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The role of glycosphingolipid metabolism in the

developing brain
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Abstract Glycosphingolipids (GSLs) are amphipathic
lipids ubiquitously expressed in all vertebrate cells and body
fluids, but they are especially abundant in the nervous sys-
tem. The synthesis of GSLs generally is initiated in the endo-
plasmic reticulum and completed in the Golgi apparatus,
followed by transportation to the plasma membrane surface
as an integral component. The amount and expression pat-
terns of GSLs change drastically in brains during the em-
bryonic to postnatal stages. Recent studies have revealed
that GSLs are highly localized in cell surface microdomains
and function as important components that mediate signal
transduction and cell adhesion. Also in developing brains,
GSLs are suggested to play important roles in nervous sys-
tem formation. Disturbance of GSL expression and metabo-
lism affects brain function, resulting in a variety of diseases,
particularly lysosomal storage diseases.Hll In this review, we
describe some aspects of the roles of GSLs, especially of
gangliosides, in brain development.—Yu, R. K., Y. Nakatani,
and M. Yanagisawa. The role of glycosphingolipid metabolism
in the developing brain. J. Lipid Res. 2009. 50: S440-S445.
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Glycosphingolipids (GSLs) are amphipathic molecules
composed of a hydrophilic carbohydrate chain and a hy-
drophobic ceramide moiety that contains a sphingosine
and a FA residue (1). GSLs containing one or more sialic
acid residues in the carbohydrate chain are referred to as
gangliosides. Based on the sequences of the core carbohy-
drate residues, GSLs are classified into a number of series,
including gala-, ganglio-, isoganglio-, lacto-, neolacto-, lacto-
ganglio-, globo-, isoglobo-, and muco-series. Structural
diversity in their carbohydrate chains is a hallmark of
GSLs. At present, 172 neutral GSLs, 24 sulfated GSLs,
and 188 gangliosides with variations in the carbohydrate
chain have been reported in a variety of vertebrate tissues
and organs (2). This complexity is increased manifold
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when heterogeneity in the lipophilic components is taken
into consideration.

GSLs, especially gangliosides, are ubiquitously expressed
in vertebrate cells and body fluids but are more abundant
in the nervous system. In cells, GSLs are localized primarily,
although not exclusively, on the plasma membrane, and
they are crucial in determining the properties and bio-
logical functions of the cell. Drastic, consistent changes in
ganglioside expression are observed during neurodevelop-
ment, particularly during the early stages. Many studies
have shown that the qualitative and quantitative changes
in ganglioside expression in the nervous system correlate
with certain cellular events during development. Because
of their spatio-temporal expression patterns, GSLs are con-
sidered to be useful stage-specific marker molecules of cer-
tain lineages of cells, such as neural cells emanating from
neural stem cells (3). Also, mounting evidence supports the
notion that GSLs, including gangliosides, serve regulatory
roles in the developing nervous system. In this review, we
focus on the metabolism and functional roles of GSLs,
especially of gangliosides, in the developing brain.

SYNTHESIS AND LOCALIZATION OF GSLS IN
BRAIN DEVELOPMENT

GSLs are primarily synthesized in the endoplasmic retic-
ulum and matured in the Golgi apparatus by sequential
addition of a single carbohydrate moiety to an existing ac-
ceptor lipid substrate (4). The structures and metabolic
pathways of GSLs are shown in Fig. 1.

As the first step of GSL synthesis, ceramide is synthesized
in the membranes of the endoplasmic reticulum and trans-
ferred to the Golgi apparatus, accompanied by a ceramide
transport protein, CERT (5). Ceramide is then converted
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stage-specific embryonic antigen-1; ST-I, LacCer a2-3 sialyltransferase;
ST, GM3 a2-8 sialyltransferase.
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Fig. 1. Structures and metabolic pathway of gangliosides (9). The nomenclature for gangliosides and related GSLs is based on that of
Svennerholm (49). ARSA, arylsulfatase A; 3-gal, lysosomal acid B-galatosidase; CST, cerebroside sulfotransferase; GALC, galactosylceramidase;
GalCer, galactosylceramide; GalNAcT, GA2/GM2/GD2/GT2 synthase; GalT-I, LacCer synthase; GalT-II, GA1/GM1/GD1b/GT1c synthase;
GalT-II, GalCer synthase; GlcT, GlcCer synthase; GM2A, GM2 activator protein; HEX, B-MNacetylhexosaminidase; SAP, saposin; ST-I, GM3
synthase; ST-II, GD3 synthase; ST-III, GT3 synthase; ST-IV, GM1b/GD1a/GT1b/GQlc synthase; ST-V, GD1c/GT1a/GQlb/GT3 synthase; ST-VII,

