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Abstract

 

The metazoan nervous system gives rise intradevel-
opmentally to many more neurons than ultimately survive in
the adult. Such excess cells are eliminated through pro-
grammed cell death or apoptosis. As is true for cells of other
lineages, neuronal survival is sustained by an array of growth
factors, such that withdrawal of neurotrophic support results
in apoptotic cell death. Apoptosis is therefore believed to rep-
resent a beneficial process essential to normal development
of central and peripheral nervous system (CNS and PNS)
structures. Although the initiation of neuronal apoptosis in
response to numerous extracellular agents has been widely re-
ported, the regulatory mechanisms underlying this mode of
cell death remain incompletely understood. In recent years,
the contribution of lipid-dependent signaling systems, such as
the sphingomyelin pathway, to regulation of cell survival has
received considerable attention, leading to the identification
of lethal functions for the lipid effectors ceramide and sphin-
gosine in both normal and pathophysiological conditions.
Moreover, the apoptotic capacities of several cytotoxic recep-
tor systems (e.g., CD120a, CD95) and many environmental
stresses (e.g., ionizing radiation, heat-shock, oxidative stress)
are now known to derive from the activation of multiple sig-
naling cascades by ceramide or, under some circumstances,
by sphingosine. Inappropriate initiation of apoptosis has
been proposed to underlie the progressive neuronal attrition
associated with various neurodegenerative diseases such as
Alzheimer’s disease (AD), Parkinson’s disease (PD), amyo-
trophic lateral sclerosis (ALS), and other neurological dis-
orders that are characterized by the gradual loss of specific
populations of neurons. In such pathophysiological states,
neuronal cell death can result in specific disorders of move-
ment and diverse impairments of CNS and PNS function. In
some autoimmune neurological diseases such as Guillain-
Barré syndrome, demyelinating polyneuropathy, and moto-
neuron disease, persistent immunological attack of microvas-
cular endothelial cells by glycolipid-directed autoantibodies
may lead to extensive cellular damages, resulting in increased
permeability across brain–nerve barrier (BNB) and/or
blood–brain barrier (BBB).

 

—Ariga, T., W. D. Jarvis, and R. K.
Yu.
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The normal development of multicellular organisms
is dependent on the removal of select populations of
cells at specific intervals through the initiation of pro-
grammed cell death or apoptosis, an organized, geneti-
cally regulated process through which a cell directs its
own self-destruction (1). Apoptosis constitutes the sub-
tractive aspect of the physiological regulation of tissue
mass, representing a balanced counterpart to mitosis,
and thus occurs as an essential feature of normal tissue
development and homeostasis. It should be noted that
apoptosis is distinct from the passive, energy-independent
modes of cell death collectively termed necrosis. The
terms apoptosis and necrosis have come into favor over
older cytological terms shrinkage (or regressive) necro-
sis and lytic (or coagulation) necrosis, respectively (1).
Apoptotic cell death is an active, energy-dependent
event characterized by numerous distinctive cytological
alterations, including overall cell shrinkage attendant
upon active extrusion of water, condensation of nucleo-
plasm and cytoplasm, extensive formation of mem-
brane blebs, and karyolytic degeneration of the nu-

 

Abbreviations: CNS, central nervous system; PNS, peripheral ner-
vous system; AIDS, acquired immunodeficiency syndrome; AD,
Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; PD, Parkin-
son’s disease; NGF, nerve growth factor; TNF, tumor necrosis factor;
CNTF, ciliary neurotrophic factor; GDNF, glial cell-derived neu-
rotrophic factor; IL, interleukin; ICE, interleukin converting enzyme;
PKC, protein kinase C; nPKC, group B or ‘novel’ PKC subfamily;
cPKC, group A or ‘conventional’ PKC subfamily; PKA, cyclic-AMP de-
pendent protein kinase; BNB, brain–nerve barrier; BBB, blood–brain
barrier.
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cleus into membrane-bound chromatin fragments (i.e.,
apoptotic bodies); cellular debris typically is subject to
heterophagocytosis by microglia and/or resident mac-
rophages. A fundamental aspect of apoptosis entails
parallel activation of cellular proteases and endonu-
cleases (2). Early recruitment of an ‘initiator protease’
(e.g., granzyme B, FLICE) results in proteolytic activa-
tion of ‘amplifier’ proteases (e.g., ICE or Caspases) (3,
4) which, in turn, activate multiple families of so-called
‘machinery’ proteases (e.g., CPP32/ICELAP6/Caspase-
3); the latter class of enzymes ultimately mediate pro-
teolytic degradation of the cytoskeleton and other sub-
strates (e.g., PARP, lamins) during the final stages of
apoptosis (5). Apoptotic proteolysis is accompanied by
extensive cleavage of genomic DNA, resulting in double-
stranded degradation of genomic DNA into progres-
sively smaller fragments (e.g., 

 

,

 

300-kbp rosettes, 

 

,

 

50-
kbp loops, and finally a ‘laddered’ spectrum of oligonu-
cleosomal fragments in integer-multiples of 

 

,

 

180–200
bp) (2).

Upon the cell’s exit from a proliferative state, apo-
ptosis represents an immediate alternative to differenti-
ation, although terminally differentiated cells charac-
teristically are eliminated through apoptotic cell death.
Various cytotoxic receptor systems and lethal environ-
mental stresses have been implicated in both positive
and negative regulation of apoptosis, whereas receptors
for many growth factors can drive proliferation, and
delay or prevent apoptosis, thereby extending cell sur-
vival (6). While multiple signaling cascades and intra-
nuclear events related to transcriptional/translational
control appear to contribute to the apoptotic process,
the precise intracellular regulatory mechanisms under-
lying apoptosis are incompletely understood. Nonethe-
less, there is a growing awareness that abnormalities in
the regulation of apoptosis and other aspects of cell
survival may underlie the pathogenesis of several disor-
ders, including neurodegenerative disorders, cancer,
acquired immunodeficiency syndrome (AIDS), and a
number of autoimmune diseases (7). In this review, we
describe the action of several agents in cell death and
survival, and the role of sphingolipids and related lipids
in neuronal cell death. We also describe the putative re-
lationship between cell death programs and neurode-
generative diseases and related disorders characterized
by the gradual loss of neurons.

LIPID MESSENGERS AND THE REGULATION
OF CELL SURVIVAL

Numerous lines of evidence support the importance
of sphingophospholipid- and glycerophospholipid-

derived messengers in the regulation of cell survival.
The relationship among the various lipid-mediated sig-
naling pathways discussed below is shown in 

 

Fig. 1

 

.
Most notably, generation of ceramide through the
sphingomyelin pathway has been associated with the in-
duction of apoptotic cell death in response to cytotoxic
humoral factors such as tumor necrosis factor-

 

a

 

 (TNF-

 

a

 

)
or Fas ligand (FasL) (8, 9). Occupancy of either
CD120a (the 55-kDa or ‘type-I’ receptor for TNF-

 

a

 

,
TNFR1) or CD95 (the APO-1 or ‘Fas-receptor’, FasR)
promotes activation of neutral and acidic isoforms of
sphingomyelinase (N-SMase and A-SMase), leading to
increased formation of ceramide within plasmalemmal
and endosomal membranes, respectively (10). Recent
observations suggest that the proinflammatory aspects
of TNF

 

a

 

 are mediated by activation of N-SMase, while
the proapoptotic influence of the cytokine is mediated
through activation of A-SMase (11). Other receptor sys-
tems linked to the sphingomyelin pathway include
those for interleukin-1 (IL-1), interferon-

 

g

 

 (IFN-

 

g

 

), 1

 

a

 

,
25-dihydroxy vitamin D3, and the low-affinity neurotro-
phin receptor. Ceramide generation is also implicated
in the lethal influences of several environmental
stresses, including ionizing radiation, heat-shock, and
oxidative stress (12), a process that apparently derives
from activation of A-SMase (6). Furthermore, de novo
synthesis of ceramide from sphingosine through the cer-
amide synthase pathway has been directly implicated in
the apoptotic actions of such antineoplastic agents as
anthracyclines and conversion to ceramide has been
proposed to underlie some biological actions of sphin-
goid bases (13).

Given the established apoptotic potential of these di-
verse lethal stimuli, a conserved role for ceramide as a
primary effector in apoptosis has been proposed. In
support of this view, experimental manipulations that
increase intracellular ceramide levels (e.g., treatment
with bacterial sphingomyelinase or exposure to syn-
thetic preparations of ceramide and permeant cera-
mide analogs) potently induce apoptosis in mamma-
lian cells. The cytotoxic effects of exogenous ceramides
entail all of the features of apoptosis associated with re-
sponses to primary lethal stimuli (e.g., activation of
TNFR1), including cytoarchitectural modifications,
suppression of proliferative capacity, and extensive deg-
radation of genomic DNA (14, 15). Ceramide-mediated
DNA damage consists of double-stranded breakage of
mature DNA, but appears not to involve nascent DNA
(15), and has been demonstrated variously by genera-
tion of 50-kbp DNA ‘loop’ fragments, 0.2- to 2-kbp oli-
gonucleosomal fragment ladders, formation and re-
lease of small double-stranded DNA fragments, and
selective introduction of double-stranded (but not single-
stranded) breaks into bulk DNA (16–20).
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Naturally occurring ceramides consist of a long-chain
sphingoid base with an amide-linked fatty acid substit-
uent (typically with acyl chain lengths of 16–24 carbon
atoms). Only 

 

D

 

-

 

erythro

 

-ceramide and 

 

D

 

-

 

erythro

 

dihydrocer-
amide are present normally in eukaryotes (21); apo-
ptosis is elicited by ceramides, but not dihydrocera-

mides (14, 22), indicating that the 

 

trans

 

-4 double bond
is essential for cytotoxicity. 

 

D

 

-

 

erythro

 

-ceramide, then, rep-
resents the physiologically relevant ceramide in mam-
malian systems. Detailed structure–activity relationship
(SAR) studies have also examined the importance of
the two chiral carbons of ceramide with respect to the

Fig. 1. Sphingolipid-dependent survival signaling. Multiple lipid messengers are implicated in the proximal regulation of cell survival.
Opposing cytotoxic and cytoprotective signals are integrated further downstream within the stress-activated protein kinase (SAPK) and
mitogen-activated protein kinase (MAPK) cascades. Lethal cellular stresses lead to the formation of ceramide. Proximal targets for cera-
mide include both a ceramide-activated protein kinase (CAPK) and ceramide-activated protein phosphatase (CAPP). The distinct role
for CAPK in the initiation of apoptosis is uncertain, but it possibly involves recruitment of ‘MAPK/ERK kinase kinase’ (MEKK1). MEKK1
activates SAPK-kinase (SEK1), which, in turn, engages the SAPKs or ‘Jun N-terminal kinases’ ( JNK 1/2); the outflow of stress signaling
through the JNKs ultimately triggers the onset of apoptosis. While CAPK also activates Raf-1 kinase under some circumstances (e.g., in in-
flammatory responses), the contribution of Raf-1 to cell death is ambiguous. The small GTP-binding docking proteins rac and ras are im-
plicated in various aspects of survival signaling. Conversely, the conventional and novel isoforms of protein kinase C (cPKC and nPKC, re-
spectively) promote sequential activation of Raf-1, MAPK-kinase (MEK1), and the MAPKs or ‘extracellular signal-regulated kinases’ (ERK
1/2). Because the ERKs antagonize lethal signaling, lipid messengers that converge upon cPKC/nPKC are therefore able to modulate
the cytoprotective actions of the MAPK cascade. Thus, the apoptotic capacity of ceramide is respectively attenuated or amplified by the
influences of diradylglycerols and sphingoid bases over cPKC/nPKC. Several points of crosstalk may exist between these systems. For ex-
ample, CAPP can reduce stimulated basal and stimulated cPKC activity through dephosphorylation. In addition, the SAPK and MAPK
cascades appear to be coordinately regulated, allowing one system to predominate over the other, such that (a) SEK strongly stimulates
JNK but moderately inhibits ERK, and (b) MEK1 strongly stimulates ERK but weakly inhibits JNK.
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lipid’s bioactivity; interestingly, although 

 

D

 

 and 

 

L

 

 forms
of both 

 

erythro

 

 and 

 

threo

 

 ceramide stereoisomers exhibit
substantial apoptotic potential, the greatest cytotoxic
capacity is associated with the 

 

D

 

-

 

threo

 

 and 

 

L

 

-

 

threo

 

 species
rather than the naturally occurring 

 

D

 

-

 

erythro

 

 form (23).
Moreover, additional SAR studies have demonstrated
that whereas 

 

D

 

-

 

erythro

 

-dihydroceramide is inactive, as
noted above, 

 

D

 

-

 

threo

 

-dihydroceramide possesses full cy-
totoxic bioactivity (22).

