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Glycosphingolipidoses: Beyond
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The glycosphingolipid lysosomal storage diseases are a group of monogenic human disorders caused by the impaired
catalytic activity of enzymes responsible for glycosphingolipid catabolism. Clinical presentation of the diseases is hetero-
geneous, with little obvious correlation between the kind of accumulating glycosphingolipid and disease progression or
pathogenesis. In this review, we discuss clinical symptoms of this group of diseases, and attempt to link disease progres-
sion and pathology with the biochemical and cellular pathways that may be potentially altered in the diseases.
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Introduction

The lysosomal storage diseases (LSDs) include more than 40
different human disorders and have been classified into broad
categories such as the sphingolipidoses, oligosaccharidoses,
and mucopolysaccharidoses, based on the nature of the stored
material [1,2]. Among the LSDs, the glycosphingolipid (GSL)
storage diseases (GSDs) comprise a small group of monogenic
disorders caused by the impaired catalytic activity of one or
other lysosomal hydrolase responsible for the stepwise degra-
dation of GSLs, which leads to accumulation of undegraded
GSLs in the lysosome. A complete list of the GSDs, the enzy-
matic defects, and the nature of the accumulating material, is
given inTable 1.

The clinical presentation of GSDs is very heterogeneous and
progressive, with the rate of progression varying between dis-
orders and also within each disorder. The reason for this hetero-
geneity is not known, but presumably depends on the level and
nature of the accumulating GSL, and on the down-stream bio-
chemical and cellular pathways that are altered. However, few
if any direct links have been provided to connect clinical pro-
gression and pathology with the biochemistry of the diseases.
This is somewhat surprising since many GSDs were described
decades ago and a wide variety of functions have been proposed
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for GSLs in both cell survival and death [3]. A lack of basic sci-
entific research into GSD pathogenesis is immediately apparent
from reading the literature (reviewed in [2]).

In this review, we provide an overview of the clinical symp-
toms of the GSDs, and discuss whether the symptoms can be
correlated with what is known about the normal physiological
and pathophysiological roles of GSLs particularly in the ner-
vous system. A rather unique aspect of this review is that it is
written by a physician who regularly treats GSD patients, and
by three basic scientists who work on the physiology of GSLs.
We believe that this kind of cooperative effort is essential if
progress is to be made in connecting clinical aspects of GSDs
with basic biochemical mechanisms.

Clinical description of the GSDs

GSDs as a group occur with a relatively high frequency [4,5].
The variability in clinical presentation of the different diseases
and even of the same disease, together with the non-specific
clinical presentation and the lack of good diagnostic tools, ren-
der it likely that the suggested disease frequency might actually
be an underestimate. In this section we summarize the main
clinical features of the GSDs with an emphasis on neurological
symptoms. It should be noted that GSDs are unique among the
LSDs inasmuch as all GSDs display neurological involvement,
with the exception of type 1 Gaucher disease. The propensity
of neurological involvement in the GSDs is almost certainly
due to the enrichment of GSLs in the central nervous system
where they have been proposed to play a variety of essential



296 Raas-Rothschild et al.

Table 1. Sphingolipid, glycosphingolipid and lysosomal storage diseases

Disease Enzymatic defect GSL storage material®
GSD
Gaucher B-glucosidase, saposin C activator Glucosylceramide, GM1, GM2, GM3, GD3,
glucosylsphingosine
Sphingolipid Sphingolipid activator protein Glycolipids

activator deficiency

GM1 gangliosidosis B-Galactosidase GM1, GM2, GM3, GD1A

Tay Sachs B-Hexosaminidase A GM2, other glycolipids

Sandhoff B-Hexosaminidase A and B GM2, other glycolipids

GM2 activator deficiency GM2 activator protein GM2, other glycolipids

Krabbe B-Galactosidase Galactosylceramide

Fabry a-Galactosidase A Globotriaosylceramide, and blood group B substances

Metachromatic leukodystrophy Arylsulfatase A, saposin B activator Sulphated glycoproteins and glycolipids, and GM2
SLSD

