and displays progressive neurodegeneration accompanied by a reduction in
proliferation, Brain 136 (Pt 5) (2013) 1488–1507.

[127] C. Follo, et al., Knockdown of cathepsin D in zebrafish fertilized eggs determines
congenital myopathy, Biosci. Rep. 33 (2) (2013).

[128] B.P. Chitramuthu, et al., Progranulin modulates zebrafish motoneuron develop-
ment in vivo and rescues truncation defects associated with knockdown of Surviv-
al motor neuron 1, Mol. Neurodegener. 5 (2010) 41.

[129] A.S. Laird, et al., Progranulin is neurotrophic in vivo and protects against a mutant
TDP-43 induced axonopathy, PLoS One 5 (10) (2010) e13368.

[130] P. Joshi, et al., Amyloid precursor protein is required for convergent-extension
movements during Zebrafish development, Dev. Biol. 335 (1) (2009) 1–11.

[131] M. Newman, et al., Zebrafish as a tool in Alzheimer's disease research, Biochim.
Biophys. Acta (BBA) — Mol. Basis Dis. 181 (3) (1812) 346–352.

[132] H.G. Tomasiewicz, et al., Transgenic zebrafishmodel of neurodegeneration, J. Neurosci.
Res. 70 (6) (2002) 734–745.

[133] Q. Bai, et al., Generation of a transgenic zebrafish model of Tauopathy using a novel
promoter element derived from the zebrafish eno2 gene, Nucleic Acids Res. 35
(19) (2007) 6501–6516.

[134] F. van Bebber, et al., Loss of Bace2 in zebrafish affects melanocyte migration and is
distinct from Bace1 knock out phenotypes, J. Neurochem. 127 (4) (2013) 471–481.

[135] A. Williams, et al., Novel targets for Huntington's disease in an mTOR-independent
autophagy pathway, Nat. Chem. Biol. 4 (5) (2008) 295–305.

[136] A.L. Lumsden, et al., Huntingtin-deficient zebrafish exhibit defects in ironutilization
and development, Hum. Mol. Genet. 16 (16) (2007) 1905–1920.

[137] R. Lemmens, et al., Overexpression of mutant superoxide dismutase 1 causes a
motor axonopathy in the zebrafish, Hum. Mol. Genet. 16 (19) (2007) 2359–2365.

[138] T. Ramesh, et al., A genetic model of amyotrophic lateral sclerosis in zebrafish
displays phenotypic hallmarks of motoneuron disease, Dis. Model. Mech. 3
(9–10) (2010) 652–662.

[139] E. Kabashi, et al., Gain and loss of function of ALS-related mutations of TARDBP
(TDP-43) cause motor deficits in vivo, Hum. Mol. Genet. 19 (4) (2010) 671–683.

[140] A. Vaccaro, et al., Methylene blue protects against TDP-43 and FUS neuronal
toxicity in C. elegans and D. rerio, PLoS One 7 (7) (2012) e42117.

[141] L. Flinn, et al., Complex I deficiency and dopaminergic neuronal cell loss in parkin-
deficient zebrafish (Danio rerio), Brain 132 (Pt 6) (2009) 1613–1623.

[142] V. Sallinen, et al., Dopaminergic cell damage and vulnerability to MPTP in Pink1
knockdown zebrafish, Neurobiol. Dis. 40 (1) (2010) 93–101.

[143] C. Ambekar, et al., SBDS-deficiency results in deregulation of reactive oxygen
species leading to increased cell death and decreased cell growth, Pediatr. Blood
Cancer 55 (6) (2010) 1138–1144.

[144] O. Bandmann, E.A. Burton, Genetic zebrafish models of neurodegenerative
diseases, Neurobiol. Dis. 40 (1) (2010) 58–65.

[145] S. Bretaud, et al., p53-dependent neuronal cell death in a DJ-1-deficient zebrafish
model of Parkinson's disease, J. Neurochem. 100 (6) (2007) 1626–1635.

[146] D. Sheng, et al., Deletion of the WD40 domain of LRRK2 in Zebrafish causes
Parkinsonism-like loss of neurons and locomotive defect, PLoS Genet. 6 (4)
(2010) e1000914.

[147] L. Wen, et al., Visualization of monoaminergic neurons and neurotoxicity of MPTP
in live transgenic zebrafish, Dev. Biol. 314 (1) (2008) 84–92.