Numerous signaling systems are associated with cera-
mide actions, including rapid activation of the stress-
activated protein kinase (SAPK) cascade during apoptotic
responses (12), and either activation or inactivation of
mitogen-activated protein kinase (MAPK) cascade dur-
ing inflammation or apoptosis, respectively (24, 25).
The mechanisms through which ceramide engages
these and other downstream pathways are incompletely
understood but appear to be directly dependent upon
the context within which the ceramide signal is pre-
sented. Ceramide interacts with several proximal sub-
cellular targets, and intense efforts have focused on the
identification of the element(s) responsible for mediat-
ing the lethal aspects of ceramide action. The best
characterized is a 97-kDa membranal, proline-directed,
serine/threonine kinase (ceramide-activated protein
kinase, CAPK) (26–28). CAPK differs from other mem-
bers of the proline-directed kinase family in its selective
recognition of X-Thr-Leu-Pro-X as a minimal substrate
peptide sequence (26). Further characterization of this
activity demonstrated CAPK to be identical with a previ-
ously known 100-kDa membrane protein, kinase sup-
pressor of ras (KSR) (29). KSR/CAPK mediates inflam-
matory signaling by TNF-

 

a

 

 through phosphorylation
and activation of Raf-1 (30); Raf-1 may also bind and be
activated by ceramide (31). After binding of GTP-ras
and translocation to the plasma membrane, Raf-1 ini-
tiates sequential activation of the MEK1 and ERK1/
ERK2, enzymatic elements comprising the primary
MAPK module. Consistent with these observations, cer-
amide promotes activation of ERK1 (25) and multiple
downstream MAPK targets, including phospholipase A

 

2

 

(32). In this regard, it is noteworthy that activation of
phospholipase A

 

2

 

 reportedly is required for ceramide-
dependent apoptotic and/or inflammatory responses
in some settings (33); thus, apart from serving an essen-
tial signaling role in normal inflammatory responses,
presently it is not clear whether the pathway linking
KSR/CAPK to activation of the MAPK cascade (and
some downstream elements) also contributes to the in-
duction of apoptosis (34). At present, the correspond-
ing proximal target(s) for ceramide in the initiation of
lethal signaling is unknown, although several down-
stream effector elements essential to the lethal actions
of ceramide have been identified. Ceramide engages,

through an as yet unidentified coupling mechanism,
the protein kinase MEKK1; MEKK1 in turn initiates se-
quential activation of SEK1 and JNK1/JNK2, which
comprise the primary SAPK signaling module. Cera-
mide rapidly activates JNK1 and JNK2 and multiple
downstream SAPK targets, most notably c-Jun (which
represents a major component of the AP-1 transcrip-
tion factor complex) and ATF2 (12, 35–37). Induction
of the SAPK cascade is also closely associated with mul-
tiple ceramide-dependent proapoptotic stimuli, rang-
ing from activation of cytotoxic receptor systems to the
onset of lethal environmental stresses (12). Moreover,
interruption of the SAPK cascade (e.g., dominant-nega-
tive suppression of SEK1 activity) or interference with
outflow from JNK1/JNK2 (e.g., pharmacological inhi-
bition or dominant-negative quenching of c-Jun trans-
activation potential) abolish the apoptotic responses to
ceramide or ceramide-dependent lethal stimuli (12, 20,
37). Ceramide-mediated induction of cell death thus
requires acute activation of the SAPK cascade; in addi-
tion, activation of this system may be accompanied, in
some instances, by a reciprocal inactivation of the MAPK
cascade (20), consistent with proposals that the two sys-
tems are regulated coordinately.

Other proximal targets for ceramide have been iden-
tified. Ceramide stimulates a heterotrimeric cytosolic
serine-threonine (class 2A) phosphoprotein phospha-
tase (ceramide-activated protein phosphatase, CAPP)
(38, 39). As ceramide-related apoptosis is reportedly
antagonized by okadaic acid and other inhibitors selec-
tive for class-2A phosphatases (14), a cytotoxic role for
CAPP in ceramide action has been inferred (6).
Furthermore, ceramide promotes the okadaic acid-
sensitive dephosphorylation of cPKC

 

a

 

, resulting in the
loss of phosphorylation on autophosphorylation sites
and consequent inactivation of the enzyme (40); be-
cause multiple isoforms of cPKC/nPKC lie upstream of
Raf-1 in various settings, CAPP-mediated PKC dephos-
phorylation may represent one mechanism through
which ceramide coordinately activates SAPK and inacti-
vates MAPK. Other ceramide target proteins are also
known. For example, ceramide additionally stimulates
the ‘atypical’ PKC 

 

z

 

-isoform (aPKC

 

z

 

) (41, 42), and
stimulates the activity of Vav, a close homolog of Sos se-
lectively expressed in hematopoietic cells (43); neither
of these activities has yet been implicated in apoptotic
signaling, however.

Sphingoid bases also represent potent cytotoxic ef-
fectors in mammalian cells (44, 45). In fact, the initia-
tion of apoptosis by TNF in some cell types appears to
derive not from N-SMase-mediated generation of cera-
mide, but rather from the subsequent deacylation of
ceramide to sphingosine (46, 47). This has led to spec-
ulation that in some systems sphingosine, rather than
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ceramide, represents the primary lethal effector de-
rived from sphingomyelin hydrolysis (46); on the other
hand, some investigators have noted that the levels of
sphingoid bases sufficient to initiate apoptosis may not
be attained under physiological conditions in most cell
types (48, 49), but the combined presence of both cera-
mide and sphingosine may represent a physiologically
significant apoptotic signaling mechanism (see below).
In any case, sphingosine and dihydrosphingosine (sphin-
ganine) comparably induce apoptosis in many cell
types (19, 20, 50, 51). These responses are not miti-
gated by competitive inhibition of ceramide synthase
(e.g., by fumonisin B

 

1

 

) (19, 20), indicating that the
cytotoxicity of sphingosine does not derive from acyla-
tion to form ceramide. Myeloid leukemia cells driven
to terminal differentiation (becoming monocytes or, ul-
timately, macrophages) by tumor-promoting phorboids
eventually undergo apoptotic cell death (52); this process
has been shown to derive from a progressive, maturation-
dependent increase in the capacity of differentiated
cells to generate sphingosine via deacylation of cera-
mide (50).

As noted for ceramide, multiple target proteins for
sphingosine and sphinganine have been identified.
Sphingoid bases inhibit both ‘conventional’ and ‘novel’
isoforms of PKC (cPKC, nPKC) through the displace-
ment of diglyceride from the lipid-binding site within
the enzymes’ regulatory domain (44). This inhibitory
influence is associated with both sphingosine and
sphinganine, indicating that the 

 

trans

 

-4 double bond
is not essential to confer this aspect of the bioactivity
of sphingoid bases; moreover, 

 

D

 

 and 

 

L

 

 isomers of

 

erythro

 

sphingosine and 

 

threo

 

sphingosine are comparably
effective in the inhibition of cPKC/nPKC, and a com-
plete lack of stereoselectivity in the biological action of
sphingosine provides a reliable index of the involve-
ment of cPKC/nPKC. Thus, the apoptotic properties of
sphingosine and sphinganine almost certainly derive
from acute cPKC/nPKC inhibition, given that the re-
sponses 

 

a

 

) are completely non-stereoselective, and 

 

b

 

)
are closely mimicked by pharmacological agents that
inhibit cPKC/nPKC through interaction with the en-
zymes’ regulatory domain (e.g., calphostin C).

Although the cPKC and nPKC isoenzyme subfamilies
collectively represent the principal intracellular target
for sphingoid base-mediated lethality, there is ample ev-
idence to indicate that the bioeffector properties of
these lipids may involve the modulation of additional
regulatory systems. Other studies have demonstrated
the existence of a novel family of sphingosine-activated
protein kinases (53, 54); these isoenzymes are 

 

a

 

) stimu-
lated by sphingosine in a highly stereospecific manner
(with a marked preference for the 

 

D

 

-

 

erythro

 

 species),
but 

 

b

 

) completely insensitive to sphinganine, indicating

an absolute requirement for the 

 

trans

 

-4 double bond in
the sphingolipid backbone. Similarly, pronounced ste-
reoselectivity is associated with modulation of other bi-
ological targets for sphingosine, including inhibition of
the c-src/v-src protein kinases (55) and a variety of en-
zymatic activities that require calmodulin (CaM) for
optimal function (e.g., the multifunctional Ca

 

2

 

1

 

/CaM-
dependent protein kinase) (56); the extent to which al-
terations in these activities contribute to sphingosine-
related cell death is presently uncertain.

Among several signaling systems that are implicated
in the induction of apoptosis, both ceramide and
sphingosine (57–60) have been shown to promote de-
phosphorylation of the retinoblastoma gene product
(pRb), which presumably represents a critical step in
cell cycle ejection; ceramide and sphingosine produce
G

 

0

 

/G

 

1

 

 cell cycle arrest profiles, suggesting that the re-
spective signaling pathways that subserve the lethal ef-
fects of each lipid converge within one or more down-
stream cassettes of cellular activity.