Ceramide, GM3

Sphingomyelin, GM2, GM3
Other LSDs

Cholesterol and sphingolipids including GM2 & GM3

Ceramidase
Sphingomyelinase

Farber
Niemann-Pick A & B

Niemann-Pick C NPC1, NPC2

Fucosidosis a-Fucosidase Fucosides and glycolipids

Mucolipidosis Il & Il GlcNac transferase Oligosaccharides, mucopolysaccharides, lipids, GM1
Mucopolysacharidosis I, Il, Ill, VIl Various enzymes® GM2 and GM3

Alpha mannosidosis a-mannosidase GM2, GM3

Galactosialidosis Protective protein cathepsin A GM1, GM2, GM3

LSDs are classified according to the enzymatic defect rather than according to the nature of the accumulating substrate. In the GSDs, the defect is
in an enzyme or protein involved in GSL catabolism. In the sphingolipid storage diseases (SLSDs), the enzymatic defect is in an enzyme or protein
involved in SL catabolism, but GSLs often accumulate as secondary storage materials. This latter aspect is discussed in more detail in the text.

@A complete list of secondary GSL storage products can be found in a number of reviews [2,7].
bMucopolysacharidosis are caused by the impaired function of 1 of any 11 lysosomal enzymes involved in glycosaminoglycan degradation.

roles [3,6]. This is particularly important when considering that
GSLs also accumulate as secondary metabolites in a number of
other LSDs (Table 1 and [7]), which might suggest common
pathological pathways leading from GSL accumulation to clin-
ical symptoms, particularly neurological symptoms.

The major clinical symptoms in the GSDs are summarized
inTable 2. All the diseases listed therein are inherited as au-
tosomal recessive disorders, except Fabry disease which is an
X-linked disease [8]. Some additional clinical information for a
number of the diseases is given below, which should be read in
conjunction with Table 2. A glossary of medical terms is given
in Appendix 1.

Gaucher disease

Gaucher disease occurs in three forms, type 1, the non-
neuronopathic form, type 2, the acute neuronopathic form, and
type 3, the juvenile neuronopathic form [9]. Type 1, Gaucher
disease patients can be asymptomatic, or present with hep-
atosplenomegaly, abnormal hematological features such as ane-
mia and thrombocytopenia, and/or bone lesions, but do not nor-
mally display neurological features. In contrast, neurological
symptoms are observed in type 2 and 3 patients [10]. Type 2
patients generally die as infants since the disease has an acute
progression, while type 3 patients have a more chronic neu-

ropsychiatric involvement. Type 1 Gaucher disease is the only
GSD which does not present with neurological symptoms.

GM1 gangliosidosis

In classical cases the disease is recognized in early infancy. This
is a progressive neurological disease with 3 clinical subtypes,
infantile (with death occurring during the first years), juvenile
(death by the age of 10 years), or adult. Patients with early
presentation have a rapid deterioration while adult patients have
a more protracted course and present with cerebellar and upper
motor neuron damage [11].

GM2 gangliosidoses (Tay-Sachs disease, Sandhoff disease,
and GM2 activator deficiency)

The phenotypes of these three diseases are variable. They are
often classified based on the time of disease onset into infantile,
juvenile and adult forms [12]. However, some clinicians prefer
to classify the diseases based on disease progression, into infan-
tile acute, corresponding to the classical presentation of each
individual GM2 gangliosidoses, subacute, including late infan-
tile and juvenile, and chronic with adult onset; note that there are
no known adults with late onset GM2 activator deficiency. The
infantile acute forms of all three GM2 gangliosidoses present
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with very similar symptoms, and it is difficult to clinically dif-
ferentiate chronic adult Tay-Sachs patients from chronic adult
Sandhoff patients because of the overlapping clinical picture.