[148] A. Choudhary, et al., Mycophenolate mofetil as an immunosuppressive agent in
refractory inflammatory eye disease, J. Ocul. Pharmacol. Ther. 22 (3) (2006) 168–175.

[149] D. Paquet, et al., A zebrafish model of tauopathy allows in vivo imaging of neuronal
cell death and drug evaluation, J. Clin. Invest. 119 (5) (2009) 1382–1395.

[150] M.L. McWhorter, et al., Knockdown of the survival motor neuron (Smn) protein in
zebrafish causes defects in motor axon outgrowth and pathfinding, J. Cell Biol. 162
(5) (2003) 919–931.

[151] K.L. Boon, et al., Zebrafish survival motor neuron mutants exhibit presynap-
tic neuromuscular junction defects, Hum. Mol. Genet. 18 (19) (2009)
3615–3625.

[152] J.D. Wood, et al., The microtubule-severing protein Spastin is essential for axon
outgrowth in the zebrafish embryo, Hum. Mol. Genet. 15 (18) (2006) 2763–2771.

[153] L.T. Reiter, et al., A systematic analysis of human disease-associated gene
sequences in Drosophila melanogaster, Genome Res. 11 (6) (2001) 1114–1125.

[154] J.M. Shulman, et al., From fruit fly to bedside: translating lessons from Drosophila
models of neurodegenerative disease, Curr. Opin. Neurol. 16 (4) (2003) 443–449.

[155] B. Lu, H. Vogel, Drosophila models of neurodegenerative diseases, Annu. Rev.
Pathol. 4 (2009) 315–342.

[156] M. Jaiswal, et al., Probing mechanisms that underlie human neurodegenerative
diseases in Drosophila, Annu. Rev. Genet. 46 (2012) 371–396.
[157] J. Bilen, N.M. Bonini, Drosophila as a model for human neurodegenerative disease,
Annu. Rev. Genet. 39 (2005) 153–171.

[158] A.J. Hickey, et al., Palmitoyl-protein thioesterase 1 deficiency in Drosophila
melanogaster causes accumulation of abnormal storage material and reduced
life span, Genetics 172 (4) (2006) 2379–2390.

[159] R.I. Tuxworth, et al., The Batten disease gene CLN3 is required for the response to
oxidative stress, Hum. Mol. Genet. 20 (10) (2011) 2037–2047.

[160] L. Myllykangas, et al., Cathepsin D-deficient Drosophila recapitulate the key features
of neuronal ceroid lipofuscinoses, Neurobiol. Dis. 19 (1–2) (2005) 194–199.

[161] K.E. Zinsmaier, et al., Paralysis and early death in cysteine string proteinmutants of
Drosophila, Science 263 (5149) (1994) 977–980.

[162] J.A. Umbach, et al., Presynaptic dysfunction in Drosophila csp mutants, Neuron 13
(4) (1994) 899–907.

[163] L.H. Chamberlain, R.D. Burgoyne, Cysteine-string protein: the chaperone at the
synapse, J. Neurochem. 74 (5) (2000) 1781–1789.

[164] K. Kollmann, et al., Cell biology and function of neuronal ceroid lipofuscinosis-
related proteins, Biochim. Biophys. Acta 1832 (11) (2013) 1866–1881.

[165] J.A. Doudna, E. Charpentier, Genome editing. The new frontier of genome engineer-
ing with CRISPR-Cas9, Science 346 (6213) (2014) 1258096.

[166] J.D. Sander, J.K. Joung, CRISPR-Cas systems for editing, regulating and targeting
genomes, Nat. Biotechnol. 32 (4) (2014) 347–355.

[167] A.R. Bassett, J.L. Liu, CRISPR/Cas9 and genome editing in Drosophila, J. Genet.
Genomics 41 (1) (2014) 7–19.

[168] X. Zhang, W.H. Koolhaas, F. Schnorrer, A versatile two-step CRISPR- and RMCE-based
strategy for efficient genome engineering in Drosophila. G3 (Bethesda), 4 (12)
(2014) 2409–2418.

[169] H. Buff, A.C. Smith, C.A. Korey, Genetic modifiers of Drosophila palmitoyl-protein
thioesterase 1-induced degeneration, Genetics 176 (1) (2007) 209–220.

