
Therapeutic Approaches to the Challenge of Neuronal Ceroid
Lipofuscinoses

R. Kohan1,2,3, I.A. Cismondi1,2, A.M. Oller-Ramirez1, N. Guelbert1, V. Tapia Anzolini1, G.
Alonso1, S.E. Mole4, R. Dodelson de Kremer1, and I. Noher de Halac1,5,*

1Center for the Study of Inherited Metabolic Diseases (CEMECO)- Childre’s Hospital, Department
of Medical Sciences, National University Cordoba, Argentina
2Department of Dentistry, National University Cordoba, Argentina
3Secretary of Science and Technology, National University Cordoba, Argentina
4MCR Laboratory of Molecular Cell Biology, University College London, United Kingdom
5Member of the Research Council of Argentina (CONICET-RA)

Abstract
The Neuronal Ceroid Lipofuscinoses (NCLs) are lysosomal storage diseases (LSDs) affecting the
central nervous system (CNS), with generally with recessive inheritance. They are characterized
by pathological lipofuscin-like material accumulating in cells. The clinical phenotypes at all onset
ages show progressive loss of vision, decreasing cognitive and motor skills, epileptic seizures and
premature death, with dementia without visual loss prominent in the rarer adult forms. Eight
causal genes, CLN10/CTSD, CLN1/PPT1, CLN2/TPP1, CLN3, CLN5, CLN6, CLN7/MFSD8,
CLN8, with more than 269 mutations and 49 polymorphisms (http://www.ucl.ac.uk/ncl) have been
described. Other NCL genes are hypothesized, including CLN4 and CLN9; CLCN6, CLCN7 and
possibly SGSH are under study. Some therapeutic strategies applied to other LSDs with
significant systemic involvement would not be effective in NCLs due to the necessity of passing
the blood brain barrier to prevent the neurodegeneration, repair or restore the CNS functionality.
There are therapies for the NCLs currently at preclinical stages and under phase 1 trials to
establish safety in affected children. These approaches involve enzyme replacement, gene therapy,
neural stem cell replacement, immune therapy and other pharmacological approaches. In the next
decade, progress in the understanding of the natural history and the biochemical and molecular
cascade of events relevant to the pathogenesis of these diseases in humans and animal models will
be required to achieve significant therapeutic advances.
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INTRODUCTION
The Neuronal Ceroid Lipofuscinoses (NCLs) are a family of lysosomal storage diseases
(LSDs), usually with recessive inheritance, characterized by autofluorescence of the
accumulating material [1]. They are amongst the most common progressive
encephalopathies of childhood, with ages of onset ranging from birth to adulthood [2,3].
Affected children and infants are characterized clinically by progressive loss of vision,
decreasing cognitive and motor skills, epileptic seizures and premature death, while
dementia without visual loss is prominent in the rarer adult forms [4]. All types of NCLs
share patho-morphological characteristics including staining of the stored materials with
Sudan Black B and Periodic Acid-Schiff positive, and its resistance to lipid solvents [5,6].
The cytoplasm of most nerve cells and cells of peripheral tissues such as skin, blood, retina,
conjunctiva and muscle, have osmiophilic deposits with various and distinctive fine
structural forms detected under electron microscopy [7]. Neuronal degeneration may
commence in the dendritic tree and may proceed to final neuronal loss which predominates
in cortical regions of the cerebrum and the cerebellum [8,9].

Historically, the NCL have been classified according to age of onset (e.g. congenital,
infantile, late infantile, juvenile and adult), with some forms appearing more common in
certain countries or peoples of shared ethnic origin [10]. However, the advent of molecular
genetics now allows this group of diseases to be distinguished genetically, bringing in a new
gene-based classification system. It is now recognized that mutations in all genes are
distributed across many countries, albeit with higher incidence in some ethnic groups due to
founder effects. Among the many recognized variants of NCL human forms (recent reviews
in [3,6,11]), eight causal genes have been identified: CLN10/CTSD [12-14], CLN1/PPT1
[3,6,15-18], CLN2/TPP1 [6,18-21], CLN3 [22-25], CLN5 [26-30], CLN6 [31-34], CLN7/
MFSD8 [35-39], CLN8 [40-42]. The genes CLCN6 [43], and CLCN7 [44], and possibly
SGSH [45], may also contribute to rare forms of NCL. The international NCL database of
mutations currently has more than 269 mutations and 49 polymorphisms registered (http://
www.ucl.ac.uk/ncl). Genes for two further forms, ‘CLN4’ and ‘CLN9’, are still not
identified (review in [3]). We summarize the most relevant aspects of each of the thirteen
different NCL diseases in Table 1.

Although inflammation may not typically represent an initiating factor in neurodegenerative
diseases, there is emerging evidence in animal models that sustained inflammatory
responses involving microglia and astrocytes contribute to disease progression at least in
some LSDs, through the concept that glia-induced inflammation is an amplifier of the
neuropathology [54].

Distinct hydrophobic proteins were shown to be major protein components of the storage
cytosomes in different NCL types: SCMAS and/or the SAPs A and D [3,6]. A proteomic
approach was recently developed for individuals that were diagnosed with apparent LSD
based upon clinical criteria, but where the gene defect remained elusive [45]. This strategy
was instrumental in the identification or validation of mutations in two lysosomal proteins
CLN5 and SGSH in adult forms of NCL [45].

A significant question is whether some therapeutic approaches can be applied to all NCL
diseases, or whether particular therapies are more appropriate to each type or even to special
types of mutations. The variety of genotype-phenotype combinations means a major
challenge of NCL therapies so that the most appropriate and effective therapy can be
directed for each NCL type. A new diagnostic algorithm consensus was reached during the
12th International Congress on NCLs in the frame of the Rare NCL Gene Consortium-
RNGC and NCL Disease registry Fig. (1).
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Treatment of LSDs affecting the CNS was addressed in some recent reviews [55-60]. There
are some approaches effective in LSDs with significant systemic involvement. However, the
greatest challenge for the NCLs is in treatment capable of passing the blood brain barrier
(BBB) to repair or prevent the neurodegeneration and restore the CNS functionality [55,56].
Several strategies to transfer genes/gene products directly into the CNS have been proposed,
and some NIH clinical trials are in progress. Currently, the US National Library of Medicine
(http://www.clinicaltrials.gov) lists six studies on NCLs: the already completed phase I: 1)
Study of Human Neural Stem Cells (HuNS-SC) in patients with LINCL (Robert Steiner-
Oregon Health and Science University. ClinicalTrials.gov number NCT00337636); 2)
Observational Study on Genotype-Phenotype correlations of LINCL (NCT00151268)
[61,62]; 3) the currently recruiting participants Safety Study of a Gene Transfer Vector
AAV2CUhCLN2 (NCT00151216) [62]; 4) the phase II Study on a Combination Therapy
with Cystagon and N-Acetylcysteine to treat INCL (Eunice Kennedy Shriver National
Institute of Child Health and Human Development Center, NCT00028262); 5) the not yet
open Genotype-Phenotype Correlation Study of LINCL-2 (NTC01035424); 6) the active but
not yet recruiting participants Stem Cell Transplant for Inborn Errors of Metabolism Study
(NCT00176904).