Fabry disease

Hemizygous males usually experience multisystem involve-
ment while heterozygous females have a more variable expres-
sion with severe symptoms [13]. Over time, renal failure and
vascular disease of the heart and brain are responsible for the
early death of the patients [8]. Recently, children were also
diagnosed with Fabry disease for the first time [14].

Metachromatic leukodystrophy

There are three forms, infantile, juvenile, and adult. The in-
fantile form is the most common and often begins with ab-
normal gait. Children with this form of MLD usually die in
the first decade of life. In juvenile forms, gait disturbance and
mental regression are the earliest signs of disease which devel-
ops with a slower progression. Adults are sometimes misdiag-
nosed as psychiatric patients due to behavioral disturbances and
dementia [15].

Krabbe disease (Globoid cell leukodystrophy)

This disease also occurs in two forms. The infantile form is char-
acterized by progressive delay, irritability, seizures and death
during the first 2 years of life. The late onset form (both ju-
venile and adult) have a slower progression [16,17]. Clinical
diagnosis of the late onset form can be extremely difficult and
is characterized by progressive deterioration of the central and
peripheral nervous system.

Niemann-Pick disease A and B

Although this is a sphingolipid storage disease, rather than a
GSD, itis considered here since GSLs accumulate as secondary
storage products (Table 1). Type A is the most common with
patients presenting with hepatosplenomegaly, neurological
regression and seizures [18]. Most type A patients die in their
first years of life. Type B patients do not normally display
neurological symptoms.

In summary, the lack of specificity of the neurological symp-
toms to the GSDs in general, and to each specific disease, does
not easily allow disease diagnosis for the clinician not famil-
iar with these disorders. Moreover, the resemblance of many
of the clinical symptoms between individual diseases (Table 2)
may suggest common mechanisms of disease pathology, but in
themselves do not shed any light on the mechanistic connec-
tion between GSL accumulation and disease progression. For
instance, ataxia is common to many diseases, such as that ob-
served in the GM1 and GM2 gangliosidoses. What is the cause
of ataxia in these patients? Is it similar to the cause of ataxia
in other diseases such as Niemann-Pick A where Purkinje cell
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degeneration is observed [19]? What is the cause of mental
retardation? Why do patients suffer from seizures? These kind
of issues lead to mechanistic and biochemical questions con-
cerning how GSL accumulation causes these symptoms, and
begs the question of whether neuronal cell dysfunction and/or
neuronal cell death in specific brain regions are the cause of any
of the clinical symptoms? For instance, are the inflammatory
responses [20,21] observed in some GSDs common to all dis-
eases, and if so, what is the trigger of inflammation? Answers
to these and similar mechanistic questions are for the most part
lacking and at present are the missing link in our understanding
of disease progression and pathology, and in the development
of possible new therapies. The latter point is particularly im-
portant since no therapeutic avenues exist at present to treat any
of the neurological symptoms of the GSDs. Thus, enzyme re-
placement therapy, while useful for non neuronopathic Gaucher
disease patients and Fabry disease patients [22], cannot be used
for patients with central nervous system pathology since the
recombinant enzymes do not cross the blood brain barrier.

In the next section we address the issue of whether neuronal
cell death occurs in the GSDs and focus on whether apoptotic
cell death might be one of the underlying causes of GSD pathol-
ogy. In addition, we discuss recent data suggesting a role for
inflammatory responses in GSD pathology.

Apoptosis and inflammation in GSDs

Apoptosis is a regulated physiological process that leads to the
elimination of unwanted cells during development or during re-
newal of cell populations in mature tissues [23]. The rationale
behind thinking that apoptosis might be a mechanism of neu-
ronal cell death and/or dysfunction in the GSDs is based on the
essential roles that GSLs lipids play in development, and their
roles in various biological processes, including apoptosis [3].
Moreover, the building block of SLs and GSLs, ceramide, reg-
ulates apoptosis [24], suggesting that alterations in metabolic
pathways leading to or from ceramide formation could have dis-
astrous consequences for neuronal function [25]. Thus, early
studies in our laboratory demonstrated that ceramide could
cause apoptotic neuronal cell death in cultured hippocampal
neurons [26].