[170] R.I. Tuxworth, et al., Interactions between the juvenile Batten disease gene, CLN3,
and the Notch and JNK signalling pathways, Hum. Mol. Genet. 18 (4) (2009)
667–678.

[171] S. Saja, et al., Identifying cellular pathways modulated by Drosophila palmitoyl-
protein thioesterase 1 function, Neurobiol. Dis. 40 (1) (2010) 135–145.

[172] M.A. Jones, et al., Genetic studies inDrosophila and humans support a model for the
concerted function of CISD2, PPT1 and CLN3 in disease, Biol. Open 3 (5) (2014)
342–352.

[173] T. Yamada, et al., WFS1-deficiency increases endoplasmic reticulum stress, impairs
cell cycle progression and triggers the apoptotic pathway specifically in pancreatic
beta-cells, Hum. Mol. Genet. 15 (10) (2006) 1600–1609.

[174] S.J. Kim, et al., Endoplasmic reticulum stress-induced caspase-4 activation medi-
ates apoptosis and neurodegeneration in INCL, Hum. Mol. Genet. 15 (11) (2006)
1826–1834.

[175] H.Wei, et al., ER and oxidative stresses are commonmediators of apoptosis in both
neurodegenerative and non-neurodegenerative lysosomal storage disorders and
are alleviated by chemical chaperones, Hum. Mol. Genet. 17 (4) (2008) 469–477.

[176] S. Partanen, et al., Synaptic changes in the thalamocortical system of cathepsin D-
deficient mice: a model of human congenital neuronal ceroid-lipofuscinosis, J.
Neuropathol. Exp. Neurol. 67 (1) (2008) 16–29.

[177] H. Keshishian, et al., The Drosophila neuromuscular junction: a model system
for studying synaptic development and function, Annu. Rev. Neurosci. 19 (1996)
545–575.

[178] T.F. Andlauer, S.J. Sigrist, In vivo imaging of Drosophila larval neuromuscular
junctions to study synapse assembly, Cold Spring Harb. Protoc. 2012 (4) (2012)
407–413.

[179] C. Ruiz-Canada, V. Budnik, Introduction on the use of the Drosophila embryonic/larval
neuromuscular junction as a model system to study synapse development and
function, and a brief summary of pathfinding and target recognition, Int. Rev.
Neurobiol. 75 (2006) 1–31.

[180] K.P. Menon, R.A. Carrillo, K. Zinn, Development and plasticity of the Drosophila
larval neuromuscular junction. Wiley Interdiscip, Rev. Dev. Biol. 2 (5) (2013)
647–670.

[181] T. Matkovic, et al., The Bruchpilot cytomatrix determines the size of the readily
releasable pool of synaptic vesicles, J. Cell Biol. 202 (4) (2013) 667–683.

[182] E. Aby, et al., Mutations in palmitoyl-protein thioesterase 1 alter exocytosis and
endocytosis at synapses in Drosophila larvae. Fly (Austin), 7 (4) (2013) 267–279.

[183] K.E. Zinsmaier, et al., A cysteine-string protein is expressed in retina and brain of
Drosophila, J. Neurogenet. 7 (1) (1990) 15–29.

[184] J.W. Barclay, H.L. Atwood, R.M. Robertson, Impairment of central pattern genera-
tion in Drosophila cysteine string protein mutants, J. Comp. Physiol. A Sens. Neural
Behav. Physiol 188 (1) (2002) 71–78.

[185] Y. Chen, et al., Cell-type-specific labeling of synapses in vivo through synaptic
tagging with recombination, Neuron 81 (2) (2014) 280–293.

[186] A. Jenett, et al., A GAL4-driver line resource for Drosophila neurobiology, Cell Rep. 2
(4) (2012) 991–1001.

[187] A. Goffeau, Four years of post-genomic life with 6000 yeast genes, FEBS Lett. 480
(1) (2000) 37–41.

[188] S. Marguerat, et al., Quantitative analysis of fission yeast transcriptomes and
proteomes in proliferating and quiescent cells, Cell 151 (3) (2012) 671–683.

[189] D.H. Lackner, et al., Regulation of transcriptome, translation, and proteome in
response to environmental stress in fission yeast, Genome Biol. 13 (4) (2012).

[190] V. Pancaldi, J. Bahler, In silico characterization and prediction of global protein–
mRNA interactions in yeast, Nucleic Acids Res. 39 (14) (2011) 5826–5836.