The present paper reviews the promising therapies on preclinical assays and the
fundamentals of the safe clinical studies in humans under development.

Clinical Assessment
Recent advances in the recognition of phenotype variations (Table 1) are relevant for the
necessary assessment of changes induced in the disease course by the potential therapies.

CLN1 disease—The classical infantile CLN1 disease manifests itself in the second half of
the first year of life and progresses dramatically with seizures, mental decay, loss of vision,
microcephaly and brain atrophy. In the final stages children are blind with spastic and
myoclonus, and death occurs at 8-13 years [11,63]. Ocular examination shows atrophy of
the papilla and retinitis pigmentosa. Some mutations cause manifestation at a later age,
including adulthood [16,63]. The underlying defect is the lack of activity of the lysosomal
PPT1 which can be measured for diagnosis.

CLN2 disease—Classical late infantile CLN2 disease starts around the third year of life
with seizures and a stand-still of mental development, ataxia and myoclonus, with a
retinopathy occurring later that may be missed after progression to more generalized deficits
(the visual loss begins to become evident after 4-6 years, evolving to blindness) [11]. Some
mutations cause manifestation at a later age. The basic defect is the lack of activity of the
lysosomal TPP1. CLN2 disease, classic late infantile is the most common form of NCL and
has a broad distribution all over the world [64].

CLN3 disease—Classical juvenile CLN3 disease caused by the common 1 kb deletion
starts at the age of four to six years with a progressive loss of vision due to retinal
degeneration. After several years, dementia, epilepsy, and motor disturbances follow. The
basic defect is in a membrane protein of unknown function (CLN3p). Hypotheses offered
for the function of the CLN3p are varied, with a focus on its role in lysosomal metabolism,
vesicular transport, autophagy, apoptosis, proteolipid modifications, and on other
mechanisms [3].

CLN5 disease—This late infantile variant CLN5 disease develops symptoms somewhat
later than classical CLN2 disease. Initially regarded as a Finnish disease, this type of NCL
has now been observed in the Netherlands [65], Colombia [66], Portugal [29], Italy [30],
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Afghanistan-Pakistan [67], and Argentina [27,28]. The basic defect concerns a soluble
protein, apparently localized in lysosomes, whose function may be linked to that of other
NCL proteins.

CLN6 disease—This late infantile variant CLN6 disease is similar to CLN5 disease.
Firstly observed in India, the Iberic Peninsula, in Middle and South America [11,31], it has a
wider distribution, too. The visual loss and seizures are the initial symptoms in most patients
with onset from 18 months to 8 years, in others the disease may start with epilepsy, ataxia
and myoclonus. The CLN6 protein is a polytopic membrane protein of unknown function
resident in the endoplasmic reticulum (ER) [32].

CLN7 disease—This late infantile variant CLN7 disease was originally observed in
Turkish families, but is now recognized to have a wider distribution including Italy [39],
Arabia Saudi [38], Czech Republic [36], Austria [37], India [68], among others. It is caused
by mutations in the CLN7 gene (properly termed MFSD8) coding for a putative lysosomal
transporter protein. The protein is expressed ubiquitously and localizes mainly to the
lysosomal compartment [68].

CLN8 disease—The first mutation in CLN8 identified causes a phenotypic variant of
CLN8 disease known in Finland as ‘Northern Epilepsy’ or Progressive Epilepsy with Mental
Retardation (EPMR). Only later was CLN8 disease, variant late infantile recognized in Italy
[41,42], Turkey, and Israel [69]. EPMR is characterized by progressive epilepsy associated
with dementia and the visual problems may be mild and go unnoticed. However CLN8
disease, variant late infantile is similar to CLN5 disease. CLN8 encodes a membrane protein
located in the ER.

CLN10 disease—Congenital CLN10 disease is characterized by primary microcephaly,
neonatal (even intrauterine) epilepsy and death within a few weeks in early infancy [12].
Late-onset forms of this NCL may be seen in infants, juveniles and adults [13]. The CLN10
gene codes for CTSD, a lysosomal enzyme thought to be important for neuronal stability.
Alterations in a macroautophagy-lysosomal degradation pathway seem to mediate neuron
death in this NCL and possibly other diseases.

‘CLN9 disease’—This is a juvenile onset NCL that is clinically indistinguishable from
CLN3 disease, classic juvenile, but can be distinguished diagnostically because the
lymphocytes are not vacuolated. The underlying genetic cause is not yet known. Cells from
CLN9 patients have shown multiple abnormalities when studied in vitro [49].

‘CLN4 disease’—First observed this term is sometimes used to refer to the adult form of
NCL (Kufs or Parry disease) that is still defined by clinical and neuropathological findings
only, since the genetic causes of most adult onset cases are undefined [46,47,51,52,68]. The
signs and symptoms usually appear at around 30 years, with untreatable progressive
myoclonus epilepsy, dementia, ataxia and more late pyramidal and extrapyramidal disorders,
or in other patients with behavior disorders and dementia associated with motor dysfunction,
cerebellar ataxia and extrapyramidal sing of commitment to the basal ganglia.

Unclassified NCLs—Patients with clinical findings suggestive of an NCL,
autofluorescent storage material and EM evidence of intracellular storage material, but
unable to be classified after thorough investigation, are being encountered in diagnostic
institutions. Genes coding for ion channels have been suggested as candidates in such
disorders [43].
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Clinical manifestations in the NCLs are defined, and there are examples in the literature of
imaging studies of Computational Tomography, Magnetic Resonance Images (MRI), and
Magnetic Resonance Spectroscopy (MRS). Clinical rating scales have been developed over
several decades to establish a range of severity and progression for the most common NCL
types, CLN2 and CLN3 diseases. The German Seinfeld’s et al. rating scale [64] was
developed for the clinical assessment of CLN2 disease, and more recently Worgall et al.
[61] used the Weill Cornell scale using neurological aspects (feeding, gait, seizures and
language) including images of MRI and MRS. The scale for each item studied ranges from 0
(most severe) to 3 (normal). Marshall et al. [70,71] developed clinical assessment tools,
referred to as the Unified Batten Disease Rating Scale, to measure the severity and
progression of CLN3 disease, juvenile based on motor assessment, behavior and functional
capability. It is time to adopt one or two scales that will be applied internationally to fully
understand NCL disease in the 21st Century and to have accurate data against which the
effect of new therapeutic treatments can be assessed.