Complex interactions between glycerophospholipid-
and sphingophospholipid-derived effectors have been
noted with respect to the regulation of cell survival.
The capacity of ceramide to promote apoptosis is lim-
ited by lysophosphatidate (61, 62) and sphingosine-1-
phosphate (24), both of which represent lipid messen-
gers that underwrite proliferative signaling in many cell
lines. The downstream systems mediating these anti-ap-
optotic responses are presently uncertain, but may en-
tail downstream (PKC-independent) activation of the
MAPK cascade (63). On the other hand, a detailed
study of lipid-sensitive cPKC/nPKC modulation has re-
vealed that these enzymes clearly oppose the apoptotic
influence of ceramide. Ceramide-mediated apoptosis is
subject to reciprocal modulation by diglyceride and
sphingosine in HL-60 and U937 human leukemia cells.
Under physiological conditions, chronic elevation of
diglyceride promotes differentiation along a monocytic
lineage in myeloid cells (64). Interestingly, the lethal
actions of ceramide are attenuated or abolished acutely
by endogenous and exogenous diglycerides without
any evidence of the initiation of a differentiation pro-
gram (16, 65). In studies performed with synthetic lip-
ids, these responses are exclusively associated with

 

sn

 

-1,2-substituted diglyceride isomers (

 

sn

 

-2,3-, and 1,3-

 

rac

 

-substituted species are ineffective), confirming the
direct involvement of cPKC/nPKC in the cytoprotective
response. Qualitatively similar cytoprotective influences
are associated with pharmacological PKC activators, in-
cluding both stage-1 and stage-2 tumor-promoting
phorboids (e.g., phorbol dibytyrate, mezerein) as well
as non-tumor-promoting compounds (e.g., bryostatin
1). Similarly, the apoptotic capacity of ionizing radia-
tion is drastically reduced by phorboids through both
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limitation of ceramide generation as well as by antago-
nism of ceramide-mediated DNA damage (66). Con-
versely, ceramide-related cytotoxicity is sharply potenti-
ated by sphingoid bases at sub-lethal concentrations
(19). Comparable augmentation of the ceramide re-
sponse is produced by sphingosine and sphinganine;
moreover, the potentiative capacity of sphingosine is
evenly associated with both 

 

D

 

 and 

 

L

 

 forms of 

 

erythro -

 

sphingosine and 

 

threo

 

sphingosine. Collectively, these
properties demonstrate that enhancement of ceramide
action by sphingoid bases derives from inhibition of
basal cPKC/nPKC activity rather than from modulation
of other subcellular targets such as src or CaM kinase.
Ceramide action is also enhanced by highly selective
pharmacological inhibitors of PKC (e.g., calphostin C,
chelerythrine) at sub-lethal concentrations. These find-
ings have collectively fostered the view that cPKC/
nPKC mediates a central cytoprotective influence that
counters the cytotoxic outflow of ceramide-dependent
signaling systems; the downstream protective system(s)
governed by cPKC/nPKC remain to be elucidated, but
are likely to include elements known to sustain prolifer-
ative activity such as the MAPK cascade (20, 63, 67).

OTHER LIPIDS IN APOPTOSIS

 

Lysosphingolipids

 

Extensive cellular attrition is associated with inap-
propriate accumulation of various lysosphingolipids in
sphingolipidoses. Cytotoxicity under these conditions
appears to derive directly from lipid-related inhibition
of cPKC/nPKC (45). Globoid cell leukodystrophy
(GLD), otherwise known as Krabbe’s disease, evolves
from deficiency in the expression of galactocerebroside

 

b

 

-galactosidase (EC 3.2.1.23); this condition evolves
from accumulation of the deacylated derivative of ga-
lactocerebroside (GalCer), galactopsychosine (galacto-
sylsphingosine; GalSph). Abundant evidence suggests
that the lysolipid GalSph, rather than the parental spe-
cies GalCer, represents the primary pathogenic metab-
olite in GLD, however (review, 68). An analogous dis-
parity exists between the bioactivity profiles of these
lipids with respect to cPKC/nPKC, inasmuch as GalSph
has been demonstrated to inhibit cPKC/nPKC activity
potently in vitro (44), whereas GalCer is variously re-
ported to be without effect on these enzymes (45) or to
exert a mildly stimulatory influence (69). In addition,
homologous disorders of sphingolipid metabolism ex-
hibit similar, if less intensively studied, pathologic bases
in that 

 

a

 

) the deacylated species represents the primary
disease pathogen, and 

 

b

 

) direct inhibition of PKC is im-
plicated in the cytotoxicity of the deacylated species

(68). Deficient expression of glycoside 

 

b

 

-glucosidase
(EC 3.2.1.21) leads to Gaucher’s disease, a related con-
dition associated with parallel accumulation of gluco-
cerebroside (glucosylceramide; GlcCer) and glucopsy-
chosine (glucosylsphingosine; GlcSph). GlcSph, which
is the primary pathogen in Gaucher’s disease, also po-
tently inhibits cPKC/nPKC; in fact, GalSph and GlcSph
reportedly are equipotent in the inhibition of cPKC/
nPKC activity in vitro (44). Similarly, inadequate ex-
pression of sulfatide arylsulfatase A (EC 3.1.6.1) in
metachromatic leukodystrophy (MLD), results in
excessive accumulation of sulfatide (sulfogalactosylcer-
amide; SO

 

4

 

GalCer) and lysosulfatide (sulfogalactosyl-
sphingosine; SO

 

4

 

GalCer). The cytotoxicity that char-
acterizes this disease is selectively associated with
SO

 

4

 

GalSph (but not SO

 

4

 

GalCer); this attains greater
significance in light of the fact that SO

 

4

 

GalSph (but
not SO

 

4

 

GalCer) inhibits PKC activity in vitro.
Formal consideration of conserved functional rela-

tionships between psychosines and cerebrosides was
outlined by Suzuki in 1972 in the form of a so-called
‘psychosine hypothesis’ in which it was proposed that
the lipid-mediated pathogenicity in sphingolipidotic
disorders is exclusively manifested by the deacylated
species (e.g., galactopsychosine) rather than from the
acylated parental form (e.g., galactocerebroside) (re-
view, 68). The idea that PKC inhibition was involved in
such disease processes as a specific signaling mecha-
nism was subsequently advanced during the mid-1980’s
by Hannun and Bell (45). In an attempt to explain the
broad similarities between many sphingolipidoses,
these investigators proposed that the inhibitory influ-
ence of sphingosine on cPKC/nPKC associated with
the sphingosyl moieties of multiple pathogenic lysosphin-
golipids derives from prolonged suppression of an
undefined cytoprotective system governed by cPKC/
nPKC. In each of these sphingolipidotic conditions,
prolonged suppression of cPKC/nPKC activity pro-
duces extensive loss of glia (e.g., oligodendrocytes,
Schwann cells) in both CNS and PNS structures; it is un-
likely that the cytotoxicity of lysosphingolipids is unique
to glia, but may also be generalized to cell types of non-
glial lineage. The idea that acute inhibition of PKC
constitutes a pro-apoptotic signal strongly supports the
participation of sphingoid bases and other lysosphin-
golipids as biologically relevant effectors in the apo-
ptotic component of cell survival. It is presently uncer-
tain, however, whether the cytotoxicity associated with
GalSph and related lipid pathogens actually represents
an unrecognized form of apoptosis.

 

Bacterial lipopolysaccharides and fatty acids

 

Joseph et al. (70) have reported that TNF-

 

a

 

, IL-1

 

b

 

,
and bacterial lipopolysaccharides (LPS), stimulate
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similar cellular responses in myeloid cells. In contrast
to TNF-

 

a

 

 and IL-1, LPS does not cause sphingomyelin
hydrolysis and thus stimulates KSR-CAPK without gen-
eration of ceramide. Strong structural similarity be-
tween ceramide and lipid A (i.e., the biologically ac-
tive core of LPS) has been suggested (71). The effect of
LPS is markedly enhanced by LPS-binding proteins,
and additionally may require the LPS receptor CD14.
Thus, LPS provokes cellular responses by mimicking
the second messenger function of ceramide. Recently,
Yasugi et al. (72) have reported that exposure of rat
glioma C6 cells to dolichylphosphate results in cell shrink-
age followed by nuclear fragmentation and internu-
cleosomal cleavage of genomic DNA, all of which are
classical characteristics of apoptosis. Dolichylphosphate-
induced apoptosis is associated with activation of MAP
kinase, and inhibition of tyrosine phosphorylation of
MAPK by herbimycin A results in inhibition of DNA
fragmentation (73). On the other hand, Moore and
Matlashewski (74) have shown that lipophosphoglycan
(LPG) inhibits apoptosis in macrophages. Jayadev,
Linardic, and Hannun (75) have reported that TNF-

 

a

 

stimulates the rapid release of arachidonic acid in HL-
60 cells and promotes arachidonic acid-dependent
sphingomyelin hydrolysis. These investigators have
also found that exogenous addition of arachidonic
acid induces sphingomyelin hydrolysis and reproduces
effects of ceramide on cell growth. Acute addition of
synthetic diacylglycerol, a candidate mediator of TNF-

 

a

 

 responses, is without effect on either sphingomyelin
turnover or cell growth. Given that the TNF-

 

a

 

 activates
the sphingomyelin pathway, resulting in the genera-
tion of ceramide by stimulation of neutral sphingomy-
elinase, arachidonic acid has been suggested to serve
as a mediator of the TNF-

 

a

 

 effects on sphingomyelin
turnover. In HL-60 cells, TNF-

 

a

 

 reportedly stimulates a
rapid release of arachidonic acid; in turn, arachidonic
acid stimulates sphingomyelin hydrolysis through the
activation of phospholipase A

 

2

 

 and concomitant cera-
mide generation. This effect can be mimicked by ole-
ate; the methyl ester and alcohol derivatives of fatty ac-
ids are inactive (75). Arachidonic acid generated as a
result of phospholipase A

 

2

 

 activation, ceramide re-
leased following activation of sphingomyelinase, and
formation of free radicals all have been implicated in a
signal transduction pathway resulting in cell death
(14, 76). 1,1-Dichloroethylene may initiate apoptosis-
like cell degradation in selected parenchymal cells in
the liver (77). Macrophage phagocytosis of apoptotic
lymphocytes is inhibited by liposomes containing
phosphatidyl-

 

L

 

-serine, but not phosphatidyl-

 

D

 

-serine
(78, 79). Ether-linked glycerophospholipids such as 1-
octadecyl-2-methyl-

 

rac

 

-glycero-3-phosphocholine in-
duce apoptosis in human leukemic HL-60 cells (80,

81). Lipid hydroperoxides such as 15-hydroperoxy
eicosatetraenoic acid induce cell death in 8E5 cells, a
chronically human immunodeficiency virus (HIV)-in-
fected human T cell line (82). The effect is apparently
due to a marked reduction of glutathione peroxidase
activity. This suggests that the effect of these lipids can
contribute to the depletion of CD4 T cells that occurs
in AIDS. Retinoids are potential therapeutic agents
for apoptosis in Kaposi’s sarcoma (83). A synthetic
phospholipid, 4-(hexadecyloxy)-3-(

 

S

 

)-methoxybutyl pho-
phatidic acid, and naturally occurring phophatidic
acid and lysophosphatidic acid are potent and specific
inhibitors of phosphatidyl inositol-3-kinase. Inhibition
of this kinase after metabolic degradation of ether lip-
ids by phospholipase D may contribute to the cytotoxic-
ity (84).