However, there is little evidence that ceramide levels change
in the GSDs. In contrast, ceramide levels do change in the
SLSDs, Niemann-Pick A/B disease and Farber disease, which
are caused by defective sphingomyelinase and ceramidase ac-
tivities, respectively. However, there are no studies unambigu-
ously demonstrating apoptotic cell death in neurons from either
human brain tissue or in animal models of these two diseases
although cell death has been observed in non-neuronal tissues
[27]. Conversely, apoptosis has been observed in many of the
GSDs, both in tissues of neuronal origin (Table 3) and in other
tissues [27]. For instance, DNA fragmentation was observed
in the cerebral cortex, brain stem, cerebellum and spinal cord
in an animal model of Sandhoff disease (the Hexb—/— mouse,
[28]), but was not seen in a mouse model of Tay-Sachs disease
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Table 3. Evidence for apoptosis in GSDs (For further details, see text)

Human brain tissue

Brains of animal disease models

Morphological changes  Molecular & Morphological changes Molecular & biochemical
Disease consistent with apoptosis biochemical changes consistent with apoptosis changes
Gaucher Yes [30] Yes [32] Bcl-2 down-regulation [32]
Tay-Sachs Yes [29] Elevation of heat shock Not observed [29] Not observed [29]
proteins, death-associated
protein 6 (DAXX) [34]
Sandhoff Yes [29] Elevation of heat shock Yes [20,21,29] DNA laddering detected [29]
proteins, death-associated
protein 6 (DAXX) [34]
Krabbe Yes [33]
Sphingolipid Yes [45]
activator protein
deficiency

(the Hexa—/— mouse, [28,29]). In a type 2 Gaucher disease
patient, apoptosis of neuronal cells from the anterior horn and
brainstem was detected [30], and in an animal model of Gaucher
disease (the Gba mouse [31]), decreased expression of the bcl-2
gene in the brain stem and cerebellum but not in the cortex was
observed by DNA microarray analysis [32]. Nuclear DNA frag-
mentation, nuclear localization of p53 and positive annexin-V
immunostaining have been observed in the brain of a human
Krabbe patient brain [33].

Thus, although apoptosis has been detected in some of the
GSDs, a definitive relationship cannot be derived linking apop-
totic cell death to the clinical symptoms discussed above. One
of the reasons for this is probably the paucity of post mortem
human brain tissue from GSD patients, although more system-
atic research examining apoptosis in specific brain regions of all
of the mouse models of each disease is required. In conclusion,
although apoptosis may be involved in some of the pathological
pathways, more research is required before evoking a central
role for apoptosis in the GSDs.

Another mechanism which has received considerable atten-
tion over the past few years is inflammation [21]. Inflammation
is a local response to cellular insult, and markers indicating in-
flammatory responses have been detected in a number of GSDs.
It is not known at present whether inflammation is a direct re-
sponse to intracellular GSL accumulation, or a response to the
appearance of apoptotic or injured cells [20]. Irrespective of
what leads to what, the over-expression of genes associated
with activated macrophages/microglia and astrocytes has been
detected in Sandhoff and Tay-Sachs diseases mouse models
[21,34]. In addition, in Sandhoff and Tay-Sachs diseases mouse
models, and in a mouse model of GM1 gangliosidosis, progres-
sive CNS inflammation was observed that correlates with the
disease severity [20].

Despite the apoptotic and inflammatory responses observed
in the GSDs, a description of the initial molecular trigger that
causes these responses is lacking. In the next section, we will

discuss recent data, obtained for the most part in our labora-
tory, which has begun to address this issue, and may eventually
provide a temporal description of the events leading from GSL
accumulation to pathology as manifested by the clinical symp-
toms discussed earlier.