Enzyme Therapy
There are a number of ways the cell degrades macromolecules. One organelle, the lysosome,
contains more than 50 different hydrolases that work together to degrade a variety of
protein, carbohydrate, lipid, nucleic acids that are trafficked to this organelle [72,73]. The
lysosomal enzymes are synthesized in the cytoplasm, traverse the rough endoplasmic
reticulum (RER) and are transported intralumenally through a series of organelles to the
lysosome. Within the Golgi apparatus, the soluble lysosomal hydrolases are specifically
linked to the recognition marker mannose 6-phosphate (M6P) [74], which is recognized by
its receptor and diverts these enzymes at the trans-Golgi network towards the lysosome.
Whilst this is the main mechanism used, there are also less well understood mechanisms for
entry to the lysosome that function independently of this receptor [73,75] Fig. (2). A
variable portion of the newly synthesized lysosomal enzymes escape binding by the M6P
receptor and are secreted, where they can be bound by M6P receptors on the plasma
membrane of neighboring cells, and reach the lysosome via the endocytotic route. It is this
mechanism that is a prerequisite for the effectiveness of enzyme replacement therapy (ERT)
[72,76-80]. According to different authors between 1-5% [72] and 15-20% [81] of normal
cellular lysosomal enzyme activity is required to correct a lysosomal enzyme metabolic
defect. Thus, if enough extracellular enzymes can be trafficked to the lysosome to provide
the equivalent of 10% of normal endogenous activity, this may be sufficient to rescue the
underlying metabolic defect. After numerous clinical trials with promising results, the
addition of intravenous purified enzymes demonstrated therapeutic activity in Gaucher,
Pompe and Fabry diseases [56,82-84]. Clinical trials in other LSDs using similar ERT
approaches were also successful, including Mucopolysaccharidosis I, II and VI [85-90].
Regular intravenous administration of a protein involves the risk of developing antibodies
that can cause allergic reactions and/or inactivate the activity of the enzyme [91]. However,
in general, ERTs proved to be well tolerated and those patients who exhibited
seroconversion showed a decrease in the antibody titer during the treatment [60]. The ERTs
were particularly effective in those LSDs with predominantly visceral manifestations,
because the bloodstream is an appropriate vehicle for transporting enzymes to affected
organs. The 25-years longitudinal analysis of treatment efficacy in inborn errors of
metabolism published by Campeau et al. (2008), argues that the ERTs constituted 10% of
the therapeutic modalities clinically used in patients [57].

It is well known that in those pathologies that affect the CNS, the ERTs are less effective
due to the presence of the BBB. Since at least 75% of all LSDs have significant CNS
involvement [59] this is a significant challenge. Also, it is more complex and up to now
impossible to replace the function of a transmembrane protein by ERT [55]. However, Chen
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et al. discovered a way to turn the blood vessels surrounding brain cells into a production
and delivery system for getting therapeutic molecules directly into the brain cells [92].
Peripheral injection of epitope-modified Adeno-associated viral vectors (AAVs) expressing
the enzymes lacking in LSD mice reconstituted enzyme activity throughout the brain and
improved disease phenotypes in two distinct disease models [92].

CLN1, CLN2 and CLN10 diseases are characterized by the loss of activity of three soluble
lysosomal enzymes PPT1, TPP1 and CTSD respectively. The ERT approaches need to
achieve a widespread reconstitution of the deficient enzyme activity throughout the brain.
Lin and Lobel (2001) produced a cell line of Chinese-hamster ovary (CHO) that over-
expressed the CLN2 protein mannose 6-phosphorylated [93]. By growing TPP1 deficient
fibroblasts with different concentrations of CLN2p, they found that the recombinant protein
was incorporated into the cells and that it was correctly targeted to the lysosomes. The
enzymatic treatment dramatically reduced the levels of SCMAS, suggesting that CLN2p
could correct the metabolic defect. However, the authors found that the process is much
slower and less efficient in primary cultured rat cerebellar granule neurons. Different studies
indicated that the cerebrospinal fluid might regulate the distribution of lysosomal enzymes
and their subsequent incorporation into the brain parenchyma [94,95]. Chang et al. [96]
verified this hypothesis in order to achieve an overall distribution of the TPP1 recombinant
enzyme into the brain in a mouse model of CLN2. The infusions into the lateral ventricle
showed a bilateral widespread enzyme distribution in the brain, an accumulation of mature
TPP1 in the lysosomal compartment, and a TPP1 activity in treated mice that ranged from 2
to 18 times greater than that of heterozygous mice. The treated mice showed attenuated
neuropathology, with a decrease in the resting tremor, as well as improvements in the
neuropathological findings, including decreased gliosis in the motor cortex, decreased
autofluorescence, and a partial rescue of the deep cerebellar nuclei. Sleat et al. [97]
generated CLN2 mutant mice expressing different amounts of TPP1 activity to assess the
reference levels required to achieve therapeutic benefits. Their results suggested that 6% of
normal TPP1 at the CNS could provide the affected individuals with a significant
therapeutic benefit; however, they argue that higher levels should be necessary to cure the
disease.

The first ERT study for CLN1 was published by Lu et al. [98], who produced human
recombinant PPT1 enzyme in a CHO cell line. The recombinant enzyme was injected
intravenously in PPT1-deficient mice, and distributed to potential corrective levels in
peripheral organs (kidney, liver, heart, lung and spleen), but minimally in the brain.
Although the method of enzyme delivery failed to achieve a therapeutic enzyme level in the
CNS, in the future alternative methods of delivery could be assessed such as intraventricular
infusions, chemical modifications or chronic high-dose therapies.

The effectiveness of ERTs for NCLs is still an open therapeutic issue. However, there are
other options to supplement its effect by combining ERT with enzyme enhancement, gene
therapy, cell-based transplants and/or pharmacological agents that permeate the BBB [55].

Gene Therapy
Gene therapy can refer to an ex vivo genetic modification of donor cells that are
reintroduced to the host or to the introduction of a gene into host cells in vivo [55,56,99].
When gene therapy involves the direct infection of cells in vivo by a viral vector, the virus is
typically altered to reduce its virulence so as to avoid pathogenicity [55]. For ex vivo, white
blood cells can be removed from a patient, transduced with a viral vector containing a
corrected gene and reintroduced to the patient. The first clinical trial for gene therapy was
performed in a child with severe combined immunodeficiency syndrome where a viral
delivery system was used to transduce ex vivo lymphocytes with the normal gene for
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adenosine deaminase [55]. A gene therapy trial was accomplished in two patients with X-
linked Adrenoleukodystrophy (ALD) [100]. Over a follow-up of 24 to 30 months, the
expressing ALD protein was detected, and the progressive cerebral demyelination stopped
[100].