GD1la/GTlaa/GQlba/GPlca synthase.

to glucosylceramide (GlcCer) by the action of glucosylcer-
amide synthase. Most of the complex GSLs in vertebrates
are derived from GlcCer. Some GSLs, however, are derived
from galactosylceramide (GalCer). Complex GSLs are
synthesized by the stepwise addition of carbohydrate mole-
cules (e.g. galactose, N-acetylgalactosamine, and sialic
acid) to these simple precursors in the Golgi apparatus.
Matured GSLs are transferred via vesicular transport to
the cell surface where they become components of the cell
membrane. In the plasma membrane, GSLs are addition-
ally affected by catabolic enzymes (6). The constitutive
degradation of GSLs occurs primarily in the endosomes
and lysosomes. The regulatory mechanisms for GSL me-
tabolism have recently been reviewed (4, 7).

As shown in Fig. 1, complex gangliosides are synthesized
sequentially from simple to complex gangliosides in differ-
ent pathways. The first ganglioside, GM3, is produced from

lactosylceramide (4, 7, 8) by CMP-sialic acid:LacCer o2-3
sialyltransferase (ST-I), which adds an «2, 3-linked sialic
acid to lactosylceramide. Further addition of sialic acids by
cytidine-5’-monophosphate (CMP)-sialic acid: GM3 a2-8
sialyltransferase (ST-II) and CMP-sialic acid: GD3 «2-8 sialyl-
transferase generates GD3 and GT3, respectively. These
simple gangliosides constitute the complex gangliosides be-
longing to the a-, b-, and c-series, respectively. Elaboration of
the ganglioside structures is achieved by other specific glyco-
syltransferases, such as UDP-GalNAc: LacCer/GM3/GD3/
GT3 B1-4 N-acetylgalactosaminyltransferase (GalNAcT),
UDP-Gal: GA2/GM2/GD2/GT2 31-3 galactosyltransfer-
ase, CMP-=sialic acid: GA1/GM1/GD1b/GTlc a2-3 sialyl-
transferase, and CMP-sialic acid: GM1b/GD1la/GT1b/GD3
a2-8 sialyltransferase (4, 7).

There is a significant difference in expression levels and
patterns of gangliosides in developing brains. For instance,
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the amount of total gangliosides increases almost 8-fold in
adult mouse brains as compared with embryonic mouse
brains (9) (Fig. 2A). Simultaneously, the expression pattern
of gangliosides shifts from simple gangliosides, such as GM3
and GD3, to complex gangliosides, such as GM1, GDla,
GDI1b, and GT1b (Fig. 2B). Similarly, in the human brain,
the amount of ganglioside increases approximately 3-fold
from the gestational weeks to the infant period. In particu-
lar, GM1 and GD]la are increased 12- to 15-fold during the
same period (10). In addition to elaboration of the carbo-
hydrate chains, the ceramide components undergo consider-
ably different expression patterns during development (11).

The shift of ganglioside patterns from simple to com-
plex gangliosides is regulated primarily by the differential
expression of glycogenes, namely glycosyltransferases.
Glycosidases, on the other hand, have very little influence
at the early stages of brain development. During develop-
ment, the activity of ST-II decreases, while that of GalNAcT
increases (12). The expression level of ST-II, however, does
not exhibit a concomitant decrease during development,
but the expression of GalNACcT is significantly increased
(9,13, 14) (Fig. 2C). Interestingly, the increase of GalINAcT
expression also occurs in primary neural precursor cells
during differentiation (9). These results suggest that a shift
of ganglioside expression during development is regulated
by changes of the expression level and activity of these key
glycosyltransferases. Not only gangliosides but also other
GSLs, such as GalCer and sulfatide, present drastic pattern
shifts during development. The expression of GalCer and
sulfatide increases drastically during oligodendrocyte dif-
ferentiation and myelin formation. Concomitantly, GalCer
synthase (GalT-III) and sulfatide synthase genes are upreg-
ulated during oligodendrocyte differentiation and myelin
formation (9) (Fig. 2C).
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FUNCTIONAL ROLES OF GSLS IN
DEVELOPING BRAINS

Numerous reports have been published on the relation-
ship between GSL expression and cellular events in the
development of the vertebrate nervous system, including
that of humans (10, 12, 15-17) (Fig. 3). Available evidence
indicates that GSLs have specific functional roles essential
for survival, proliferation, and differentiation during brain
development. Mouse embryos deficient in GlcCer synthase
and lacking GlcCer and all GlcCer-based GSLs are able to
differentiate into endoderm, mesoderm, and ectoderm
but are unable to form more differentiated tissues because
of embryonic lethality, probably caused by massive apopto-
sis in the ectodermal layer (18). Conditional knockout
mice lacking GlcCer synthase in neural cells show struc-
tural and functional dysfunction in the cerebellum and
peripheral nerves and die 3 weeks after birth, which indi-
cates that GSLs are essential for brain maturation (19).