GANGLIOSIDES AND GLYCOLIPIDS IN APOPTOSIS

Gangliosides and other complex sphingolipids play
important roles in cell-to-cell interaction, modulation
of cell growth, and cellular differentiation. The biologi-
cal actions of these lipids are thought to be mediated in
part through tyrosine kinases associated with growth
factor receptors (85–88) as well as PKC (69, 89, 90).
GM1, which has been shown to prevent apoptotic
death in PC12 cells, may act by facilitating NGF-
induced TrkA dimerization (86–88). Mangeney et al.
(91) reported that CD77 and globotriaosyl ceramide
(Gb3) may be involved in B cell differentiation. CD77

 

1

 

B lymphocytes present a morphology similar to that of
cells undergoing programmed cell death. Treatment of
CD77

 

1

 

 cells with recombinant IL-4 and anti-CD40 anti-
body prevents apoptosis (91). Lipophosphoglycan, the
major surface molecule of 

 

Leishmania promastigotes

 

, in-
hibits apoptosis in bone marrow-derived macrophages
(92). Koike et al. (93) have reported that mixed bovine
brain gangliosides inhibit TNF-

 

a

 

-mediated apoptosis in
the murine fibrosarcoma cell line L929 in a dose-
dependent manner, resulting in suppression of DNA-
cleaving endonucleases. The autoantibody against b-
series gangliosides in acute sensory neuropathy induces
cell death in rat dorsal root ganglion (DRG) (92). Saito
and Saito (94) have also shown that Schwanoma cells
cultured in high density in the absence of serum for 5
days start to die after the addition of 100 

 

m

 

M

 

 of ganglio-
sides; greater than 91% of the cells die within 4 days,
while the control cells show no decrease in the cell
number. The effects of gangliosides on cell survival
were observed at a concentration as little as 1 

 

mM.
Among the gangliosides tested, GT1b showed the
strongest effect followed by GD1b and GM1.
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GROWTH FACTORS AND NEUROTROPHIC 
FACTORS IN APOPTOSIS

Many trophic factors can influence axonal growth,
elaboration of the dendritic arbor, and neuronal sur-
vival during nervous system development, as well as in
regeneration of neural structures within the CNS and
PNS (94, 95). The sensitivity of neurons to growth fac-
tor deprivation, ischemia, excitatory amino acids, etc.,
may result in progressive neurodegeneration and loss
of cognitive function through the deregulation of apo-
ptosis (96). Recent studies have indicated that multiple
neurotrophic factors are released from astrocytes, oli-
godendrocytes, and microglia, suggesting that these
neurotrophic factors can prevent neuronal death and
promote tissue repair (97, 98). Prakas-Kramarski et al.
(99) have reported that rat brain neurons and glial
cells express Neu differentiation factor (heregulin)
which represents a survival factor for astrocytes. Both
ciliary neurotrophic factor (CNTF) and brain-derived
neurotrophic factor (BDNF) reportedly promote the
survival and differentiation of developing moto-
neurons and oligodendrocytes (100). The leukemia in-
hibitory factor (LIF) and CNTF induce apoptosis in
cultured sympathetic neurons (101, 102). BDNF can
prevent apoptosis of rat cerebellar granule neurons in
culture (103).

Itoh and Horigome (104) have recently shown that
NGF promotes ceramide generation through activation
of the low-affinity NGF receptor (LNGFR); activation of
the LNGFR by NGF prevents apoptosis in some cell
lines (review, 105), however, suggesting that the sphin-
gomyelin pathway may, under some circumstances, me-
diate the cytoprotective (i.e., anti-apoptotic) actions of
NGF. This is supported by the additional finding that
exogenous ceramides mimic the protective effect of
NGF on cell growth inhibition and process formation
in glioma cell lines. Overexpression of LNGFR in neu-
ral cell lines increases the rate of cell loss due to apo-
ptosis, whereas binding of NGF reverses this process
(104). IL-1b is released in the primary cultures of DRG
neurons, resulting in apoptosis; this effect can be pre-
vented by NGF. Mayer and Noble (106) have reported
that N-acetyl-L-cysteine is a pluripotent protector against
cell death and an enhancer of trophic factor-mediated
cell survival. Dobrowsky, Jenkins, and Hannun (107)
have recently examined neurotrophin-induced sphin-
gomyelin hydrolysis and demonstrated the require-
ment for the expression of the low affinity neurotro-
phin receptor, p75NTR, or the co-expression of p75NTR

and tyrosine kinase (Trk) receptors in the cell. These
authors have additionally described close physical asso-
ciations between p75NTR and neutral sphingomyelinase
with the microdomain scaffolding protein caveolin

(108), strongly suggesting that the proximal signaling
apparatus for neurotrophin-induced ceramide genera-
tion is co-localized within caveolae or an analogous mi-
crodomain structure. These studies support the notion
that p75NTR serves as a common signaling receptor for
neurotrophins through induction of sphingomyelin hy-
drolysis and that cross talk exists between the p75NTR

and Trk pathways.

APOPTOSIS IN NEURODEGENERATIVE DISEASE

Alzheimer’s disease

Alzheimer’s disease (AD), the most common form of
dementia in late life, represents a primary neurodegen-
erative disorder, but may also involve aberrant regener-
ative processes (review, 109). The major clinical symp-
tom of AD is the progressive loss of cognitive function.
Neurofibrillary tangles, attendant upon inappropriate
sprouting, are related to extensive neuronal loss in AD
brain; senile plaques appear to be directly involved in
the pathogenesis of AD (110). Pathologically, the major
hallmarks consist of the loss of neurons and the appear-
ance of neuritic (or ‘senile’) plaques and neurofibril-
lary tangles in surviving neurons throughout the neuro-
pil. Paired helical filaments are found in neurons of
patients with AD. Massive somato-dendritic sprouting
of neurons is frequently observed in AD brains (111).
Neurons in AD brains express fetal antigens, including
the fetal type of tau antigen (112), the A68 protein rec-
ognized by the monoclonal antibody ALZ-50 (113),
gangliosides recognized by the monoclonal antibody
A2B5 (114), and a fetal form of a-tubulin. The exact
role of cell death in the pathogenesis of AD is presently
unknown. The accumulated b-amyloid in the brain
may prevent neurons from receiving trophic factors
generated at synapses or by adjacent glial cells. Alterna-
tively, exposure to b-amyloid may render neurons more
susceptible to the cytotoxic effects of excitatory amino
acids (115). Pike et al. (116) have reported that aggre-
gated b-amyloid impairs neurite outgrowth in hippo-
campal neurons, whereas un-aggregated b-amyloid fa-
cilitates neurite outgrowth. Aggregated, but not the
monomeric, b-amyloid peptides can induce cell dys-
function and death. Of particular therapeutic interest
are attempts to attenuate secretion of b-amyloid pep-
tides from neuronal and glial cells, a strategy that may
prove to be of benefit to patients with AD (117). Recent
studies have provided strong evidence that abnormal
phosphorylation of tau proteins in the affected neu-
rons in AD may play an important role in cell death,
possibly by the mechanism of premature apoptosis in-
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duced by pro-b-amyloid peptide (118). Tau protein
phosphorylation can be induced in human neuroblas-
toma cells by a hyper-stimulating mixture, consisting of
NGF, dbcAMP, gangliosides and sodium butyrate (119,
120); sodium butyrate alone also induces aberrant tau
protein phosphorylation (121).

There have been reports on several AD-associated
genes such as ALG-1 (presenilin-1, chromosome 14),
ALG-2 (presenilin-2, chromosome 1), APP (amyloid
precursor protein, chromosome 21), and apoE (apo-
lipoprotein E, chromosome 19), which are involved in
AD pathogenesis (122). The ALG-2, Ca21-binding pro-
tein, consists of a 435-base pair cDNA insert and may
mediate Ca21-dependent apoptotic signals. Apoptosis
may also play a role in AD-related T-cell receptor-, Fas-,
and glucocorticoid-induced cell death (122). In addi-
tion, the mechanism of b-amyloid neurotoxicity may be
mediated via the phosphorylation of tau and other sub-
strates by tau protein kinase I (TPK-1), resulting in a
disruption of axonal transport, cytoplasmic accumula-
tion of amyloid b-protein precursor and its degradation
products, synaptic dysfunction, and eventual cell death
(121). Aurintricarboxylic acid, a general inhibitor of
apoptotic endonucleases, prevents DNA fragmenta-
tion and delays cell death (118). Vitamin E, an antioxi-
dant and free radical scavenger, inhibits amyloid b pro-
tein induced cell death (123). Pike et al. (124) recently
reported that thrombin pretreatment significantly at-
tenuates neurotoxicity mediated by fibrillar aggregates
of b 1–42 and b 25–35 amyloid, and it has been shown
in the numerous clinical trials that cholinesterase in-
hibitors (e.g., donapezil hydrochloride; ‘aricept’) can
have beneficial effects on maintenance of cognition
and memory in AD patients (125).

Several reports have indicated that the monoclonal
antibody A2B5 specifically stains neurons undergoing
neurofibrillary degeneration and neuritic processes
with senile plaques in AD brains (114, 126, 127). The
A2B5 antibody recognizes ‘c-series’ gangliosides, in-
cluding GQ1c (128), GT3, and O -acetylated derivatives
of GT3 (129), which are abundantly expressed during
embryonic stages of the brain development (130, 131).
Studies on the ganglioside distribution in AD brains
have demonstrated altered ganglioside composition in
some brain regions (132, 133) and accumulation of ‘c-
series’ gangliosides (GQ1c, GP1c) in neurofibrillary
tangles in distinct brain regions. The presence of fetal an-
tigens such as the ‘c-series’ gangliosides and microtubule-
associate protein 5 in AD brain may suggest that regen-
eration or sprouting of neurons is an ongoing process
associated with re-induction of gene expression charac-
teristic in early stages of CNS development (134). The
frontal cortex and hippocampus of AD cases exhibit
high levels of A2B5 immunoreactivity within those neu-

rons exhibiting neurofibrillary degeneration (135).
Collectively, these findings suggest that embryonic gan-
gliosides may be ‘re-expressed’ in AD neurons that
have regenerative potential. In fact, this latter observa-
tion has prompted a clinical trial using GM1 ganglio-
side as a therapeutic agent for promoting nerve regen-
eration in AD (136, 137). It is therefore significant that
beneficial effects of GM1 ganglioside have been docu-
mented in the treatment of stroke and spinal cord inju-
ries, particularly when treatment has been initiated
within a few hours of the acute event. Continuous intra-
ventricular infusion of GM1 has recently been shown to
be significantly beneficial in AD of early onset (Type I)
(137). Given the established involvement of ganglio-
sides in neuronal survival and/or regeneration (review,
138), abnormalities in ganglioside metabolism may
contribute to the process of neuronal degeneration
and regeneration in AD.

Although amyloid b protein is secreted into the extra-
cellular space, Yanagisawa et al. (139) have recently
noted the presence of membrane-bound amyloid b-
protein that tightly binds GM1 ganglioside in AD brains,
suggesting that this novel species of amyloid b-protein is
eventually shed into extracellular space and may act as a
‘seed’ for b-amyloid fibril formation. This protein is
most likely derived from plasma membranes including
synaptic membranes, and/or the trans-Golgi network
inasmuch as GM1 is abundant in caveolae, small mem-
branous invaginations that are associated with the cell
surface and are functionally linked to the trans-Golgi
network in the protein and lipid sorting (140). The re-
cently identified familial Alzheimer’s disease (FAD) gene
S182, which has been directly linked to AD, encodes a
Golgi-derived membranous protein involved in the ex-
port of other proteins (141). Therefore, extracellular
accumulation of this novel amyloid b-protein may re-
flect preexisting abnormalities in membrane transport
at the stage of amyloid formation (139). In normal
brain, GM1-bound amyloid b-protein is absent, support-
ing the notion that inappropriate accumulation of amy-
loid b-protein reflects abnormal protein sorting and/or
transport in AD patients. Immunolocalization of GD1a
ganglioside observed in dystrophic neurons in AD brains
suggests that neurites accumulate a novel glycolipid
membrane component. GD1a ganglioside accumulates
in some senile plaques, and thus has been suggested to
contribute to formation of senile plaques (142). Signifi-
cantly, increased levels of both GM1 and GD1a are evi-
dent in cerebrospinal fluid from AD patients as com-
pared with age-matched controls (143).