Biochemical pathways involved in neuronal cell
dysfunction and death

Five years ago, we observed that neurons that had accumu-
lated glucosylceramide (GlcCer), the GSL that accumulates in
Gaucher disease (Table 1), released more calcium from intra-
cellular stores in response to caffeine-treatment than their un-
treated counterparts [35], which led to enhanced sensitivity to
agents that induced neuronal cell death [35,36]. Since calcium
release was evoked by caffeine, a known agonist of the ryan-
odine receptor, a calcium release channel, we proposed that
GlcCer accumulation in neurons somehow enhanced agonist-
induced calcium-release via the ryanodine receptor, which is
located in the endoplasmic reticulum. Moreover, subsequent
analysis of calcium-release in vitro from isolated microsomes
revealed that GlcCer was the only GSL or SL tested that
enhanced agonist-induced calcium-release via the ryanodine
receptor [37]. Further studies demonstrated that the lyso-GSL,
glucosylsphingosine also stimulated calcium-release, but via a
different mechanism to GlcCer [38]. Finally, we demonstrated
a correlation between levels of GlcCer accumulation in human
brain tissue obtained post mortem from neuronopathic Gaucher
disease patients (type 2) and levels of calcium-release (Pelled
et al., submitted for publication). Together, these findings sug-
gested that defective calcium homeostasis might be one of the
mechanisms responsible for at least some of the neuropatho-
physiology in acute neuronopathic (type 2) Gaucher disease
(Table 4).

We also obtained evidence that calcium-homeostasis is af-
fected in Sandhoff disease. In a Sandhoff disease animal model,
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Table 4. Changes in biochemical and morphological parameters in neuronal models of GSDs (For further details, see text)

Neuronal development

Disease model and growth Phospholipid metabolism Calcium homeostasis

Increased axonal
growth rates [41,46] and
sensitivity to agents that

Gaucher neurons (type 2/3)
(animal models)

Increased [41]
phosphatidylcholine
synthesis [41]

Increased Ca?* release via ryanodine
receptor [37,38]

induce neuronal cell death
[36]
Gaucher human brain tissue

Sandhoff brain (mouse model) Decreased axonal
growth rates [43]

Increased Ca?* release from ER via
ryanodine receptor (submitted for
publication)

Decreased phospholipid Decreased Ca®* uptake via
synthesis [42]

sarco/endoplasmic reticulum ATPase [39]

the rate of calcium-uptake into the endoplasmic reticulum, via
the sarco/endoplasmic reticulum ATPase (SERCA), was signif-
icantly reduced [39]. Thus, microsomes from Hexb—/— brains
showed a significant reduction in the rate of calcium-uptake via
SERCA, which was reversed by feeding Hexb—/— mice with
N-butyldeoxynojirimycin (NB-DNJ), an inhibitor of glycolipid
synthesis that reduces GM2 storage [40], and correlated with
the increased life span of these animals. This study suggested a
mechanistic link between GM2 accumulation, reduced SERCA
activity, neuronal cell death, and the prolonged survival of these
animals (Table 4).

In another series of experiments we also observed an
unexpected connection between GSL accumulation in GSDs
and phospholipid metabolism. We demonstrated that the
synthesis of phosphatidylcholine (PC), the major structural
lipid of animal cell membranes, was significantly elevated
in either a chemically-induced model of neuronopathic Gaucher

[© m——
[© m——

Ryanodine »
receptor ~” > Ca

ER lumen

(o m—— ]
ER Ca? '
depletion <— Ca* !

p—e]
j— ]
l

disease, or in a mouse model of Gaucher disease, the Gba mouse
[31]. Moreover, we went on to demonstrate that PC synthesis
was stimulated due to direct activation of CTP:phosphocholine
cytidylyltransferase (CCT), the rate-limiting enzyme in the
pathway of PC biosynthesis, by GlcCer [41]. Similar to the
effect observed in agonist-induced calcium-release stimulated
by GlcCer, the only SL that activated CCT was GlcCer. Thus,
we suggest that GlcCer accumulation in models of Gaucher
disease results in activation of CCT and as a result, enhanced
PC synthesis, which might contribute towards increased rates
of axonal growth. In contrast, we observed decreased levels
of phospholipid synthesis in brain tissue from the Hexb—/—
mouse [42], which correlated with decreased rates of axonal
growth in neurons cultured from these mice [43].