[191] V. Pancaldi, et al., Predicting the fission yeast protein interaction network. G3
(Bethesda), 2 (4) (2012) 453–467.

[192] J. Janin, B. Seraphin, Genome-wide studies of protein–protein interaction, Curr.
Opin. Struct. Biol. 13 (3) (2003) 383–388.

http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0480
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0480
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0485
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0485
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0490
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0490
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0495
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0495
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0500
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0500
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0505
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0505
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0510
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0510
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0515
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0515
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0520
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0520
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0520
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0525
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0525
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0530
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0530
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0530
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0535
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0535
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0540
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0540
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1180
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1180
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0545
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0545
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0550
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0550
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0550
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0555
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0555
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0560
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0560
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0565
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0565
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0570
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0570
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0575
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0575
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0575
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0580
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0580
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1185
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1185
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0585
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0585
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0590
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0590
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0595
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0595
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0595
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0600
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0600
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0605
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0605
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0610
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0610
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0610
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0615
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0615
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0620
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0620
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0625
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0625
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0630
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0630
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0630
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0635
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0635
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0635
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0640
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0640
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0645
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0645
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0650
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0650
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0655
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0655
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0660
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0660
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0665
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0665
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0670
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0670
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0670
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0675
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0675
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0680
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0680
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0685
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0685
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0690
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0690
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0695
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0695
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0700
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0700
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0705
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0705
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0710
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0710
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0715
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0715
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1190
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1190
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1190
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0720
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0720
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0725
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0725
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0725
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0730
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0730
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0735
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0735
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0735
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0740
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0740
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0740
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0745
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0745
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0745
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0750
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0750
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0750
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0755
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0755
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0755
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0760
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0760
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0760
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0765
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0765
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0765
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0770
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0770
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0770
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0770
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0775
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0775
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0775
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0780
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0780
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0785
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0785
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0790
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0790
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1195
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1195
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1195
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0795
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0795
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0800
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0800
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0805
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0805
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0810
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0810
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1200
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1200
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0815
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0815
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1205
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1205
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0820
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0820


2278 K.M.E. Faller et al. / Biochimica et Biophysica Acta 1852 (2015) 2267–2278
[193] B. Szappanos, et al., An integrated approach to characterize genetic interaction
networks in yeast metabolism, Nat. Genet. 43 (7) (2011) (656-U182).

[194] V. Wood, et al., PomBase: a comprehensive online resource for fission yeast,
Nucleic Acids Res. 40 (D1) (2012) D695–D699.

[195] J.M. Cherry, et al., Saccharomyces genome database: the genomics resource of
budding yeast, Nucleic Acids Res. 40 (D1) (2012) D700–D705.

[196] E.A. Winzeler, et al., Functional characterization of the S-cerevisiae genome by gene
deletion and parallel analysis, Science 285 (5429) (1999) 901–906.

[197] D.U. Kim, et al., Analysis of a genome-wide set of gene deletions in the fission yeast
Schizosaccharomyces pombe, Nat. Biotechnol. 28 (6) (2010) 617–623.

[198] A. Baryshnikova, et al., Synthetic genetic array (SGA) analysis in Saccharomyces
cerevisiae and Schizosaccharomyces Pombe, Methods Enzymol. 470 (2010) 145–179.

[199] S. Hoon, et al., Yeast chemical genomics and drug discovery: an update, Trends
Pharmacol. Sci. 29 (10) (2008) 499–504.

[200] A.Y. Lee, et al., Mapping the cellular response to smallmolecules using chemogenomic
fitness signatures, Science 344 (6180) (2014) 208–211.

[201] J. Bras, et al., Mutation of the parkinsonism gene ATP13A2 causes neuronal ceroid-
lipofuscinosis, Hum. Mol. Genet. 21 (12) (2012) 2646–2650.

[202] D.A. Pearce, S.A. Nosel, F. Sherman, Studies of pH regulation by Btn1p, the yeast
homolog of human Cln3p, Mol. Genet. Metab. 66 (4) (1999) 320–323.

[203] S. Chattopadhyay, et al., The yeast model for batten disease: mutations in BTN1,
BTN2, and HSP30 alter pH homeostasis, J. Bacteriol. 182 (22) (2000) 6418–6423.

[204] S. Chattopadhyay, D.A. Pearce, Interaction with Btn2p is required for localization of
Rsglp: Btn2p-mediated changes in arginine uptake in Saccharomyces cerevisiae,
Eukaryot. cell 1 (4) (2002) 606–612.