Parkinson’s disease

TNF-a receptors have been observed on the dopa-
minergic neurons that degenerate in Parkinson’s dis-
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ease (PD) and TNF-a-immunoreactive glia have been
detected in close proximity to these neurons in PD pa-
tients. Activation of the sphingomyelin pathway by
TNF-a may thus mediate neurodegeneration in PD
(144). Recently Brugg et al. (145) have reported that
dopaminergic and other neurons in primary cultures
derived from the mesencephalon, a primary region of
neuronal degeneration in PD, undergo apoptosis
through a ceramide-dependent mechanism that may
be identical to the cytokine-stimulated signaling path-
way in the immune system. The conserved presence of
a ceramide-dependent apoptotic system in mesence-
phalic dopaminergic neurons suggests that inappropri-
ate activation of such a cell death mechanism contri-
butes to PD (145).

Huntington’s disease

Kordower et al. (146) have reported that intravenous
administration of transferrin receptor antibody-NGF
conjugates prevents degeneration of cholinergic stri-
atal neurons in a model of Huntington’s disease (HD).
This approach may also prove useful in the treatment
of AD and other neurological disorders that are amena-
ble to treatment by proteins that cannot readily cross
the blood–brain barrier (147). Gliosis characteristic of
cortical deterioration associated with demyelinating
disease such as multiple sclerosis or Guillain-Barré syn-
drome is thought to be secondary to changes in neu-
ronal death; thus, glial changes may be involved in the
release of glial cell-derived neurotrophic factors (GDNF)
that are important in maintaining dopaminergic neu-
rons in PD and motor neurons in ALS (148). Thus
GDNF may be a useful therapeutic agent for neurode-
generative disorders, including Alzheimer’s disease
(149). Recently, it has been demonstrated that GDNF
signals through the receptor tyrosine kinase Ret (prod-
uct of the c-ret protooncogene) in a GDNF-responsive
motoneuron cell line (150, 151).

Immune-mediated neurological disorders

In the case of demyelinating diseases of the periph-
eral nerve such as acute ataxic neuropathy and acute
sensory-motor neuropathy, it has been reported that
IgM antibodies against peripheral nerve glycosphin-
golipids attack myelin (152–154). Antibodies against
various glycosphingolipids have been observed in pa-
tients with demyelinating polyneuropathy and several
related disorders (152). The mechanisms of how au-
toantibodies directed against glycolipids cause nervous
tissue damage are not fully understood, however.
Ohsawa et al. (92) have reported that autoantibodies
against b-series gangliosides in acute sensory neuropa-
thy underlie neuronal cell death in rat DRG; these au-
thors speculate that high titers of the autoantibodies

against the carbohydrate structure of glycoconjugates
on the surface of DRG neurons cause the damage in
large myelinated fibers, subsequently resulting in sen-
sory polyneuropathy. We have reported the presence of
sulfated glucuronic acid-containing glycolipids (SGGLs)
bearing the HNK-1 epitope in bovine brain microvascu-
lar endothelial cells (BMEC) (155); we have also pre-
sented evidence suggesting that SGGLs play critical
roles in the immunopathogenesis of such neurological
disorders as peripheral polyneuropathy with IgM para-
proteinemia, Guillain-Barré syndrome, and chronic in-
flammatory demyelinating disorders (152, 156). More
recently, we have demonstrated that immunological
insults against BMEC-bound glycolipid antigens can in-
duce the destruction or malfunction of the blood–
brain barrier (BBB) and blood–nerve barrier (BNB),
resulting in the penetration of circulating immunoglo-
bulins into the nerve parenchyma (155). These obser-
vations suggest that immunological block of the SGGL
epitope by IgM antibody results in disruption of essen-
tial cellular interconnections among BMECs, and that
loss of such structural organization results in eventual
cell death. In this regard, the presence of various anti-
glycolipid autoantibodies has been reported in several
neurologic disorders, including demyelinating periph-
eral polyneuropathy (156, 157), motoneuron disease
(158), polyneuropathy with multifocal conduction
block (158), and Guillain-Barré syndrome (160). The
pathogenicity of such antibodies has been widely postu-
lated in these disorders, but the mechanism through
which a macromolecule the size of an immunoglobulin
can traverse the BBB/BNB remains obscure (152). Our
study has revealed that BMECs and the peripheral ner-
vous tissues share many glycolipids including SGGLs.
Hence, the presumed cascade of pathological processes
involves the following essential steps: immunological at-
tack of microvascular endothelial cells, malfunction or
destruction of BBB/BNB, increased permeability
across BBB/BNB, leakage of immunoglobulins into the
endoneurial space, and the subsequent immunological
attack of peripheral myelin and axons leading to their
destruction (155).

CONCLUSION

Research into sphingolipids has entered into a new
and exciting era in recent years owing to the discovery of
their modulatory functions in several receptor-mediated
signaling pathways and the participation of several sphin-
golipid metabolites as lipid second messengers in a va-
riety of cellular systems. The physiological effects can
be diverse, ranging from their regulatory effects on cel-
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lular differentiation and proliferation, as well as on
apoptosis. The use of different cell systems at different
differentiation states further contributes to the com-
plexity in reaching an understanding of their precise
functional roles. Evidence for their involvement in the
pathogenetic mechanisms of a variety of neurodegen-
erative diseases is emerging. The present review, which
brings together our current knowledge in several cellu-
lar systems as well as the potential role of these sphin-
golipid metabolites in the nervous system, may stimu-
late new avenues of research in this exciting area.

This work was supported by National Institutes of Health
grants NS-11853 and NS-26994, a National Multiple Sclerosis
Society grant RG-2690A6/2, and a Research Grant for Moto-
neuron Disease from the Monbusho of Japan. WDJ is the re-
cipient of NCI National Research Service Award CA-09380.

Manuscript received 17 June 1997 and in revised form 15 September 1997.

REFERENCES

1. Kerr, J. F. R., A. H. Wyllie, and A. R. Currier. 1972. Apo-
ptosis: a basic biological phenomenon with wide-ranging
implications in tissue kinetics. Br. J. Cancer. 26: 239–257.

2. Gottlieb, R. P., J. Nordbery, E. Skowronski, and R. M.
Babior. 1996. Apoptosis induced in Jurkat cells by sev-
eral agents is preceeded by intracellular acidification.
Proc. Natl. Acad. Sci. USA. 93: 654–658.

3. Boudreau, N., C. J. Sympson, Z. Werb, and M. J. Bissell.
1995. Suppression of ICE and apoptosis in mammary epi-
thelial cells by extracellular matrix. Science. 267: 891–893.

4. Steller, H. 1995. Mechanisms and genes of cellular sui-
cide. Science. 267: 1445–1449.

5. Fraser, A., and G. Evan. 1996. A license to kill. Cell. 85:
781–784.

6. Hannun, Y. A. 1996. Functions of ceramide in coordinat-
ing cellular responses to stress. Science. 274: 1855–1899.

7. Thompson, C. B. 1995. Apoptosis in the pathogenesis
and treatment of disease. Science. 267: 1456–1462.

8. Nagata, S., and P. Golstein. 1995. The Fas death factor.
Science. 267: 1449–1456.

9. Enari, M., A. Hase, and S. Nagata. 1995. Apoptosis by a
cytosolic extract from Fas-activated cells. EMBO J. 14:
5201–5208.

10. Cifone, M. G., R. De Maria, P. Roncaioli, M. R. Rippo, M.
Azuma, L. L. Lanier, A. Santoni, and R. Testi. 1994. Apo-
ptotic signaling through CD95 (Fas/Apo-1) activates an
acidic sphingomyelinase. J. Exp. Med. 180: 1547–1552.

11. Wiegmann, K., S. Schutze, T. Machleidt, D. Witte, and
M. Kronke. 1994. Functional dichotomy of neutral and
acidic sphingomyelinases in TNFa signaling. Cell. 78:
1005–1015.

12. Verheij, M., R. Bose, X. H. Lin, B. Yao, W. D. Jarvis, S.
Grant, M. J. Birrer, E. Szabo, L. I. Zon, J. M. Kyrikis, A.
Haimovitz-Friedman, Z. Fuks, and N. Kolesnick. 1996.
Requirement for ceramide-initiated SAPK/JNK signal-
ling in stress-induced apoptosis. Nature. 380: 75–79.

13. Goldkorn, T., K. A. Dressler, J. Muindi, N. S. Radin, J.

Mendelsohn, D. Mendalino, D. C. Liotta, and R. N.
Kolesnick. 1991. Ceramide stimulates epidermal growth
factor receptor phosphorylation in A431 human epider-
moid carcinoma cells. J. Biol. Chem. 266: 16092–16097.

14. Obeid, L. M., C. M. Linardic, L. A. Karolak, and Y. A.
Hannun. 1993. Programmed cell death induced by cera-
mide. Science. 259: 1769–1771.

15. Jarvis, W. D., R. N. Kolesnick, F. A. Fornari, Jr., R. S.
Taylor, D. A. Gewirtz, and S. Grant. 1994. Induction of apo-
ptotic DNA damage and cell death by activation of the
sphingomyelin pathway. Proc. Natl. Acad. Sci. USA. 91:
73–77.

16. Jarvis, W. D., F. A. Fornari, Jr., J. L. Browning, D. A.
Gewirtz, R. N. Kolesnick, and S. Grant. 1994. Attenua-
tion of ceramide-induced apoptosis by diglyceride in hu-
man myeloid leukemia cells. J. Biol. Chem. 269: 31685–
31692.

17. Jarvis, W. D., A. J. Turner, L. F. Povirk, R. S. Taylor, and S.
Grant. 1994. Induction of apoptotic DNA fragmentation
and cell death in HL-60 human promyelocytic leukemia
cells by pharmacological inhibitors of protein kinase C.
Cancer Res. 54: 1707–1714.

18. Jarvis, W. D., S. Grant, and R. N. Kolesnick. 1996. Cera-
mide and the induction of apoptosis. Clin. Cancer Res. 2:
1–6.

19. Jarvis, W. D., F. A. Fornari, Jr., R. S. Traylor, H. A. Martin,
L. B. Kramer, R. K. Erukulla, R. Bittman, and S. Grant.
1996. Induction of apoptosis and potentiation of cera-
mide-mediated cytotoxicity by sphingoid bases in hu-
man myeloid leukemia cells. J. Biol. Chem. 271: 8275–
8284.

20. Jarvis, W. D., F. A. Fornari, Jr., A. J. Freemerman, E.
Szabo, M. J. Birrer, C. R. Johnson, S. E. Barbour, K. L.
Auer, P. Dent, and S. Grant. Coordinate regulation of
stress-activated protein kinase (SAPK) and mitogen-acti-
vated protein kinase (MAPK) cascades in the apoptotic
actions of ceramide and sphingosine in human myeloid
leukemia cells. Mol. Pharmacol. In press.

