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Abstract

The presence of life-threatening neurological symptoms in more than two thirds of lysosomal
storage disease (LSDs) underlines how vulnerable the nervous system is to lysosomal failure.
Neurological dysfunction in LSDs has historically been attributed to the disruption of neuronal
and glial homeostasis due to the progressive jamming of the endosomal/lysosomal pathway. In
neurons, a dysfunctional endosomal-lysosomal system can elicit dire consequences. Considering
that neurons are largely postmitotic after birth, one can clearly understand that the inability of
these cells to proliferate obliterates any possibility of diluting stored lysosomal material by means
of cellular division. At its most advanced stage, this situation constitutes a terminal factor in
neuronal life, resulting in cell death. However, synaptic deficits in the absence of classical
neuronal cell death appear to be a common feature during the early stages in many LSDs,
particularly sphingolipidoses. In essence, failure of synapses to convey their messages, even
without major structural damage of the neuronal bodies, is a form of physiological death. This
concept of dying back neuropathology is not only highly relevant for understanding the dynamics
of the neurological decline in these diseases, but more importantly, it may constitute an important
target for molecular therapies to protect perhaps the “Achilles” point in the entire physiological
architecture of brain and avoid an irreversible journey to neuronal demise.

Keywords
synapse; psychosine; sphingolipids; Krabbe’s disease; dying-back pathology; neurodegeneration

Authors for Correspondence: Dr Ludovico Cantuti-Castelvetri: Max Planck Institute of Experimental Medicine, Department of
Cellular and Molecular Neurobiology AG Hermann-Rein-Stral3e 3, 37075, Géttingen Germany phone: +49-5513899532
cantuti@em.mpg.de, Dr Ernesto R. Bongarzone: Department of Anatomy and Cell Biology, College of Medicine, University of
Ilinois at Chicago. 808 S. Wood St. Chicago, IL. 60612. USA, ebongarz@uic.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Cantuti-Castelvetri and Bongarzone Page 2

LOSS OF NEURONAL CONNECTIVITY IN SPHINGOLIPIDOSES: A
HYPOTHESIS

A major understanding of the neurological defects in many sphingolipidoses has relied on
the histopathological examination of post-mortem material collected from patients at
terminal stages of the disease. In general, these studies provided a complex picture
characterized by a combination of axonal, neuronal, and myelin defects, in addition to
astrogliosis, and neuroinflammation. However, much less was known about the alterations
occurring during initial stages of disease. In addition, defects are often manifested in
multiple cell types, tissues, and organs due to the ubiquitous expression of lysosomal
enzymes. The development of animal models for sphingolipidoses has been crucial for the
characterization of early neuropathological changes. Animal studies have enabled
researchers to identify changes in neuronal connectivity in many of these diseases, often
long before the onset of neurological signs. For example, a marked functional and structural
degeneration of neuromuscular junctions was observed in the murine models of Krabbe’s
disease (Castelvetri et al. 2011; Falk et al. 2015; Schmitt 1981) and in the CNS synapses of
the mouse models of Niemann Pick’s disease type A and C (Arroyo et al. 2014; Pressey et
al. 2012). In many cases, defects included reduced radial axonal growth, decreased
conduction velocity, axonal swelling, enlargement of axon hillocks with storage bodies, and
decreased synaptic activity (Arroyo et al. 2014; Castelvetri et al. 2011; Falk et al. 2015;
March et al. 1997; Matthes et al. 2012; Smith et al. 2011; Toscano et al. 1998; Walkley et al.
1991). At the later stages of disease, fragmentation of axons and loss of synaptic
connections were also evident (Castelvetri et al. 2011; Falk et al. 2015; Ohara et al. 2004).
Therefore, we speculate that distal alterations of the synaptic apparatus initiate a dying-back
pathology, which in the absence of neuronal death, establishes the basis for early
physiological damage to relevant neural circuitry, contributing to the generalized
neurological decline observed in many sphingolipidoses.