Cell transplant therapy can include a number of approaches, involving different types of
donor cells (some genetically modified) and delivery methods (review in [55]). Allogeneic
stem cell therapy is based on the knowledge that bone marrow-derived stem cells can
differentiate into blood monocytes that migrate to the brain to further differentiate into
microglial cells [101,102]. Genetically modified cell therapy is similar to stem cell therapy,
but with several advantages: it uses patient’s own cells and not embryonic stem cells, it
circumvents two common problems of conventional stem cell therapy, namely,
immunologic complications and ethical concerns [56,99,100]. The phenomenon of cross
correction by secreted enzymes Fig. (2) obviates the need to transfer genes to all cells,
allowing the possibility that a small percentage of transduced cells can be therapeutic at the
organ or whole animal level [59,103]. Viral vectors are used to deliver a normal copy of the
defective gene. The normal gene encoded by the viral vector results in protein synthesis and
secretion. Surrounding cells internalize the secreted protein through receptor-mediated
endocytosis and deliver it to the endosomal-lysosomal system [56], Fig. (2). However,
because of the BBB, somatic cells that produce and secrete large enzyme proteins may not
target the CNS. The injection of viral based vectors directly into the brain has been
successfully achieved in vivo in LSD animal models, overcoming the accessibility block by
the BBB [56,59,104,105].

A gene therapy strategy approach was effective in preclinical assays in model animals like
mouse, dog, cat and primate for several LSDs [55,59,104-108]. The studies examined the
feasibility of gene transfer into brain or eye using recombinant Adenovirus feline
immunodeficiency virus and AAV. Thus, various vector systems were tested and the
progression and effects in the animal models were evaluated for different disorders. Mouse
models were invaluable for the first analyses of gene therapy, but the use of large animal
models was a critical step in moving toward clinical trials. In particular, dogs and cats with
LSDs (Mucopolysaccharidosis I, VI, VII, α-Mannosidosis, among others) have a
heterogeneous genetic background, a suitable size for clinical evaluations, surgical
manipulations and a longevity that permits assessment of the long-term expression and risks
of gene therapy over years.

The introduction of functional genes to the brain for CLN1 or CLN2 patients by intracranial
injection of a viral vector may remove storage material and rescue cells from dysfunction.
Neurons are particularly sensitive to the lysosomal accumulation of storage materials;
individuals with CLN1 or CLN2 diseases show a generalized extensive and progressive
neurodegeneration, eventually resulting in a vegetative state and premature death
[55,101,109]. It was assumed that successful gene therapy for these and for other LSDs that
affect the CNS will require neurotropic gene delivery, expression of therapeutic level of
protein for a long duration with extensive spread through the brain [106,109].

Gene therapy should restore a sufficient percentage of normal intracellular TPP1 activity to
prevent the progression of the disease in the brain and in the retina [106-108]. Preclinical
studies have shown that AAV2 and AAV5 vectors containing CLN2 can achieve locally
high levels of TPP1 for at least 18 months, clear storage granules in the CNS of CLN2−/−

mice, but with no reported improvement in performance or mortality [107,109]. The
AAVrh.10 vector was also tested, and several AAV serotypes (AAV2, AAV5, AAV8,
AAVrh.10) were compared for TPP1 expression following CNS administration. Until now,
the non-human primate-derived serotype AAVrh.10 expressing CLN2 cDNA, produced the
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highest levels and broadest distribution of TPP1 expression in animal models [109].
Remarkable is that immunity to human AAV serotypes did not affect CLN2 gene transfer by
AAVrh.10, an important consideration for gene delivery in human subjects who may have
been exposed to AAV [109]. CNS delivery of AAVrh.10CLN2 to CLN2−/− mice restored
normal levels of TPP1 and reduced the accumulated autofluorescent granules in the brain.
There was also a significant improvement in behavioral activity and performance compared
to controls, and most importantly, an extended survival [109].

After those preclinical experiments, a Phase I trial for testing the safety of gene transfer
vectors in humans with CLN2 disease was initiated at Medical College of Cornell University
by R. Crystal and collaborators (ClinicalTrials.gov number NCT00151216, http://
clinicaltrials.gov) [62].

A concluding remark is that preclinical gene therapy assays in CLN2−/− mice restored
normal levels of enzyme activity using AAVrh.10CLN2, being this approach successful to
improve behavior and prolonged the time lapse in the knock out mice. The same has until
now not be stated for humans, and that is a long process underway.

Pharmacological Therapy
Mechanisms addressed by different pharmacological approaches include production of
neurotrophic factors and cytokines, expression of various cell survival-promoting proteins
(e.g., protein chaperones, antioxidant enzymes, Bcl-2 and inhibitors of apoptosis proteins),
preservation of genomic integrity by telomerase and DNA repair proteins, and mobilization
of neural stem cells to replace damaged neurons and glia [110].

a) Diet manipulation: About 20 years ago, six patients of different ages with CLN3 disease,
juvenile who were demonstrated to have abnormally low levels of membrane phospholipids
were treated by dietary supplementation with polyunsaturated fatty acids (PUFAs). Clinical
data suggested that PUFA supplementation may arrest the natural course of juvenile CLN3
disease if treatment is started early [111]. This was also reported upon the reversibility of
induced lysosomal storage in juvenile CLN3 disease lymphoblast cell lines, when incubated
with gentamycin (an agent known to damage mitochondria) and a defined mixture of PUFAs
[112]. The real therapeutic significance of those early experiments together needs to be the
subject of further investigations. The ketogenic diet (KD) was studied in a randomized
controlled trial to reveal its efficacy to control seizures in 145 children aged 2-16 years (trial
of Ruth Williams). The study showed that the KD could be a complement to drug control of
seizures in CLN2 disease patients. Further clinical follow up studies in patients and in
animal models of NCL may be justified [113]. PPT1 (a thioesterase/ lipoprotease) and TPP1
(a peptidase) are present in the saliva [114]; both enzymes are evolutionary well conserved
proteins, that may have some kind of functionality in the digestion of food in mammals. This
hypothesis should be tested in animal models.