Recently, the developmental role of each ganglioside
has been analyzed using glycosyltransferase knockout mice
(20-24). ST-II-knockout mice lacking expression of all
b-series gangliosides reveal apparently normal nerve pheno-
types except the delay of hypoglossal nerve regeneration
after experimental lesioning (20, 21). GD3 is a predominant
ganglioside in embryonic brains and in primary neural pre-
cursor cells (9, 25), but the neural precursor cells prepared
from ST-II-knockout mice exhibit little or no phenotype
(26). These data strongly suggest that the functions of
b-series gangliosides may be compensated for by the re-
maining GSLs, such as a-series gangliosides. On the other
hand, GalNAcT-knockout mice expressing only simple
gangliosides, GM3 and GD3, display decreased myelination
and axonal degeneration in the central and peripheral
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Fig. 2. Expression of gangliosides and glycosyltransferases in developing mouse brains (9). Dose (A),
molecular species (B) of gangliosides, and expression levels of glycosyltransferases (C) change drastically

during development.
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Fig. 3. Neurodevelopmental milestones and concurrent changes in GSL expression.

nervous systems, demyelination in the peripheral nervous
system, and a reduction in neural conduction velocity from
the tibial nerve to the somatosensory cortex (23, 27). In ad-
dition, it has been reported that maintenance of calcium
homeostasis, which is related to apoptosis, is one of the
functions of complex gangliosides during neuronal devel-
opment (28). Moreover, ST-II-/GalNAcT-double knockout
mice expressing only GM3 die suddenly in response to le-
thal sound-induced seizures (20). In ST-I-/GalNAcT-double
knockout mice lacking all gangliosides, vacuolar pathology
in the white matter regions in the central nervous system
with axonal degeneration and perturbed axon-glia inter-
action have been observed. Embryonic development and
morphogenesis in the brain, on the other hand, are not af-
fected (24). In humans, a nonsense mutation of ST-I and
depletion of all complex gangliosides other than a-series
gangliosides cause autosomal recessive infantile-onset
symptomatic epilepsy syndrome (29). These studies suggest
that GSLs may have a role in modulating membrane prop-
erties, such as signaling, electrical conduction, mainte-
nance, and stability (30).

Genetically engineered mice lacking other GSLs also
have been established. GalCer synthase-knockout mice
lack the expression of GalCer and GalCer-based GSLs such
as sulfatide, which are well-known marker GSLs of oligo-
dendrocytes (31, 32). Phenotypically, the mice exhibit
enhanced differentiation of oligodendrocytes for the for-
mation of physiologically abnormal “pseudo-myelin.” In
mice deficient in sulfatide synthase (cerebroside sulfo-
transferase), axons are well myelinated, but myelin vacuo-
lation is observed (33). This finding suggests that GalCer
and sulfatide may act as negative regulators of oligo-
dendrocyte differentiation and as positive regulators of
the long-term maintenance of myelin. Mice deficient in
fucosyltransferase IX, which catalyzes the synthesis of stage-

specific embryonic antigen-1 (SSEA-1; also known as Lewis x
antigen), a marker carbohydrate of neural stem cells on
GSLs and glycoproteins, have also been reported (34).
These mice have no discernible structural differences in
their brains but exhibit increased anxiety-like responses,
suggesting a role for the SSEA-1 antigen in the emotional
behavior of mice. In mice deficient in glucuronyltransfer-
ase that catalyzes human natural killer-1 (HNK-1) antigen
synthesis, brain development is generally normal; reduced
long-term potentiation and defective spatial memory for-
mation, however, have been observed (35).