21. Merrill, A. H., Y. A. Hannun, and R. M. Bell. 1993. Sphin-
golipids and their metabolites in cell regulation. Adv.
Lipid Res. 23: 1–26.

22. Bielawska, A., H. M. Crane, D. Liotta, L. M. Obeid, and
Y. A. Hannun. 1993. Selectivity of ceramide-mediated bi-
ology. J. Biol. Chem. 268: 26226–26232.

23. Zakhieri, Z., R. R. Lockshin, and R. Bittman. 1996. Ste-
reospecific induction of apoptosis in U937 cells by N-
octanoylsphingosine and N-octylsphingosine: the cera-
mide group is not required for apoptosis. Eur. J. Biochem.
236: 729–737.

24. Cuvillier, O., G. Pirianov, B. Kleuser, P. G. Vanek, O. A.
Coso, S. Gutkind, and S. Spiegel. 1996. Suppression of
ceramide-mediated programmed cell death by sphin-
gosine-1-phosphate. Nature. 381: 800–803.

25. Raines, M., R. N. Kolesnick, and D. W. Golde. 1993.
Sphingomyelinase and ceramide activate mitogen-acti-
vated protein kinase in myeloid HL-60 cells. J. Biol.
Chem. 268: 14572–14575.

26. Joseph, C. K., H. S. Byun, R. Bittman, and R. N.
Kolesnick. 1993. Substrate recognition by ceramide-
activated protein kinase: evidence that kinase activity is
proline-directed. J. Biol. Chem. 268: 20002–20006.

27. Liu, J., S. Mathias, Z. Yang, and R. N. Kolesnick. 1994.
Renaturation and TNFa stimulation of a 97-kDa ceramide-
activated protein kinase. J. Biol. Chem. 269: 3047–3052.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


12 Journal of Lipid Research Volume 39, 1998

28. Mathias, S., A. Younes, C-C. Kan, I. Orlow, C. Joseph,
and R. N. Kolesnick. 1993. Activation of the sphingomy-
elin signaling pathway in intact EL4 cells and in a cell-
free system by IL-1b. Science. 259: 519–522.

29. Zhang, Y., B. Yao, S. Delikat, S. Bayoumy, X-H. Lin, S.
Basu, M. McGinley, P-Y. Chan-Hui, H. Lichenstein, and
R. N. Kolesnick. 1997. Kinase suppressor of ras is cera-
mide-activated protein kinase. Cell. 89: 63–72.

30. Yao, B., Y. Zhang, S. Delikat, S. Mathias, S. Basu, and
R. N. Kolesnick. 1995. Phosphorylation of Raf by cera-
mide-activated protein kinase. Nature. 378: 307–310.

31. Huwiler, A., J. Brunner, R. Hummel, M. Vervooddeldonk,
S. Dtabels, H. van den Bosch, and J. Pfeilshifter. 1996.
Ceramide-binding and activation defines c-Raf as a
ceramide-activated protein kinase. Proc. Natl. Acad. Sci.
USA. 93: 6959–6965.

32. Palombella, V. J., and J. Vil ek. 1989. Mitogenic and
cytotoxic actions of TNF in BALB/c 3T3 cells: role of
phospholipase activation. J. Biol. Chem. 264: 18128–18136.

33. Hayakawa, M., N. Ishida, K. Takeuchi, S. Shibamoto, T.
Hori, N. Oku, F. Ito, and M. Tsujimoto. 1993. Arachi-
donic acid-selective phospholipase A2 is crucial to the cy-
totoxic of tumor necrosis factor-a. J. Biol. Chem. 268:
11290–11295.

34. Lin, L. L., M. Wartman, A. Y. Lin, J. L. Knopf, A. Seth,
and R. J. Davis. 1993. cPLA2 is phosphorylated and acti-
vated by MAPK. Cell. 72: 269–278.

35. Westwick, J. K., C. Weitzel, A. Minden, M. Karin, and
B. A. Brenner. 1994. Tumor necrosis factor-a stimulates
AP-1 activity through prolonged activation of c-Jun ki-
nase. J. Biol. Chem. 269: 26396–26401.

36. Westwick, J. K., A. E. Bielawska, G. S. Dbaibo, Y. A. Hannun,
and D. A. Brenner. 1995. Ceramide activates the stress-
activated protein kinases. J. Biol. Chem. 270: 22689–22692.

37. Sawai, H., T. Okazaki, H. Yamamoto, H. Okano, Y.
Takeda, M. Tashima, H. Sawada, M. Okuma, H. Ish-
ikura, H. Umehara, and N. Domae. 1995. Requirement
of AP-1 for ceramide-induced apoptosis in human leuke-
mia HL-60 cells. J. Biol. Chem. 270: 27326–27331.

38. Dobrowsky, R. T., and Y. A. Hannun. 1992. Ceramide
stimulates a cytosolic protein phosphatase. J. Biol. Chem.
267: 5048–5051.

39. Dobrowsky, R. T., C. Kamibayishi, M. C. Mumby, and
Y. A. Hannun. 1993. Ceramide activates a heterotrimeric
protein phosphatase A2. J. Biol. Chem. 268: 15523–15530.

40. Lee, J. Y., and Y. A. Hannun. 1996. Ceramide inactivates
cellular cPKCa. J. Biol. Chem. 271: 13169–13174.

41. Lozano, J., E. Berra, M. M. Municio, M. F. Diaz-Meco, I.
Dominguez, L. Sanz, and J. Moscat. 1994. Protein ki-
nase C-z is critical for NF-kB-dependent promoter acti-
vation by sphingomyelinase. J. Biol. Chem. 269: 19200–
19202.

42. Muller, G., M. Ayoub, P. Storz, J. Rennecke, P. Fabbro,
and K. Pfizenmaier. 1995. Protein kinase C-z is a molec-
ular switch in signal transduction of TNFa, bifunction-
ally regulated by ceramide and arachidonic acid. EMBO
J. 14: 1961–1969.

43. Gulbins, E., M. Coggeshall, G. Baier, D. Telford, C.
Langlet, G. Baier-Bitterlich, N. Bonnefoy-Berard, P.
Burn, A. Wittinghofer, and A. Altman. 1994. Direct stim-
ulation of Vav guanine nucleotide exchange activity for
Ras by phorbol diesters and diglyceride. Mol. Cell. Biol.
14: 4749–4758.

44. Hannun, Y. A., and R. M. Bell. 1989. Functions of sphin-

c

ˆ

golipids and sphingolipid breakdown products in cellu-
lar regulation. Science. 243: 500–507.

45. Hannun, Y. A., and R. M. Bell. 1987. Lysosphingolipids
inhibit protein kinase C: implications for the sphin-
golipidoses. Science. 235: 670–674.

46. Ohta, H., Y. Yatomi, E. Sweeney, S-i. Hakomori, and Y.
Igarashi. 1994. A possible role of sphingosine in induc-
tion of apoptosis by tumor necrosis factor-a in human
neutrophils. FEBS Lett. 355: 267–270.

47. Krown, K. A., M. T. Page, C. Nguyun, D. Zechner, V.
Gutierrez, K. L. Comstock, C. C. Glembotski, P. J. Quin-
tana, and R. A. Sabbadini. 1996. TNFa-induced apopto-
sis in cardiac myocytes: involvement of sphingolipid sig-
naling cascade in cardiac cell death. J. Clin. Invest. 98:
2854–2865.

48. Chmura, S. J., E. Nodzenski, M. A. Crane, S. Virudachalam,
D. E. Hallahan, R. R. Weichselbaum, and J. Quintans.
1996. Cross-talk between ceramide and protein kinase C
in the control of apoptosis in WEHI-231. Adv. Exp. Med.
Biol. 406: 39–55.

49. Hakomori, S-I. 1990. Bifunctional role of glycosphin-
golipids. J. Biol. Chem. 265: 18713–18716.

50. Ohta, H., E. A. Sweeny, A. Masamune, Y. Yatomi, S-I. Ha-
komori, and Y. Igarashi. 1995. Induction of apoptosis by
sphingosine in human leukemic HL-60 cells: a possible
endogenous modulator of apoptotic DAN fragmenta-
tion occurring during phorbol ester-induced differentia-
tion. Cancer Res. 55: 691–697.

51. Sweeney, E. A., C. Sakakura, T. Shirahama, A. Masamune,
H. Ohta, S-I. Hakomori, and Y. Igarashi. 1996. Sphin-
gosine and its methylated derivatives, N,N-dimethyl-
sphingosine (DMS), induce apoptosis in a variety of
human cancer cell lines. Int. J. Cancer. 66: 358–366.

52. MacFarlane, D. E., and P. S. O’Donnell. 1993. Phorbol
ester induces apoptosis in HL-60 pro-myelocytic leuke-
mia cells but not the PET HL-60 mutant. Leukemia. 7:
1846–1851.

53. Pushkareva, M., W. A. Khan, A. V. Alessenko, N. Sahyoun,
and Y. A. Hannun. 1992. Sphingosine activation of pro-
tein kinases in Jurkat T cells. J. Biol. Chem. 267: 15246–
15251.

54. Pushkareva, M. Y., A. E. Bielawska, D. C. Liotta, and Y. A.
Hannun. 1993. Regulation of sphingosine-activated pro-
tein kinases: selectivity of activator by sphingosine bases
and inhibition by nonesterified fatty acids. Biochem. J.
294: 699–703.

55. Igarashi, Y., S-I. Hakomori, T. Togokuni, B. Dean, S.
Fujita, M. Sugimoto, T. Ogawa, K. el-Ghendy, and E.
Racker. 1989. Effect of chemically well defined sphin-
gosine and its N-methyl derivatives on protein kinase C
and src kinase activities. Biochemistry. 28: 6786–6800.

56. Jefferson, A. B., and H. Schulman. 1988. Sphingosine
inhibits calmodulin-dependent enzymes. J. Biol. Chem.
263: 15241–15244.

57. Chao, R., W. A. Khan, and Y. A. Hannun. 1992. Retino-
blastoma protein dephosphorylation induced by D-
erythro -sphingosine. J. Biol. Chem. 267: 23459–23462.

58. Ohta, H., E. A. Sweeney, A. Masamune, Y. Yatomi, S-I.
Hakomori, and Y. Igarashi. 1995. Induction of apoptosis
by sphingosine in human leukemic HL-60 cells: a possi-
ble endogenous modulator of apoptotic DNA fragmen-
tation occurring during phorbol ester-induced differen-
tiation. Cancer Res. 55: 691–697.

59. Pushkareva, M. Y., R. Chao, A. E. Bielawska, A. H.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Ariga, Jarvis, and Yu Sphingolipid-mediated cell death in neurodegenerative diseases 13

Merrill, Jr., H. M. Crane, B. Lagu, D. C. Liotta, and
Y. A. Hannun. 1995. Stereoselectivity of induction of
the retinoblastoma gene product (pRB) dephosphory-
lation by D-erythro -sphingosine supports a role for pRb
in growth suppression by sphingosine. Biochemistry. 34:
1885–1892.

60. Brindley, D. N., A. Abousalham, Y. Kikuchi, C. N. Wang,
and D. W. Waggoner. 1996. Crosstalk between bioactive
glycerolipids and sphingolipids in signal transduction.
Biochem. Cell Biol. 74: 469–476.