In summary, we suggest that GSLs upon their accumu-
lation in GSDs may escape from lysosomes [44] in or-
der to interact with, and modulate down-stream pathways.

cytosol

lysosome
GSL storage

N

Other subcellular
compartments?

Plasma membrane biosynthesis

g

Axonal and dendritic growth

Figure 1. The relationship between GSL storage and some down-stream biochemical pathways.
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Interactions with enzymes of phospholipid synthesis and two
proteins involved in calcium homeostasis (Figure 1) may be
responsible for some of the changes in cellular physiology that
might be involved in triggering apoptotic and/or inflamma-
tory responses. For instance, GM2 which accumulates in the
GM2 gangliosidoses (Table 1), blocks calcium uptake via the
sarco/endoplasmic reticulum ATPase, leading to a reduction in
lumenal calcium levels. Since GM2 accumulates in a number
of other LSDs as a secondary storage product (Table 1), this
implies that it may be involved in pathological mechanisms
in some of these other LSDs. As a narrow range of calcium
levels is optimal for neuronal growth, changes in cytosolic cal-
cium concentrations may lead to changes in the rate of axonal
and dendritic growth. In contrast, the activation of CCT by
GlcCer, and the stimulation of agonist-induced calcium-release
via the ryanodine receptor may together lead to stimulation of
neurite growth (Figure 1). Further delineation of the sequence
of these and of other biochemical pathways should eventually
provide a comprehensive mechanistic understanding of GSD
pathology.

Perspectives

In this short review, we have attempted to highlight the many of
the open questions that remain unresolved concerning the eti-
ology and pathology of the GSDs. Thus, work is beginning to
emerge that defines how GSL accumulation in the GSDs affects
down-stream biochemical pathways. Furthermore, although
apoptosis and inflammation have been shown to occur in the
GSDs, the biochemical triggers are largely unknown. Finally,
no explanations have yet been proposed to link any of these bio-
chemical events to the known neurological symptoms, which re-
mains the most challenging task for future research in this area.

Appendix 1: Glossary

Further details can be found at http://www.albany.net.

Anemia: An abnormally low number of red blood cells

Ataxia: An unsteady wide-based gait. Affected patients cannot
accurately perform rapid alternating movements.

Dementia: A progressive loss of intellectual function, with per-
sonality change.

Dysarthria: Abnormal speech (slurring, inappropriate phrasing,
modulation in speech volume).

Dysphagia: Difficulty in swallowing either solids, liquids, or
both.

Dystonia: Involuntary movements (twisting, repetitive move-
ments, abnormal posture).

Hepatomegaly: Enlargement of the liver.

Hpyperacusis: Increased sensitivity to sound.

Hypertrichosis: Excessive growth of hair on the body.

Hypotonia: Muscles offer less resistance to passive displace-
ment.

Raas-Rothschild et al.

Inguinal hernia: Protrusion of an organ or part of an organ
through the wall of the inguinal cavity.

Left ventricular hypertrophy: Enlargment of the left cardiac
ventricle.

Optic atrophy: Degeneration of the optic nerve.

Paraparesis: A weakness but not a total paralysis of the lower
extremities (legs).

Paresthesias: Abnormal sensations such as burning, prickling.

Splenomegaly: Enlargement of the spleen.

Thrombocytopenia: an abnormally low number of thrombo-
cytes (platelets).
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