[205] Y. Kim, D. Ramirez-Montealegre, D.A. Pearce, A role in vacuolar arginine transport
for yeast Btn1p and for human CLN3, the protein defective in Batten disease, Proc.
Natl. Acad. Sci. U. S. A. 100 (26) (2003) 15458–15462.

[206] Y. Kim, et al., Interaction among Btn1p, Btn2p, and Ist2p reveals potential interplay
among the vacuole, amino acid levels, and ionhomeostasis in the yeast Saccharomyces
cerevisiae, Eukaryot. cell 4 (2) (2005) 281–288.

[207] N.S. Osorio, et al., Nitric oxide signaling is disrupted in the yeast model for Batten
disease, Mol. Biol. Cell 18 (7) (2007) 2755–2767.

[208] S.P. Vitiello, D.M. Wolfe, D.A. Pearce, Absence of Btn1p in the yeast model for
juvenile Batten disease may cause arginine to become toxic to yeast cells, Hum.
Mol. Genet. 16 (9) (2007) 1007–1016.

[209] D.M.Wolfe, et al., pH-dependent localization of Btn1p in the yeastmodel for Batten
disease, Dis. Model Mech. 4 (1) (2011) 120–125.

[210] Y. Gachet, et al., btn1, the Schizosaccharomyces pombe homologue of the human
Batten disease gene CLN3, regulates vacuole homeostasis, J. Cell Sci. 118 (Pt 23)
(2005) 5525–5536.

[211] S. Codlin, et al., Btn1 affects cytokinesis and cell–wall deposition by independent
mechanisms, one of which is linked to dysregulation of vacuole pH, J. Cell Sci.
121 (Pt 17) (2008) 2860–2870.

[212] C. Kitzmuller, et al., A function retained by the common mutant CLN3 protein is
responsible for the late onset of juvenile neuronal ceroid lipofuscinosis, Hum.
Mol. Genet. 17 (2) (2008) 303–312.

[213] R.L. Haines, S. Codlin, S.E. Mole, The fission yeast model for the lysosomal storage
disorder Batten disease predicts disease severity caused by mutations in CLN3,
Dis. Model. Mech. 2 (1–2) (2009) 84–92.

[214] M.R. Pears, et al., Deletion of btn1, an orthologue of CLN3, increases glycolysis and
perturbs amino acid metabolism in the fission yeast model of Batten disease, Mol.
Biosyst. 6 (6) (2010) 1093–1102.

[215] S. Codlin, S.E. Mole, S. pombe btn1, the orthologue of the Batten disease gene CLN3,
is required for vacuole protein sorting of Cpy1p and Golgi exit of Vps10p, J. Cell Sci.
122 (Pt 8) (2009) 1163–1173.

[216] R. Kama, et al., The yeast Batten disease orthologue Btn1 controls endosome–Golgi
retrograde transport via SNARE assembly, J. Cell Biol. 195 (2) (2011) 203–215.

[217] S. Padilla-Lopez, et al., BTN1, the Saccharomyces cerevisiae homolog to the human
Batten disease gene, is involved in phospholipid distribution, Dis. Model. Mech. 5
(2) (2012) 191–199.

[218] H.B. Van Den Hazel, M.C. Kielland-Brandt, J.R. Winther, Review: biosynthesis and
function of yeast vacuolar proteases, Yeast 12 (1) (1996) 1–16.

[219] M. Marques, et al., The Pep4p vacuolar proteinase contributes to the turnover of
oxidized proteins but PEP4 overexpression is not sufficient to increase chronological
lifespan in Saccharomyces cerevisiae, Microbiology 152 (Pt 12) (2006) 3595–3605.

[220] D. Carmona-Gutierrez, et al., The propeptide of yeast cathepsin D inhibits
programmed necrosis, Cell Death Dis. 2 (2011) e161.

[221] C. Pereira, et al., Mitochondrial degradation in acetic acid-induced yeast apoptosis:
the role of Pep4 and the ADP/ATP carrier,Mol.Microbiol. 76 (6) (2010) 1398–1410.