61. Gomez-Munoz, A., A. Martin, L. O’Brien, and D. N.
Brindley. 1994. Cell-permeable ceramides inhibit the
stimulation of DNA synthesis activity by phosphatidate
and lysophosphatidate in rat fibroblasts. J. Biol. Chem.
269: 8937–8943.

62. Gomez-Munoz, A., D. W. Waggoner, L. O’Brien, and
D. N. Brindley. 1995. Interaction of ceramide, sphin-
gosine, and sphingosine-1-phosphate in the regulation
of DNA synthesis. J. Biol. Chem. 270: 26318–26385.

63. Wu, J., S. Spiegel, and T. W. Sturgill. 1995. Sphingosine-
1-phosphate rapidly activates the mitogen-activated pro-
tein kinase pathway. J. Biol. Chem. 270: 11484–11489.

64. Stone, R. M., B. L. Weber, D. R. Spriggs, and D. W. Kufe.
1988. Phospholipase C activates protein kinase C and in-
duces monocytic differentiation in HL-60 cells. Blood.
72: 739–744.

65. Jarvis, W. D., L. F. Povirk, A. J. Turner, R. S. Traylor, D. A.
Gewirtz, G. R. Pettit, and S. Grant. 1994. Effects of bryo-
statin 1 and other pharmacological activators of protein
kinase C on 1-[b-D-arabinofuranosyl]cytosine-induced
apoptosis in HL-60 human promyelocytic leukemia
cells. Biochem. Pharmacol. 47: 839–852.

66. Haimovtz-Fiedman, A., C-C. Kan, D. Ehleiter, R. S.
Persaud, M. McLoughlin, Z. Fuks, and R. N. Kolesnick.
1994. Ionizing radiation acts on cellular membranes to
generate ceramide and initiate apoptosis. J. Exp. Med.
180: 525–535.

67. Sakakura, C., E. A. Sweeney, T. Shirahama, F. Ruan, F.
Solca, M. Kohno, S-I. Hakomori, and Y. Igarashi. 1997.
Inhibition of MAPK by sphingosine and its methylated
derivative. N,N-dimethylsphingosine: a correlation with
induction of apoptosis in solid tumor cells. Int. J. Oncol.
11: 31–39.

68. Suzuki, K. 1998. Twenty-five years of the “psychosine hy-
pothesis.” Neurochem. Res. In press.

69. Yu, R. K., T. Ariga, H. Yoshino, S. Ren, and R. Katoh-
Semba. 1994. Differential effects of glycosphingolipids
on protein kinase C activities in PC12D pheochromocy-
toma cells. J. Biomed. Sci. 1: 229–236.

70. Joseph, C. K., S. D. Wright, W. G. Bornmann, J. T.
Randolph, E. Ravi Kumar, R. Bittman, J. Liu, and R. N.
Kolesnick. 1994. Bacterial liposaccharide has structural
similarity to ceramide and stimulates ceramide-activated
protein kinase in myeloid cells. J. Biol. Chem. 269: 17606–
17610.

71. Wright, S. D., and R. N. Kolesnick. 1995. Does endo-
toxin stimulate cells by mimicking ceramide? Immunol.
Today. 16: 297–302.

72. Yasugi, E., Y. Yokoyama, Y. Seyama, K. Kano, Y. Hayashi,
and M. Oshima. 1995. Dolichyl phosphate, a potent in-
ducer of apoptosis in rat glioma C6 cells. Biochem. Bio-
phys. Res. Commun. 216: 848–853.

73. Dohi, T., E. Yasugi, and M. Oshima. 1996. Activation of
mitogen-activated protein kinase in dolichyl phosphate-

induced apoptosis in U937 cells. Biochem. Biophys. Res.
Commun. 224: 87–91.

74. Moore, K. J., and G. Matlashewski. 1994. Intracellular in-
fection by Leishmania denovani inhibits macrophage apo-
ptosis. J. Immunol. 152: 2930–2937.

75. Jayadev, S., C. M. Linardic, and Y. A. Hannun. 1994.
Identification of arachidonic acid as a mediator of sphin-
gomyelin hydrolysis in response to tumor necrosis factor-
a. J. Biol. Chem. 269: 5757–5763.

76. Wong, G. H. W., J. H. Elwell, L. W. Oberley, and D. V.
Goeddel. 1989. Manganous superoxide dismutase is es-
sential for cellular resistance to cytotoxicity of tumor ne-
crosis factor. Cell. 58: 923–931.

77. Reynolds, E. S., M. F. Kanz, P. Chieco, and M. T. Moslen.
1984. 1,1-Dichloroethylene: apoptotic hepatotoxin? En-
viron. Health Perspect. 57: 313–320.

78. Fadok, V. A., D. R. Voelker, P. A. Campbell, J. J. Cohen,
D. L. Bratton, and P. M. Henson. 1992. Exposure of
phosphatidylserine on the surface of apoptotic lympho-
cytes triggers specific recognition and removal by mac-
rophages. J. Immunol. 148: 2207–2216.

79. Verhoven, B., R. A. Schlegel, and P. Williamson. 1995.
Mechanisms of phosphatidylserine exposure, a phago-
cyte recognition signal, on apoptotic T lymphocytes. J.
Exp. Med. 182: 1597–1601.

80. Duncan, D. D., and D. A. Lawrence. 1991. Residual acti-
vation events functional after irradiation of mouse
splenic lymphocytes. Radiat. Res. 125: 6–13.

81. Diomede, L., B. Piovani, F. Re, P. Principe, F. Colotta,
E. J. Modest, and M. Salmona. 1994. The induction of
apoptosis is a common feature of the cytotoxic action of
ether-linked glycerophospholipids in human leukemic
cells. Int. J. Cancer. 57: 645–649.

82. Sandstrom, P. A., P. W. Tebbey, S. Van Cleave, and T. M.
Buttke. 1994. Lipid hydroperoxides induce apoptosis in
T cells displaying a HIV-associated glutathion peroxi-
dase deficiency. J. Biol. Chem. 269: 798–801.

83. Corbeil, J., E. Rapaport, D. D. Richman, and D. J.
Looney. 1994. Antiproliferative effect of retinoid com-
pounds on Kaposi’s sarcoma cells. J. Clin. Invest. 93:
1981–1986.

84. Lauener, R., Y. Shen, V. Duronio, and H. Salari. 1995. Se-
lective inhibition of phosphatidylinositol 3-kinase by
phosphatidic acid and related lipids. Biochem. Biophys.
Res. Commun. 215: 8–14.

85. Hakomori, S-I. 1994. Control by glycosphingolipids of
cell growth, cell adhesion, and transmembrane signal-
ling. In Glycobiology of the Brain. M. Nicolini and P. F.
Zatta, editors. Pergamon Press, NY. 83–95.

86. Ferrari, G., B. L. Anderson, R. M. Stephens, D. R. Kaplan,
and L. A. Greene. 1995. Prevention of apoptotic neu-
ronal death by GM1 ganglioside. J. Biol. Chem. 270: 3074–
3080.

87. Farooqui, T., T. Franklin, D. K. Pearl, and A. J. Yates.
1997. Ganglioside GM1 enhances induction by nerve
growth factor of a putative dimer of TrkA. J. Neurochem.
68: 2348–2355.

88. Mutoh, T., A. Tokuda, T. Miyada, M. Hamaguchi, and N.
Fugiki. 1995. Ganglioside GM1 binds to the Trk protein
and regulates receptor function. Proc. Natl. Acad. Sci.
USA. 92: 5087–5091.

89. Yu, R. K., J. R. Goldenring, J. Y. H. Kim, and R. J.
DeLorenzo. 1986. Gangliosides as differential modula-
tors of membrane-bound protein kinase systems. In

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


14 Journal of Lipid Research Volume 39, 1998

Neuronal Plasticity and Gangliosides. G. Tettamanti,
R. W. Ledeen, Y. Nagai, K. Sandhoff, and G. Toffano, ed-
itors. Liviana Press, Padova. 95–104.

90. Yu, R. K. 1988. Regulation of protein phosphorylation
by gangliosides. In New Trends in Ganglioside Research.
Neurochemical and Neurodegenerative Aspects. R. W.
Ledeen, E. Hogan, R. K. Yu, A. Yates, and G. Tettamanti,
editors. Liviana Press, Padova. 461–471.

91. Mangeney, M., Y. Richard, D. Coulaud, T. Tursz, and J.
Wiels. 1991. CD77: an antigen of germinal center B cells
entering apoptosis. Eur. J. Immunol. 21: 1131–1140.

92. Ohsawa, T., T. Miyatake, and N. Yuki. 1993. Anti-b-series
ganglioside-recognizing autoantibodies in an acute sen-
sory neuropathy patient cause cell death of rat dorsal
root ganglion neurons. Neurosci. Lett. 157: 167–170.

93. Koike, T., K. Fehsel, J. Zielasek, H. Kolb, and V. Burkart.
1993. Gangliosides protect from TNF-a-induced apopto-
sis. Immunol. Lett. 35: 207–212.

94. Saito, M., and M. Saito. 1996. Effects of gangliosides on
cell death and differentiation in rat Schwanoma cells. J.
Neurochem. 66 (Suppl.): S37A.

95. Raff, M., B. Barres, J. Burne, H. Coles, Y. Ishizaki, and M.
Jacobson. 1993. Programmed cell death and the control
of cell survival lessons from the nervous system. Science.
262: 695–700.

96. Wiesner, D. A., and G. Dawson. 1996. Staurosporine in-
duces programmed cell death in embryonic neurons
and activation of the ceramide pathway. J. Neurochem. 66:
1418–1425.

97. Louis, J-C., E. Magal, S. Takayama, and S. Varon. 1993.
CNTF protection of oligodendrocytes against natural and
tumor necrosis factor-induced death. Science. 29: 689–692.

98. Masu, Y., E. Wolf, B. Holtmann, M. Sendtner, G. Berm,
and H. Thoenen. 1993. Disruption of the CNTF gene re-
sults in motor neuron degeneration. Nature. 365: 27–32.

99. Prakas-Kramarski, R., R. Eilam, O. Spiegler, S. Livi, N.
Liu, D. Chang, D. Wen, M. Schwartz, and Y. Yarden.
1994. Brain neurons and glial cells express Neu differ-
entiation factor/heregulin: a survival factor for astro-
cytes. Proc. Natl. Acad. Sci. USA. 91: 9387–9391.

100. Mitsumoto, H., K. Ikeda, B. Klinkosz, J. M. Cedarbaum,
V. Wong, and R. M. Lindsay. 1994. Arrest of motoneuron
disease in wobbler mice cotreated with CNTF and
BDNF. Science. 265: 1107–1110.

101. Stahl, N., T. G. Boulton, T. Farruggella, N. Ip, S. Davis,
B. A. Witthuhn, F. W. Quelle, O. Silvennoinen, G.
Barbieri, S. Pellegrini, J. N. Ihle, and G. D. Yancopoulos.
1994. Association and activation of Jak-Tyk kinases by
CNTF-LIF-OSM-IL-6 b receptor components. Science.
263: 92–95.

102. Kessler, J., W. H. Ludlam, M. M. Freidin, D. H. Hall,
M. D. Michaelson, D. C. Spray, M. Dougherty, and D. K.
Batter. 1993. Cytokine-induced programmed death of
cultured sympathetic neurons. Neuron. 11: 1123–1132.