THE MOLECULAR ARCHITECTURE OF DYING-BACK PATHOLOGIES

Although many of the mutations causing LSDs have been identified, the mechanisms
underpinning cellular defects are not fully understood. A “cytotoxicity hypothesis” for
sphingolipidoses and other LSDs considers that the accumulation of undigested substrates
interferes with lysosomal function, eventually impairing cellular homeostasis (Desnick et al.
1976). The resulting collapse of the cellular functions triggers cell death, largely via
apoptosis. The extensive cell death characterizing the terminal stages in many of these
diseases supports this catastrophic model. For example, accumulation of
galactosylsphingosine or psychosine in Krabbe’s disease is thought to mediate the death of
oligodendroglia and Schwann cells and the subsequent demyelination. However, if this
model is correct, the prediction will be that neuronal death precedes the degeneration and
loss of axons and dendrites in Krabbe's disease. However, studies in the twitcher mouse, the
authentic mouse model for Krabbe’s disease, revealed axonal and synaptic changes in the
absence of any significant neuronal death. For example, axonal spheroids, which positively
stain for abnormally dephosphorylated neurofilaments, and decreased neurotransmitter
release are observed during the first two weeks of life in fibers and neuromuscular junctions
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of the twitcher mouse(Cantuti-Castelvetri et al. 2015; Cantuti-Castelvetri et al. 2012).
Twitcher neuromuscular junctions are smaller and stain positively for the apoptotic effector
caspase 3. However, no changes in the total number of spinal cord motoneurons are
observed until the late stages of the disease, when an increase in TUNEL+ (apoptotic)
neurons is observed(Castelvetri et al. 2011). Similarly, axonal spheroids were observed in
fibers of the central nervous system of the npcZ-/—mouse, the mouse model of Niemann-
Pick type C disease(Pressey et al. 2012) (Table I). This observation suggests that distal
neurodegeneration is unlikely to be the consequence of neuronal death but rather caused by
local insults, reflecting initial stages in the process of neurodegeneration (Castelvetri et al.
2011; Pressey et al. 2012).

Once “dying-back” neurodegeneration is initiated at the distal end of the axon, it has to
slowly progress towards the neuronal soma (Figure 1). Various factors, not mutually
exclusive, may contribute to this mechanism, including deficiencies in axonal transport,
neurofilaments, microtubules, and deregulated signalling (For an extended discussion of
signalling deficits, see Sural & Bongarzone, this issue). Axons are the largest compartment
in most neurons, and hence, highly dependent on regulatory mechanisms to avoid axonal
death (Coleman 2005). As most of the synthesis of proteins and lipids occurs in the cell
body, neurons rely on a tightly regulated system of molecular motors that travel on
microtubules to translocate membrane cargoes. Delivery of cargoes is regulated by specific
kinases, such as GSK3p and casein kinase 2, which phosphorylate molecular motors and
therefore, trigger the release of the motor and/or the cargo where they are most needed
(Morfini et al. 2002; Pigino et al. 2009). Alterations in the activity of these and other kinases
are considered critical factors for limiting the timely delivery of cargoes to/from distal
axonal domains in many adult onset neurological conditions, and it could also bear relevance
in LSDs (Morfini et al. 2009). Recently, we have addressed the contributing role of axonal
transport to the pathogenesis of Krabbe disease, a LSD caused by the deficiency of
galactosylceramidase and the accumulation of large amounts of undegraded psychosine
(Cantuti Castelvetri et al. 2013). Our group showed that psychosine promotes
phosphorylation of kinesin light chains, slowing fast axonal transport in twitcher neurons by
overactivation of GSK3p (Cantuti Castelvetri et al. 2013). Similar pathogenic defects may
occur in other LSDs. For example, decreased neurotransmitter release and axonal
accumulation of synaptic markers in Niemann-Pick’s disease type C neurons supports the
idea that reduced transport of synaptic vesicles affects their delivery to the presynaptic
terminal (Pressey et al. 2012).

As axons extend for remarkably long distances, the axonal cytoskeleton plays a pivotal role
in the maintenance of axonal stability. Cytoskeletal alterations have been observed in adult
onset disorders of the nervous system (e.g. Charcot-Marie-Tooth, Alzheimer's disease,
Parkinson's disease) and also in different LSDs (e.g. Krabbe's disease; Niemann-Pick's
disease type C) (Bu et al. 2002; Cantuti-Castelvetri et al. 2012; Falk et al. 2015). The
discovery of neurofilament abnormalities in LSDs argues for their involvement in
axonopathy. For example, the expansion of the axonal calibre is highly influenced by the
level and phosphorylation of neurofilaments (Elder et al. 1998; Perrot et al. 2008).
Therefore, reductions in phosphorylated neurofilaments could contribute to the prevalence of
small-diameter axons, a frequent ultrastructural observation in most neurological LSDs such
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as Krabbe’s disease (Bagel et al. 2013; Cantuti-Castelvetri et al. 2012; Falk et al. 2015).
Axonal diameter is also a critical factor for regulating conduction velocities in nerves (Cole
et al. 1994). Importantly, neurofilaments also provide mechanical resistance to axons. Thus,
changes in neurofilament homeostasis may increase axonal vulnerability. Consistent with
this idea, dephosphorylated neurofilaments tend to localize in axonal swellings and breaks
(Cantuti-Castelvetri et al. 2012).

Microtubules are also key components of axonal physiology, contributing to mechanical
resistance and acting as highway tracks for motor-assisted transport. Compelling evidence
also implicates microtubule associated proteins (MAPS) in late onset neurological
conditions, including Alzheimer's and Parkinson's diseases (Frasier et al. 2005; Goedert et
al. 1992) as well as in LSDs including mucopolysaccharidosis 111 type C, and Krabbe's
disease (Martins et al. 2015; Teixeira et al. 2014). Accumulation of hyperphosphorylated tau
is a common finding in Niemann-Pick type C and other LSDs neurons (Bu et al. 2002;
Martins et al. 2015).