[222] H. Pereira, et al., The protective role of yeast cathepsin D in acetic acid-induced
apoptosis depends on ANT (Aac2p) but not on the voltage-dependent channel
(Por1p), FEBS Lett. 587 (2) (2013) 200–205.
[223] K. Schmidt, et al., Cd2+, Mn2+, Ni2+ and Se2+ toxicity to Saccharomyces
cerevisiae lacking YPK9p the orthologue of human ATP13A2, Biochem. Biophys.
Res. Commun. 383 (2) (2009) 198–202.

[224] A.D. Gitler, et al., Alpha-synuclein is part of a diverse and highly conserved interaction
network that includes PARK9 and manganese toxicity, Nat. Genet. 41 (3) (2009)
308–315.

[225] S. Kang, T.H. Heo, S.J. Kim, Altered levels of alpha-synuclein and sphingolipids in
Batten disease lymphoblast cells, Gene 539 (2) (2014) 181–185.

[226] A. Chesi, et al., The role of the Parkinson's disease gene PARK9 in essential cellular
pathways and the Manganese homeostasis network in yeast, PLoS One 7 (3)
(2012).

[227] K. Kollmann, et al., Cell biology and function of neuronal ceroid lipofuscinosis-related
proteins, Biochim. Biophys. Acta (BBA)—Mol. Basis Dis. 1832 (11) (2013) 1866–1881.

[228] S.D.L. Postnikoff, T.A.A., Harkness, Replicative and Chronological Life-Span Assays,
in: W. Xiao (Ed.), Yeast Protocols, Humana Press, Totowa 2014, pp. 223–227.

[229] A. Schulz, et al., The CLN9 protein, a regulator of dihydroceramide synthase, J. Biol.
Chem. 281 (5) (2006) 2784–2794.

[230] A.M. Aerts, et al., Level of M(IP)(2)C sphingolipid affects plant defensin sensitivity,
oxidative stress resistance and chronological life-span in yeast, FEBS Lett. 580 (7)
(2006) 1903–1907.

[231] T. Almeida, et al., Isc1p plays a key role in hydrogen peroxide resistance and chro-
nological lifespan through modulation of iron levels and apoptosis, Mol. Biol. Cell
19 (3) (2008) 865–876.

[232] A.D. Barbosa, et al., Role for Sit4p-dependent mitochondrial dysfunction in mediating
the shortened chronological lifespan and oxidative stress sensitivity of Isc1p-deficient
cells, Mol. Microbiol. 81 (2) (2011) 515–527.

[233] D. Bhandari, et al., Sit4p/PP6 regulates ER-to-Golgi traffic by controlling the dephos-
phorylation of COPII coat subunits, Mol. Biol. Cell 24 (17) (2013) 2727–2738.

[234] F. Posas, J. Clotet, J. Arino, Saccharomyces-Cerevisiae gene Sit4 Is involved in the
control of glycogen-metabolism, FEBS Lett. 279 (2) (1991) 341–345.

[235] M.A. de la Torre-Ruiz, et al., Sit4 is required for proper modulation of the biological
functions mediated by Pkc1 and the cell integrity pathway in Saccharomyces
cerevisiae, J. Biol. Chem. 277 (36) (2002) 33468–33476.

[236] L. Michaillat, A. Mayer, Identification of genes affecting vacuole membrane
fragmentation in Saccharomyces cerevisiae, PLoS One 8 (2) (2013).

[237] C. Ruckenstuhl, et al., Lifespan extension by methionine restriction requires
autophagy-dependent vacuolar acidification, PLoS Genet. 10 (5) (2014).

[238] A.L. Hughes, D.E. Gottschling, An early age increase in vacuolar pH limits mitochon-
drial function and lifespan in yeast, Nature 492 (7428) (2012) 261–265.

[239] M.K. Shigenaga, T.M. Hagen, B.N. Ames, Oxidative damage and mitochondrial
decay in aging, Proc. Natl. Acad. Sci. U. S. A. 91 (23) (1994) 10771–10778.

[240] K.R. Smith, et al., Cathepsin F mutations cause type B Kufs disease, an adult-onset
neuronal ceroid lipofuscinosis, Hum. Mol. Genet. 22 (7) (2013) 1417–1423.

[241] R. Fernandez-Chacon, et al., The synaptic vesicle protein CSP alpha prevents
presynaptic degeneration, Neuron 42 (2) (2004) 237–251.