b) Inhibition of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptors:
under normal conditions, the glutamatergic system plays a prominent role in synaptic
plasticity, learning, and memory, but in pathological conditions it is known to be a potent
neuronal excitotoxin, triggering either rapid or delayed neurotoxicity that ranges from
atrophic changes to cell death (review in [115]). The AMPA glutamate receptor is one of the
main contributors of excitatory neurotransmission, mediating the fast desensitizing
excitation of many synapses. AMPA receptors are known to play roles in long-term
neurotrophic/ neuroprotective effects [115]. Enhancing the activity of AMPA receptors
increases the production of growth factors, such as brain derived neurotrophic factor and
regulate the mechanism of neurite growth [115].
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Agents that attenuate the activity of AMPA receptors, such as EGIS-8332([+/−]-7-acetyl-5-
[4-aminophenyl]-7,8-dihydro-8-cyano-8-methyl-9H-1,3-dioxolo-[4,5-h]-2,3-
benzodiazepine) could have therapeutic potential possibilities for juvenile CLN3 disease
[116,117]. Characterizing Cln3 deficient mice revealed evidence for elevated levels of
glutamate within the CNS, and a cell type selective sensitivity to AMPA glutamate receptor
overactivation. EGIS-8332 was studied in the Cln3Δex1–6 mouse model of juvenile CLN3
disease. The selective sensitivity of cerebellar granule cells to AMPA receptor-mediated
toxicity suggested that lack of CLN3p has a significant influence on the function of AMPA
receptors, and that their dysregulation may be a major contributor to the cerebellar
dysfunction [116]. Administration of EGIS-8332 in low doses aimed to attenuate AMPA
receptor function avoiding a toxic complete blockade showed that inhibition of AMPA
receptor activity significantly improved the motor skills. Another potent antagonist of
AMPA, 2,3-dimethyl-6-phenyl-12H-[1,3]dioxolo[4,5-h]imidazo[1,2-c][2,3]benzodiazepine
(ZK 187638) was tested in the mnd mice model for CLN8 disease [9]. Talampanel (TLP) is
a novel anticonvulsant that acts as an allosteric inhibitor of the AMPA receptor; it has a
broad spectrum of action in animal models of epilepsy, and neuroprotection. A randomized,
double-blind, placebo controlled, multicenter, efficacy and safety study of TLP is underway
in the US in 190 patients (18-65 years old) with refractory partial seizures
(ClinicalTrials.gov number NCT00034814, http://clinicaltrials.gov).

c) Antioxidant mechanisms: The production of reactive oxygen species and reactive nitrogen
during oxidative stress initiates and promotes the damage of macromolecules, resulting in
CNS neurodegeneration (review in [118]). The oxidative stress also activates mechanisms
that result in a glia-mediated inflammation that, in turn, causes secondary neuronal damage
[118,119]. Therefore, a rational therapy for neurodegenerative diseases targeting
mitochondrial functions may potentially reduce both inflammatory, and neurodegenerative
events. This aim may be, at least partially, achieved in the SNC by Mildronate [3-(2,2,2-
trimethylhydrazinium) propionate dihydrate] [120]. The possible antiapoptotic, anti-
inflammatory and neuroprotective effects of Mildronate should be tested in mouse models of
different NCLs.

Advances in the development of pharmacological chaperones and guidelines for their design
were recently reviewed [121]. Pharmacological chaperones are potentially therapeutic
molecules aimed to correct misfolded proteins, acting as substrates or modulators that
stabilize and promote functional proteins [83,122-124]. The oxidative stress causes neuronal
death by apoptosis in GM1 gangliosidosis [125] and INCL [126-128], through activation of
the unfolded protein response. Experiments with Brefeldin-A stressed fibroblasts from
different NCLs and GM1 patients, and cells from neurodegenerative and non-
neurodegenerative LSDs, supplemented with the chaperones dihydride trimethylamine N-
oxide (TMAO) and tauroursodeoxycholic acid (TUCDA), showed modified oxidative stress.
Lindholm et al. applied a similar methodology to tissue cells of neural models for
neuronopathic Gaucher disease [129]. The authors found no similar evidence than in human
skin fibroblasts from GM1, CLN1, other neurodegenerative LSDs, Parkinson’s and
Alzheimer’s diseases [130]. It was thus demonstrated that both synthetic chaperones, TMAO
and TUCDA, are efficient repressors of oxidative stress depending on the type of LSD or
neurodegenerative diseases cells used [126-128].

d) Reduction of substrate: Recent studies indicated that substrate deprivation therapy (or
substrate reduction therapy) may be effective for the treatment of neuronopathic forms in at
least some LSDs. This therapeutic approach was studied in several animal models of various
diseases and in few patients [55].
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Oral Miglustat (N-butyl-deoxynojirimycin) is an imino sugar which was effective in
Niemann-Pick C, San Filippo, Tay-Sachs, Sandhoff and Fabry diseases [131-134]. Miglustat
showed its effectiveness as inhibitor of glucosilceramide in Gaucher’s disease type I. It was
still not reported experimental work in NCLs in spite of being its use approved for treatment
of LSDs in general by the FDA of USA.

Cystagon and N-acetylcysteine (Mucomyst) are currently been tested in combination in a
clinical trial (ClinicalTrials.gov number NCTOOO28262, http://clinicaltrials.gov) in classic
infantile CLN1 disease children. Phase II presented favorable anti-apoptotic properties,
reducing lipofuscin ceroid like materials and slowing of the progression of neurological
symptoms.

Clenbuterol racemate (alpha adrenoceptor beta2-agonist) enhanced axon regeneration
lesions of motor neurons in the mnd mouse that showed also enhanced survival and
maintenance of motor neurons, with preserved motorfunction [135]. Clenbuterol had
neuroprotective effects in neuronal cultures of various stroke rodent models. Only its
enantiomer S(+)-clenbuterol, but not R(−)-clenbuterol, was effective in mediating the
neuroprotective effects of beta-2 agonists [136]. Most importantly, only the S(+)-enantiomer
clenbuterol reduced ischemic brain damage similar to the effect of the racemate. These
results clearly demonstrated that S(+)-clenbuterol is the eutomer that mediates
neuroprotective effects of the beta(2)-adrenoceptor agonist [55,135].

e) Readthrough therapy: Many inherited diseases are caused by nonsense mutations
(between 5-70%) leading to premature termination codons (PTCs) [137-139]. Nonsense-
mediated mRNA decay is one of the quality control mechanisms developed by cells to
maintain the metabolic homeostasis. The cell’s objective is to destroy mRNA species that
contain PTCs so that only full-length proteins are produced [140]. The pharmacological
suppression of nonsense mutations by drugs has been assumed to have therapeutic potential
in CLN2 disease [141].

The ability of aminoglycoside antibiotics to promote readthrough of eukaryotic cell’s stop
codons has attracted interest in these drugs as potential therapeutic agents in human genetic
diseases caused by nonsense mutations. Studies in tissue culture cells as well as in animal
models showed that gentamicin, and PTC124 can readthrough disease-causing PTCs and
partially restore the expression and/or the function of the proteins. The best known examples
of this mechanism in inherited disorders belong to Cystic Fibrosis, Duchenne and Becker
muscular dystrophies, Hurler disease, X linked nephrogenic diabetes insipidus, and several
forms of cancer. Clinical trials in these diseases have shown to promote in vivo readthrough
[137,138,142].