The functional roles of GSLs, including gangliosides,
in the developing nervous system have been analyzed at
the cellular level. Gangliosides are expressed in much
greater amounts in isolated neurons and in the neuropil
teased from areas immediately around the neuron cell
body and the dendrites than they are in isolated glial cells
(36). This finding suggests that gangliosides are enriched
in terminal axons and synaptic endings and that they may
be involved in the maintenance, formation, and develop-
ment of the nervous system. Several studies have demon-
strated that exogenously applied gangliosides enhance
the effect of neurotrophic factors in cultured neuronal cell
lines (87, 38). It also has been demonstrated that there
is a significant increase in the synthesis of complex gan-
gliosides during axonogenesis in cultured hippocampal
neurons (39). Depletion of sphingolipids and GSLs with
Fumonisin Bl (a ceramide synthase inhibitor) and d-t/reo-
1-phenyl-2-decanoylamino-3-morpholino-1-propanol (PDMP)
(a GlcCer synthase inhibitor), respectively, affects the axo-
nal outgrowth in cultured hippocampal neurons (40). GSL
depletion with PDMP repress the proliferation of mouse
embryonic neural precursor cells via suppression of the
Ras-mitogen-activated protein kinase (Ras-MARP) pathway
(41). In neural precursor cells, RassMAPK pathway activa-
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tion is dependent on GSL-enriched microdomains, and
molecules mediating the signaling in this pathway are local-
ized in the microdomains (41). Therefore, GSLs may have
functional roles in microdomains. In addition, gangliosides
are proposed to maintain cellular survival and differentia-
tion by modulating ceramide-induced apoptosis in the de-
veloping brain (42). All of these studies reinforce the
notion that GSLs, including gangliosides, are functionally
important in cell-cell interaction and/or in signal transduc-
tion during formation of the nervous system at various de-
velopmental stages.

DISEASES RELATED TO GSLS

So far, it has been revealed that GSLs are important mo-
lecules not only in physiological but also in pathological
conditions. For instance, some GSLs are potent antigens
that may underlie certain autoimmune neurodegenerative
diseases, such as Guillain-Barré syndrome and related neuro-
pathies (43). Alzheimer’s disease may also arise as a result of
the aggregation of amyloid-B-proteins initiated by GM1 (44).
Human autosomal recessive infantile-onset symptomatic
epilepsy syndrome is caused by a nonsense mutation of
ST-I (29). Research has shown that Huntington’s disease
may involve disruption of GSL/ganglioside metabolic path-
ways, and metabolic imbalances of GSLs may be involved in
the development of this disease (45).

A group of inherited disorders referred to as lysosomal
storage diseases also are caused by defects of GSL catabo-
lism (46). GSLs are degraded by glycosidases in coopera-
tion with certain cofactors in lysosomes. Defects in the
lysosomal glycosidases or in the cofactors result in accumu-
lation of undegraded GSL substrates in the lysosomes, and
those defects cause the disorders. Among the known typi-
cal lysosomal storage diseases associated with GSL accumu-
lation and neuropathological symptoms are gangliosidosis
(including Tay-Sachs disease and Sandhoff disease), Fabry
disease, metachromatic leukodystrophy, Gaucher disease,
and Krabbe disease. These disorders clearly demonstrate
the importance of the precise amount and appropriate
timing of the expression of GSLs in the development
and maintenance of the nervous system. The molecular
mechanisms underlying the onset of those disorders by
GSL accumulation are complicated and not yet fully un-
derstood. Interestingly, neuronal cell death found in
GM1 gangliosidosis has been proposed to be caused by
an unfolded protein response activated by accumulated
gangliosides (47).

CLOSING REMARK

Since the discovery in the 18th century of cerebroside by
J. L. W. Thudichum, a pioneer of neurochemistry, a large
body of knowledge in the biology and chemistry of GSLs
has been accumulated (48). The progress made in the last
50 years is tremendous. With the advent of modern bio-
chemistry, many GSLs, including gangliosides, have been
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characterized and their chemical structures identified.
The biosynthetic and catabolic pathways of GSLs have
been almost fully clarified. Recent molecular and cellular
biological approaches have had remarkable success in
cloning glycogenes (glycosyltransferases, glycosidases,
and their cofactors) and in understanding the functional
roles of GSLs. Our studies on the metabolism and the
functional roles of GSLs, however, are still fragmentary.
We have no clear idea how and why these diverse and com-
plex molecules are expressed in a spatio-temporally accu-
rate manner. Future studies over the next 50 years should
be most rewarding for seeking a better understanding of
the control mechanisms of glycogenes that regulate the
specific expression of GSLs during development. Addition-
ally, efforts should focus on the molecular basis and signal-
ing pathways modulating their biological functions in both
normal and pathologic brains. ;i

We thank Diana Westbrook for her expert editorial assistance.
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