A MODEL TO UNDERSTAND HOW SYNAPTIC FAILURE STARTS AND
PROGRESSES IN SPHINGOLIPIDOSES

In addition to the previous contributing factors, dying back neurodegeneration requires local
insults to the distal component of the neuronal processes (e.g. pre-, post-synaptic membranes
or both). Axonal defects slowly progress backward, towards the neuronal soma, hence the
name dying-back pathology (Figure 1). In sphingolipidoses, little is known about the initial
insult(s) to the synaptic structure, especially considering that axons do not contain
lysosomes. Thus, a key question is how substrates such as psychosine, normally non-toxic in
healthy conditions, acquire toxic properties for axons in LSDs(Suzuki 1998). Part of the
answer may rely on observations done in adult onset neurodegenerative diseases. For
example, synapses are particularly vulnerable to soluble oligomeric forms of a-synuclein,
huntingtin, or B-amyloid in patients with Parkinson’s, Huntington’s, or Alzheimer’s disease
(Lasagna-Reeves et al. 2011; Morfini et al. 2009; Suopanki et al. 2006), suggesting that the
presence of toxic compounds is sufficient to promote synaptic failure. In the case of
sphingolipidoses, we hypothesize that some of the undigested lipids may reach the synaptic
apparatus via vesicular transport. Once assembled in axonal and/or dendritic membranes, the
local increase of these lipids affects the composition, fluidity, and curvature of the
membranes. Cellular processes based on membrane dynamics, like endocytosis and synaptic
vesicle fusion, may be significantly affected by these changes in membrane behaviour. This
model is further complicated by the heterogeneity of the accumulated material (i.e. the type
of lipid being accumulated), and the likelihood of eliciting distinct and lipid-specific effects
on membrane behaviour (For an expanded discussion on membrane alterations, please read
D'auria & Bongarzone, this issue). Such changes may impair the physiological architecture
of the synapse, thereby reducing neurotransmitter receptor activities, docking and release of
synaptic vesicles, and/or vesicle recycling (Allen et al. 2007; Rohrbough and Broadie 2005).

Kinetically, these early changes are slow, which could explain the paucity in detecting major
neuronal changes during early disease stages in multiple sphingolipidoses. However, the
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conjunction of changes in membrane behaviour (e.g. fluidity, curvature) with structural and
physiological defects (e.g. axonal cytoskeleton, vesicular transport) may inexorably lead to
the progressive weakening of synaptic connections. Together with demyelination and
blockage of nerve conduction, the progressive increase in synaptic failure and subsequent
dying-back pathology, leads to significant impairment of neural connectivity in
sphingolipidoses without overt neuronal loss.

CONCLUSIONS

The study of the pathogenic mechanisms in sphingolipidoses and other neurological LSDs is
often complicated by the slow and insidious nature of the synaptic pathology, which can be
masked by the more dramatic effects of demyelination or inflammation. We underline the
relevance for reframing the current view of these diseases by including the physiological
relevance of a progressive impairment of neuronal connections. Studying this aspect might
prove helpful in identifying new molecular targets and the design of neuroprotective small
molecules. Pharmacological preservation of neuronal networks is an appealing therapeutic
option that combined with more traditional approaches such as gene therapy and cell
therapy, may provide synergistic alleviation from neurological deficits in patients affected by
sphingolipidoses and other neurological LSDs.
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SIGNIFICANCE

Failure of synapses to transmit messages between neurons is a major factor in
establishing neurodegeneration, and dying back neuropathology in adult onset
neurological conditions. The contribution of these mechanisms to pathogenesis in
childhood sphingolipidoses remains under-estimated. However, current studies show the
occurrence of similar structural and mechanistic changes in both groups of diseases.
Understanding the dynamics and molecular mechanisms of synaptic failure may provide
the opportunity to identify targets for molecular therapies that protect the physiological
architecture of brain.
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Figure 1. Model of axonal and synaptic damage in sphingolipidoses

A) In a healthy neuron, axonal transport guarantees the delivery of synaptic vesicles to the
synapse. Moreover, trophic signals are transported to the cell body to maintain the neuronal
survival. B) In sphingolipidoses, lysosomal dysfunction leads to the storage of compounds
that impair axonal transport and the axonal cytoskeleton, possibly via the deregulation of

signalling cascades. Deregulation of membrane domains (i.e. lipid rafts) may be key in

initiating abnormal signalling. Inefficient delivery of cargoes to distal domains and impaired
retrograde transport of trophic signals weakens neuronal function in the absence of neuronal
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death. Compensatory mechanisms at the synapse (e.g. increase of post-synaptic
neurotransmitter receptors) may be recruited to maintain synaptic connections. C) The
progressive accumulation of membrane and axonal defects eventually leads to full synaptic
failure, loss of neuronal connections, and the retraction of the processes. Apoptosis of the
cell body occurs at later stages, once enough connections are lost. Denervated tissues
undergo atrophy.
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