PTC mutations in the CLN2 gene are present in approximately half of the children
diagnosed with CLN2 disease (http://www.ucl.ac.uk/ncl). The ability of gentamicin to
restore TPP1 activity was tested in cultured human fibroblasts from classic late infantile
disease patients with one or more PTCs within the CLN2 gene [141]. Interestingly, the
levels of TPP1 activity induced by gentamicin varied with different stop codon mutations.
This variability was proposed to be associated with the identity of the PTC and its sequence
context, as well as with the chemical composition of the aminoglycoside, the duration of the
treatment and the method of application [137,141].

f) Antiapoptotic treatments: It has been suggested that treatments that increase the
antiapoptotic Bcl-2 activity would be potential therapeutic approaches. TPP1−/− mice were
generated that either lacked pro-apoptotic p53 protein or had increased levels of anti-
apoptotic Bcl-2. The results showed that the changes did not affect or shorten the life of the
CLN2 disease mice, and were dismissed for the development of effective pharmacological
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therapeutics [143]. Flupirtine is a derivative of Triaminopyridine. It was assumed to prevent
the death of neurons in CLN1, CLN2, CLN3 and CLN6 disease, involving the mechanism
the functional antagonism of N-methyl-D-aspartate or N-methyl-D-aspartate-induced
neuronal apoptosis. Flupirtine may thus be useful as a drug capable of arresting the
progression of neurodegenerative diseases caused by deregulated apoptosis [144,145].

There are now a number of therapeutic resources aimed at improving the quality of life of
patients and their families, without ultimately altering the inexorable course of the disease.
Progress has been made on experiments with dietary management, antioxidant therapy with
chaperones and other small molecules, readthrough, and antiapoptotic drugs that could
influence the course of one or several of these diseases. The greatest challenge is
transporting the BBB before irreversible destruction of neurons in the brain occurs.

Stem Cell Therapy
Regenerative medicine is an emerging frontier of medical therapy that holds the promise of
replacing damaged tissues largely by prompting autonomous tissue repair or facilitating the
implantation of engineered tissue derived from progenitors or stem cells [146,147]. It is
obvious that no single approach will solve all problems; rather each tissue and each
pathologic condition probably will require a different methodology to obtain optimal results
[148].

Hedgehog activators are prime candidates for therapeutics to initiate or modulate tissue self-
repair [149]. Hedgehog signaling through the plasma membrane receptor Smoothened (Smo)
is an important process for regulating stem cell proliferation. Using a high-content screen
with cells expressing Smo receptors and a β-arrestin2-GFP reporter, Wang et al. identified
four FDA-approved drugs- halcinonide, fluticasone, clobetasol, and fluocinonide- as Smo
agonists that activate Hedgehog signaling. These drugs provided an unprecedented
opportunity to develop unique clinical strategies to treat Hedgehog-dependent illnesses
[149].

Cellular regenerative medicine for NCLs has got some experimental advances in two
interdependent directions related to other approaches treated in this review, like ERT and
gene therapy: a) transplantation of stem cells related to the blood; b) transplantation of
hCNS-SCns.

a) The blood-related stem cells can be categorized as [150]: (1) Hematopoietic stem cells
(HSCs); (2) Mesenchymal stem cells; (3) Other stem cells that may not share the
characteristics of either of the first two, but may contribute to functional recovery in a given
model, Fig. (3). A fourth category is emerging with the successful use of Umbilical Cord
Blood Cells (UCBs), increasingly banked in several parts of the world. UCBs are considered
as an alternative for transplantation in Inborn Errors of Metabolism (IEM) in which
allogenic hematopoietic stem cells transplantation is the standard of care when not related
donors of bone marrow are available [102,151]. Children with Mucopolysaccharidosis have
benefited from many advances, including the development of guidelines used worldwide for
their evaluation and treatment [151], and the emission of general principles for standardized
use. HSC and/or UCB transplantation is the standard care for about fifteen IEM and more
than 2000 treatments are reported for Asparylgrucosaminuria, Metachromatic
Leucodystrophy, Fucosidosis, Adrenoleucodystrophy, Mucopolisaccharidosis type I (severe
phenotype), Mucopolisaccharidosis type IV (if ERT failed), Wolman Disease,
Mucolipidosis II or I-Cell Disease, Globoid Leucodystrophy [102]. For other fifteen IEM,
including NCLs, HSC and UCB transplantation are in investigational phase [152-154], and
for two it is not indicated.
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The purpose of HSC transplantation is to introduce hematopoietic cells from a normal donor
that contains the enzyme able to get rid of the substances that have accumulated in the body
of patients with storage diseases by an elucidated mechanism, called cross correction, Fig.
(2) [102]. The ERT was used in conjunction with HSC transplantation in a series of 18
patients with severe Mucopolysaccharidosis type I, with a survival and engraftment rate of
89% and 93% for the patients who received full-intensity conditioning [155].

The therapeutic value of stem cell transplants was not apparent in clinical studies performed
in CLN1, CLN2 and CLN3 disease patients, and even not in an animal model
[55,152-154,156], and it is a contra-indication of ERTs [157-159]. Emerging stem cell
sources, such as UCB, as well as improvement of transplantation techniques, and the
mechanistic fact that the macrophages of the blood surpass the BBB and integrate as
microglia in the brain, may extend the list of IEM with HSCT and/or UCB indication [157].
More support for the failure of HSC transplantation if CNS degeneration is advanced was
provided recently by bone marrow transplantation that did not prevented the development of
blindness and severe CNS degeneration in a small number of patients with CLCN7
mutations, even if the Osteopetrosis was successfully treated [3]. The reasons for HSCT
failures to correct CNS damage have been hypothesized, and one of the most powerful
arguments is that the cross correction mechanism does not reverse the CNS damage in
advanced stages of the disease [102]; this is the main argument to extended newborn
screening including IEM that will benefit on early transplantations regimes.

b) Neural stem cells: The subventricular (SVZ) zone is the source of the HuCNS-SC
[160,161]. Cells with stem cell properties have been isolated from the subcallosal area and
several other CNS regions, such as the cerebellum; the histological characterization of the
anatomy of the human SVZ has been recently reported, showing remarklable similarities
with the murine structure (review in [162]). It was reported that prospectively isolated
human CNS stem cells grown as neurospheres (hCNS-SCns), survive, migrate, and express
differentiation markers for neurons and oligodendrocytes after longterm engraftment in
spinal cord-injured NOD-scid mice [163]. Moreover, remielinization was observed and
electron microscopic evidence was consistent with synapse formation between hCNS-SCns
and mouse host neurons [163]. However, the hCNS-SCns could alter the host
microenvironment as an additional or alternative mechanism of recovery. New experiments
of stereological quantification for lesion volume, tissue sparing, descending serotonergic
host fiber sprouting, chondroitin sulfate proteoglycan deposition, glial scarring, and
angiogenesis demonstrated no evidence of host modification within the mouse spinal cord as
a result of hCNS-SCns transplantation [164]. Altogether, the data suggest that the locomotor
improvements associated with hCNS-SCns transplantation were not due to modifications
within the host microenvironment, supporting the hypothesis that human cell integration
within the host circuitry mediates functional recovery following a nine day delayed
transplant [164]. Thus it could be inferred that hCNS-SCns may possess therapeutic
potential for CNS injury and disease.