[242] S. Brenner, The genetics of Caenorhabditis elegans, Genetics 77 (1) (1974) 71–94.
[243] S.N. Phillips, et al., Characterizing pathogenic processes in Batten disease: use of

small eukaryotic model systems, Biochim. Biophys. Acta (BBA) — Mol. Basis Dis.
1762 (10) (2006) 906–919.

[244] S.S. Kashyap, et al., Caenorhabditis elegans dnj-14, the orthologue of the DNAJC5
gene mutated in adult onset neuronal ceroid lipofuscinosis, provides a new
platform for neuroprotective drug screening and identifies a SIR-2.1-independent
action of resveratrol, Hum. Mol. Genet. 23 (22) (2014) 5916–5927.

[245] S.J. Park, et al., Resveratrol ameliorates aging-related metabolic phenotypes by
inhibiting cAMP phosphodiesterases, Cell 148 (3) (2012) 421–433.

[246] B.K. Gilsbach, et al., Roco kinase structures give insights into the mechanism of
Parkinson disease-related leucine-rich-repeat kinase 2 mutations, Proc. Natl.
Acad. Sci. U. S. A. 109 (26) (2012) 10322–10327.

[247] M.A. Myre, et al., Deficiency of huntingtin has pleiotropic effects in the social amoeba
Dictyostelium discoideum, PLoS Genet. 7 (4) (2011) e1002052.

[248] V.C. McMains, et al., Dictyostelium possesses highly diverged presenilin/gamma-
secretase that regulates growth and cell-fate specification and can accurately process
human APP: a system for functional studies of the presenilin/gamma–secretase
complex, Dis. Model. Mech. 3 (9–10) (2010) 581–594.

[249] R.J. Huber, M.A. Myre, S.L. Cotman, Loss of Cln3 function in the social amoeba
Dictyostelium discoideum causes pleiotropic effects that are rescued by human
CLN3, PLoS One 9 (10) (2014) e110544.

[250] J.E. Phillips, R.H. Gomer, Partial genetic suppression of a loss of function mutant of
the neuronal ceroid lipofuscinosis-associated protease TPP1 in Dictyostelium
discoideum, Dis. Model Mech. 8 (2) (2014) 147–156.

http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1210
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1210
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0825
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0825
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0830
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0830
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0835
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0835
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0840
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0840
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0845
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0845
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0850
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0850
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0855
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0855
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0860
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0860
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0865
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0865
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0870
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0870
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0875
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0875
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0875
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0880
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0880
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0880
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0885
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0885
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0885
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0890
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0890
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0895
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0895
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0895
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1215
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1215
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1220
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1220
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1220
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0905
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0905
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0905
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0910
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0910
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0910
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0915
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0915
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0915
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0920
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0920
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0920
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0925
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0925
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0925
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0930
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0930
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0935
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0935
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0935
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0940
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0940
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0945
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0945
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0945
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0950
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0950
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0955
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0955
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0960
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0960
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0960
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0965
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0965
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0965
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0965
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0965
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0965
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0965
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1225
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1225
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1225
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0970
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0970
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1230
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1230
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1230
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1235
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1235
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1240
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1240
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0975
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0975
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0980
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0980
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0980
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0985
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0985
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0985
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0990
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0990
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0990
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0995
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf0995
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1000
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1000
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1005
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1005
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1005
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1245
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1245
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1250
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1250
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1010
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1010
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1015
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1015
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1020
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1020
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1025
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1025
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1030
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1255
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1255
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1255
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1260
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1260
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1260
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1260
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1035
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1035
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1040
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1040
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1040
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1045
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1045
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1050
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1050
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1050
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1050
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1055
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1055
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1055
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1265
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1265
http://refhub.elsevier.com/S0925-4439(15)00128-3/rf1265

	The neuronal ceroid lipofuscinoses: Opportunities from model systems
	1. Introduction
	2. Large animals
	3. Modelling NCLs in large animals
	4. Large animal models: a therapeutic focus
	5. Mice
	6. Modelling NCLs in mice
	7. Mouse models: a therapeutic focus
	8. Zebrafish
	9. Modelling NCLs in zebrafish
	10. Zebrafish models: a therapeutic focus
	11. Fruit fly
	12. Modelling NCLs in Drosophila
	13. Drosophila models: a therapeutic focus
	14. Yeast
	15. Modelling NCLs in yeast
	16. Yeast models: a therapeutic focus
	17. Emerging models for NCLs
	18. Concluding remarks
	Transparency document
	References