Among the NCLs, a preclinical trial using hCNS-SCns was developed in the mice model of
CLN1 disease, Ppt1 [165]. Purified non-genetically modified hCNS-SCns were transplanted
into the brains of immunodeficient Ppt1−/− mice, where they engrafted robustly, migrated
extensively, and produced sufficient levels of PPT1 to alter host neuropathology. Grafted
mice displayed reduced autofluorescent lipofuscin, significant neuroprotection of host
hippocampal and cortical neurons, and delayed loss of motor coordination. An early
intervention with cellular transplants of hCNS-SCns into the brains of CLN1 disease
patients may supply a continuous and long-lasting source of the missing PPT1, and provide
some therapeutic benefit through protection of endogenous neurons.
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The first FDA authorized use (phase I trial) of HuCNS-SC for clinical testing in CLN1 and
CLN2 disease patients has recently been completed (ClinicalTrials.gov number
NCT00337636, http://clinicaltrials.gov). Its goals were to evaluate the safety of HuCNS-SC,
in addition to the immunosupression regimen and surgical transplantation technique, and
also to evaluate the evidence of preliminary efficacy in terms of neurological and
radiographic outcome after transplantation. After completion of this study, patients will be
monitored for an additional four years under a separate long term follow-up protocol. The
company that holds a patent on the HuCNS-SC announced that data from the trial
demonstrated the clinical safety and tolerability of HuCNS-SC cells
(http:www.stemcellinc.com).

As concluding remarks on stem cells therapies, we can say that according to the present state
of the art, HSCT is not a therapeutic indication for NCLs, although expectation remains
open since donor derived monocytes cross the BBB, and technological improvements are
underway. Preclinical and clinical experiments using HuCNS-SC provided evidence that
ventricular implants could be a therapeutic alternative, since useful amounts of enzyme
activity could be measured after implantation, but it was not proved that the intellectual and
motor disabilities are reversible in patients with advanced manifestations of the disease.

Immune Therapy
CNS inflammation is evident in all forms of NCLs [166-169], and also in other
neurodegenerative disorders [170-172]. The CNS is an immunologically privileged site and
circulating immune cells normally do not have access to it in the absence of inflammation or
injury. The microglia exhibits a deactivated phenotype in the healthy brain and, may play
important roles in maintenance of tissue homeostasis through communication with
astrocytes and neurons, analogous to homeostatic roles of “alternatively activated”
macrophages in other tissues. Dendritic cells with specialized antigen-presenting capabilities
are not present under normal conditions, and the microglia was assumed to be the major
initial sensor of danger or stranger signals recognized by Toll-like receptor 4. The response
is the secretion of inflammatory mediators such as TNF-α and IL-1β that can act on
astrocytes to induce the secondary inflammatory responses [173]. Although inflammation
may not typically represent an initiating factor in neurodegenerative diseases, there is
emerging evidence in animal models that sustained inflammatory responses involving
microglia and astrocytes contribute to disease progression. A major unresolved question is
whether inhibition of these responses will be a safe and effective means of reversing or
slowing the neurodegeneration [54]. The emerging evidence for both protective and
pathogenic roles of microglia and astrocytes and the activation of common inflammation
pathways in these cells in several neurodegenerative diseases, supports the concept that glia-
induced inflammation is an amplifier of pathology. Although inhibition of
neuroinflammation may not alter the underlying cause of disease, it may reduce the
production of factors that contribute to neurotoxicity, thereby resulting in clinical benefit
[54].

The Ppt1−/− mouse, a model for CLN1 disease, mimics the disease affecting the CNS during
infancy or childhood. Preliminary data suggest that reactive astrocytes play a major role in
modulating a neuroimmune response in the CNS of Ppt1−/− mice. The first pathological
change seen in the Ppt1−/− brain is astrocyte activation (GFAP upregulation) in the thalamus
and cerebellum. These sites act as a predictor for future sites of neurodegeneration.
Preventing GFAP upregulation will alter the disease course since GFAP is the main
component of intermediate filaments, and is synthesized in increased amounts during
reactive gliosis accompanying neurodegeneration in multiple neurodegenerative diseases
including NCLs [166,174,175]. The CCL3 Ppt1−/− mice protein displayed a similar
expression profile in thalamus and cortex regions, with a very high expression at one month
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of age, followed by a dramatic decrease from three months onwards. This findings are of
potential interest because CCL3 protein, also known as macrophage inflammatory protein 1a
(MIP-1α), is a chemokine involved in inflammation [176,177]. A mouse model of Sandhoff
disease (Hexb−/−), demonstrated elevated levels of CCL3/MIP-1a, and loss of MIP-1 α
improved disease phenotype [178]. The elevated expression of CCL3 in Ppt1−/− mice
supported the hypothesis that inflammation may contribute to neurodegeneration. Lacking of
a similar initially increased level of Ccl3 expression in the nclf mice (model of CLN6
disease variant late infantile) suggested that the inflammatory response is not necessarily
triggered in different forms of NCLs, and that it may be informative to determine whether
up regulation of Ccl3/MIP-1a occurs in the other NCL forms.

Significant differences in individual protein expression profiles were stated [179] for both
Ppt1−/− mouse and Cln6 nclf models in two of the fifteen proteins examined. The voltage-
dependent anion channel 1 (VDAC1) and the pituitary tumor-transforming 1 (Pttg1)
displayed robust and significant changes at pre/early-symptomatic time-points in both
models. This study demonstrated that synapses and axons are important early pathological
targets in the NCLs and identified two proteins, VDAC1 and Pttg1, as potential in vivo
biomarkers of pre/early-symptomatic axonal and synaptic vulnerability in the NCLs.

The presence of auto reactive antibodies within multiple forms of NCL was demonstrated in
sera, not exclusively directed towards protein GAD65 [180]. As a matter of fact, patients
and a mouse model of juvenile CLN3 disease, raised auto-antibodies against GAD65 and
other brain directed antigens. Cln3−/− mice showed auto-antibodies to GAD65 in their
cerebrospinal fluid and elevated levels of brain bound immunoglobulin G (IgG). IgG
deposition was found within human CLN3 disease, juvenile autopsy material, a feature that
became more evident with increased age in Cln3−/− mice. The lymphocyte infiltration
present in human and murine CLN3 disease, juvenile occurred late in disease progression,
and was not capable of central/intrathecal IgG production. In contrast, early systemic
immune dysregulation was detected in Cln3−/− mice. In addition, evidence for a size-
selective breach in the BBB integrity in these mice suggested that systemically produced
auto-antibodies can access the CLN3 disease, juvenile CNS and contribute to a progressive
inflammatory response [181].

Mice modeling CLN3 disease, juvenile that cannot make antibodies seem to do better than
those that can, as do mice treated with the immunosuppressant mycophenolate
(mycophenolate mofetil, Cellcept, Myfortic, mycophenolate sodium or mycophenolic acid-
MPA). MPA is a selective, reversible inhibitor of inosine monophosphate dehydrogenase
(IMPDH). IMPDH has an important role in the de novo purine synthesis in T and B
lymphocytes, and the inhibition of this pathway causes immunosuppression [182]. A trial
with MPA in CLN3 disease, juvenile patients is underway in the USA via the University of
Rochester Medical Center, in conjunction with the Batten Disease Support Association-
BDSRA (http://www.bdsra.org/).

A temporary positive effect of intermittent prednisolone treatment on motor symptoms was
reported in CLN3 disease, juvenile homozygous and heterozygous for the common 1 kb
deletion [183]. GAD65- antibodies became undetectable in these patients after initiation of
the treatment, suggesting that systematically produced GAD65-antibodies worsen the motor
symptoms of older patients. This is in agreement with an earlier study [181] that evaluated
the deposition of antibodies in the CNS in one autopsy brain of a CLN3 disease, juvenile
patient (no genotype specified). GAD65-antibodies were assumed to occur late in the
disease process as result of the invasion of systematically produced antibodies into the CNS.
In two of the younger patients under prednisolone therapy, the mean verbal IQ increased
significantly when measured through the Reliable Change Index, with no correlation with
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the existence of GAD65-antibodies. The motor improvements in older patients and the
increased IQ in younger patients are encouraging, but a longer, randomized, controlled
follow-up study is needed to verify whether corticosteroid treatment would have a true effect
on CLN3 disease progression. Furthermore, the possible benefits must be weighed against
the adverse effects associated with the therapy.

The anti-inflammatory therapy with corticosteroids and other anti-inflammatory chemicals
may be valuable to ameliorate some of the symptoms of CLN3 disease, juvenile, but have
not shown significant clinical benefit on the progression of the disease.

CONCLUSIONS AND FUTURE PROSPECTS
The NCLs present a significant therapeutic challenge for several reasons: the main clinical
manifestation is in the brain which is relatively inaccessible, disease onset for the most part
is in early childhood and for treatment to be most effective it needs to begin as early as
possible and preferably before there is significant cell death, and established approaches do
not work for most NCLs because the mutant protein is a membrane protein located
intracellularly. Nevertheless, progress is being made, particularly for those NCLs caused by
defective enzymes, and the strategies being developed for the remainder could also be
applicable to other diseases. The advent of several new approaches may allow significant
progress to be made in the next decade. It can also be anticipated that future therapies for
diseases such as juvenile CLN3 disease may be a combination of several approaches added
over time designed to minimize but not initially cure the effect on the disease.

Acknowledgments
We are grateful to Ruth Williams MD for coordinating the consensus of the NCL diagnostic algorithm. We
acknowledge the grants of the Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET-RA),
Secretaría de Ciencia y Técnica de la Universidad Nacional de Córdoba (SE-CyT-UNC), Ministerio de Ciencia y
Tecnología de la Provincia de Córdoba- Argentina, the Batten Disease Support and Research Association (BDSRA-
USA) and the Batten Disease Family Association (BDFA, UK).

LIST OF ABBREVIATIONS

NCLs Neuronal ceroid lipofuscinoses

LSDs Lysosomal storage diseases

CNS Central nervous system

GROD Granular osmiophilic deposits

CB Curvilinear bodies

FP Fingerprints

PPT1 Palmitoyl Protein Thioesterase 1

TPP1 Tripeptidyl Peptidase 1

CTSD Cathepsin D

SAPs Sphingolipid activator proteins

SCMAS Subunit c of mitochondrial ATPase

EM Electron microscopy

BBB Blood brain barrier

HuNS-SC Human Neural Stem Cells
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ER Endoplasmic reticulum

EPMR Progressive Epilpsy with Mental Retardation

MRI Magnetic Resonance Images

MRS Magnetic Resonance Spectroscopy

RER Rough endoplasmic reticulum

M6P Mannose 6-phosphate

ERT Enzyme replacement therapy

AAVs Adeno-associated viral vectors

CHO Chinese-hamster ovary

PUFAs Polyunsaturated fatty acids

KD Ketogenic diet

AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate

TLP Talampanel

TMAO Dihydride trimethylamine N-oxide

TUCDA Tauroursodeoxycholic acid

PTCs Premature termination codons

HSCs Hematopoietic stem cells

UCBs Umbilical Cord Blood Cells

IEM Inborn Errors of Metabolism

SVZ Subventricular zone

hCNS-SCns CNS stem cells grown as neurospheres

CC Corpus callosum

CTX Cerebral cortex

OB Olfactory bulb

STR Striatum

IgG Immunoglobulin G

MPA Mycophenolic acid

IMPDH Inosine monophosphate dehydrogenase
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Fig. (1).
Strategy for NCL study: Diagnostic algorithm. Consensus reached at the 12th Congress on
NCLs held in Hamburg-Germany 2009, coordinated by Dr. R. Williams. EM, Electron
Microscopy.
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Fig. (2).
Transport of a lysosomal enzyme in a normal cell, correction of storage in the cell of a
patient with Mucopolysaccharidosis, and basis for ‘cross-correction’. The M6P recognition
signal is added to the lysosomal enzyme precursor in the late-Golgi compartments, where
enzyme modified by M6P binds to M6P receptors. The enzyme–receptor complex is
packaged into a transport carrier vesicle and delivered to early endosomes in which low pH
promotes the dissociation of the enzyme from the receptor. The enzyme is then delivered to
the mature lysosome, and the M6P receptor is recycled to the Golgi apparatus. A small
amount of the M6P–modified enzyme escapes capture by the M6P receptors and is released
into the extra-cellular space. This enzyme can be recaptured by binding to a M6P receptor in
a clathrin-coated pit on the cell surface. In a patient who has undergone hematopoietic stem-
cell transplantation, enzyme released from a donor-derived stem cell can be taken up by a
Mucopolysaccharidosis cell, which corrects aberrant glycosaminoglycan storage (from
[Muenzer, J. & Fisher, A. (2004) Advances in the treatment of Mucopolysaccharidosis type
I. New England Journal of Medicine 350(19):1932–4] Massachusetts Medical Society. All
rights reserved, with permission of the editor).
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Fig. (3).
A model of how blood-related stem cells may be related. The authors wish to acknowledge
the suggestion of Ralf Huss, MD, PhD (from [Graham C. Parker. Blood Stem Cells and non-
Hematological Clinical Practice: Pragmatics Before Therapeutics. Current Pharmaceutical
Biotechnology, 2007, 8, 51-56], with permission of the editor).
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