103. Kubo, T., T. Nonomura, Y. Enokido, and H. Hatanaka.
1995. Brain-derived neurotrophic factor (BDNF) can
prevent apoptosis of rat cerebellar granule neurons in
culture. Dev. Brain Res. 85: 249–258.

104. Itoh, A., and K. Horigome. 1995. Ceramide prevents
neuronal programmed cell death induced by nerve
growth factor deprivation. J. Neurochem. 65: 463–466.

105. Hannun, Y. A., and L. M. Obeid. 1995. Ceramide: an in-
tracellular signal for apoptosis. Trends Biochem. Sci. 20:
73–77.

106. Mayer, M., and M. Noble. 1994. N-Acetyl-L-cysteine is a
pluripotent protector against cell death and enhancer
of trophic factor-mediated cell survival in vitro. Proc.
Natl. Acad. Sci. USA. 91: 7496–7500.

107. Dobrowsky, R. T., G. M. Jenkins, and Y. A. Hannun.
1995. Neurotrophins induce sphingomyelin hydrolysis.
J. Biol. Chem. 270: 22135–22141.

108. Bilderback, T. R., R. J. Grigsby, and R. T. Dobrowsky.
1997. Association of p75NTR with caveolin and localiza-
tion of neurotrophin-induced sphingomyelin hydrolysis
to caveolae. J. Biol. Chem. 272: 10922–10927.

109. Katzman, R., and L. F. Thal. 1989. Neurochemistry of
Alzheimer’s disease. In Basic Neurochemistry. G. J.
Siegel, B. W. Agranoff, R. W. Albers, and P. B. Molinoff,
editors. 4th ed. Raven Press, New York. 827–838.

110. Selkoe, D. L. 1994. Cell biology of the amyloid b protein
precursor and the mechanism of Alzheimer’s disease.
Annu. Rev. Cell Biol. 10: 373–403.

111. Ihara, Y. 1988. Massive somatodendritic sprouting of
cortical neurons in Alzheimer’s disease. Brain Res. 459:
138–144.

112. Mori, H., Y. Hamada, T. Kawaguchi, T. Honda, J. Kondo,
and Y. Ihara. 1989. A distinct form of tau is selectively in-
corporated into Alzheimer’s paired helical filaments.
Biochem. Biophys. Res. Commun. 159: 1221–1226.

113. Wolozin, B. L., A. Scicutta, and P. Davies. 1988. Reex-
pression of a developmentally regulated antigen in
Down syndrome and Alzheimer’s disease. Proc. Natl.
Acad. Sci. USA. 85: 6202–6206.

114. Emory, C. R., T. A. Ala, and W. H. Frey. 1987. Ganglio-
side monoclonal antibody (A2B5) labels Alzheimer’s
neurofibrillary tangles. Neurology. 37: 768–772.

115. Mattson, M. P., B. Cheng, D. Davis, K. Bryant, I.
Leibenburg, and R. E. Rydel. 1992. Beta-amyloid pep-
tides destabilize calcium homeostasis and render hu-
man cortical neurons vulnerable to excitotoxicity. J. Neu-
rosci. 12: 376–389.

116. Pike, C. J., A. J. Walencewicz, C. G. Glabe, and C. W.
Cotman. 1991. In vitro aging of b-amyloid protein
causes peptide aggregation and neurotoxicity. Brain Res.
563: 311–314.

117. Selkoe, D. L. 1996. Amyloid b-protein and the genetics
of Alzheimer’s disease. J. Biol. Chem. 271: 18295–18298.

118. Loo, D., A. Copani, C. Pike, E. Whuemore, A. Walen-
cewicz, and C. Cotman. 1993. Apoptosis is induced by b-
amyloid in cultured central nervous system neurons.
Proc. Natl. Acad. Sci. USA. 90: 7951–7955.

119. Ko, L., K. R. Sheu, O. Young, H. Thaler, and J. P. Blass.
1990. Expression in cultured human neuroblastoma
cells of epitopes associated with affected neurons in
Alzheimer’s disease. Am. J. Pathol. 136: 867–879.

120. Nuydens, R., M. De Jong, R. Nuyens, F. Cornelissen, and
H. Geerts. 1995. Moderate kinase stimulation leads to
aberrant tau phosphorylation and neurotoxicity. Neuro-
biol. Aging. 16: 465–477.

121. Nuydens, R., C. Heers, A. Chadarevian, M. De Jong, R.
Nuyens, F. Cornelissen, and H. Geerts. 1995. Sodium bu-
tyrate induces abberrant tau phosphorylation and pro-
grammed cell death in human neuroblastoma cells.
Brain Res. 688: 86–94.

122. Vito, P., E. Lacanóê, and L. D’Adamio. 1996. Interfering
with apoptosis: Ca21-binding protein ALG-2 and Alz-
heimer’s disease gene ALG-3. Science. 271: 521–525.

123. Behl, C., J. Davis, G. M. Cole, and D. Schubert. 1992. Vi-

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Ariga, Jarvis, and Yu Sphingolipid-mediated cell death in neurodegenerative diseases 15

tamin E protects nerve cells from amyloid b protein tox-
icity. Biochem. Biophys. Res. Commun. 186: 944–950.

124. Pike, C. J., P. J. Vaughan, D. D. Cunningham, and C. W.
Cotman. 1996. Thrombin attenuates neuronal cell
death and modulates astrocyte reactivity induced by b-
amyloid in vitro. J. Neurochem. 66: 1374–1382.

125. Yamanishi, Y., H. Ogura, T. Kosasa, S. Araki, Y. Sawa, and
Y. Yamatsu. 1991. Inhibitory action of E2020, a novel
acetylcholinesterase inhibitor, on cholinesterase: com-
parison with other inhibitors. In Basic Clinical and Ther-
apeutic Aspects of Alzheimer’s and Parkinson’s Diseases.
Plenum Press, New York. 409–413.

126. Emory, C. R., T. A. Ala, and W. H. Frey. 1987. Ganglio-
side monoclonal antibody (A2B5) labels Alzheimer’s
neurofibrillary tangles. Neurology. 37: 768–772.

127. Tooyama, I., T. Yamada, S. U. Kim, and P. L. McGeer.
1992. Immunohistochemical study of A2B5-positive gan-
glioside in postmortem human brain tissue of Alzhei-
mer disease, amyotrophic lateral sclerosis, progressive
supranuclear palsy and control cases. Neurosci. Lett. 136:
91–94.

128. Kasai, N., and R. K. Yu. 1983. The monoclonal antibody
A2B5 is specific to ganglioside GQ1c. Brain Res. 277:
155–158.

129. Dubois, C., J-C. Manuguerra, B. Hauttecoeur, and J.
Maze. 1990. Monoclonal antibody A2B5, which detects
cell surface antigens, bind to ganglioside GT3 (II3
(NeuAc)3LacCer) and its 9-O -acetyl derivative. J. Biol.
Chem. 265: 2797–2803.

130. Hirabayashi, Y., M. Hirota, M. Matsumoto, H. Tanaka, K.
Obata, and S. Ando. 1988. Developmental changes of c-
series polysialogangliosides in chick brains revealed by
mouse monoclonal antibodies M6704 and M7103 with
different epitope specificities. J. Biochem. 104: 973–979.

131. Rosner, H., and H. Rahmann. 1987. Ontogeny of verte-
brate brain gangliosides. In Gangliosides and Modula-
tion of Neuronal Functions. H. Rahmann, editor. Nato
ASI Series. Vol. H7. 373–390.

132. Crino, P. B., M. D. Ullman, B. A. Vogt, E. D. Bird, and L.
Volicer. 1989. Brain gangliosides in dementia of Alzhei-
mer’s type. Arch Neurol. 46: 398–401.

133. Kracun, I., S. Kalanj, J. Talan-Hranilovic, and C. Cosovic.
1992. Cortical distribution of gangliosides in Alzhei-
mer’s disease. Neurochem. Int. 20: 433–438.

134. Takahashi, H., K. Hirokawa, S. Ando, and K. Obata.
1991. Immunohistological study on brains of Alzhei-
mer’s disease using antibodies to fetal antigens. C-series
gangliosides and microtubule-associated protein 5. Acta
Neuropathol. 81: 626–631.

135. Majocha, R. E., F. B. Jungalwala, A. Rodenrys, and C. A.
Marotta. 1989. Monoclonal antibody to embryonic CNS
antigen A2B5 provides evidence for the involvement of
membrane components at sites of Alzheimer degenera-
tion and detects sulfatides as well as gangliosides. J. Neu-
rochem. 53: 953–961.

136. Svennerholm, L., C. G. Gottfries, K. Blennow, P. Fredman,
I. Karlsson, J-E. Mansson, G. Toffano, and A. Wallin. 1990.
Parenteral administration of GM1 ganglioside to pre-
senile Alzheimer patients. Acta Neurol. Scand. 81: 48–53.

137. Svennerholm, L. 1994. Gangliosides—a new therapeutic
agent against stroke and Alzheimer’s disease. Life Sci. 55:
2125–2134.

138. Ledeen, R. W. 1989. Biosynthesis, metabolism, and bio-
logical effects of gangliosides. In Neurobiology and Gly-

coconjugates. R. U. Margolis and R. K. Margolis, editors.
Plenum Press, New York. 43–83.

139. Yanagisawa, K., A. Odaka, N. Suzuki, and Y. Ihara. 1995.
GM1 ganglioside-bound amyloid b-protein (Ab): a pos-
sible form of preamyloid in Alzheimer’s disease. Nature
Med. 1: 1062–1066.

140. Parton, R. G. 1994. Ultrastructural localization of gangli-
osides: GM1 is concentrated in caveola. J. Histochem. Cy-
tochem. 42: 155–166.

141. Sherrington, R., E. L. Rogaev, Y. Liang, E. A. Rogaeva, G.
Levesque, M. Ikeda, H. Chi, C. Lin, G. Li, K. Holman, T.
Tsuda, L. Mar, J-F. Foncin, A. C. Bruni, M. P. Montesi, S.
Sorbi, I. Rainero, L. Pinessi, L. Nee, I. Chumakov, D.
Pollen, A. Brookes, P. Sanseau, R. J. Polinski, W. Wasco,
H. A. R. DaSilva, J. L. Haines, M. A. Pericak-Vance, R. E.
Tanzi, A. D. Roses, P. E. Fraser, J. M. Rommens, and P. H.
St. George-Hyslop. 1995. Cloning of a gene bearing mis-
sense mutations in early onset familial Alzheimer’s dis-
ease. Nature. 375: 754–760.

142. Nishinaka, T., D. Iwata, S. Shimada, K. Koska, and Y.
Suzuki. 1993. Anti-ganglioside GD1a monoclonal anti-
body recognizes senile plaques in the brains of patients
with Alzheimer-type dementia. Neurosci. Res. 17: 171–
176.

143. Blennow, K., P. Davidsson, A. Wallin, P. Fredman, C. G.
Gottfries, J. E. Masson, and L. Svennerholm. 1992. Dif-
ferences in cerebrospinal fluid gangliosides between
‘probable Alzheimer’s disease’ and normal aging. Aging.
4: 301–306.

144. Boka, G., P. Anglade, D. Wallach, F. Javoy-Agid, M. R.
Payne, and E. C. Hirsch. 1994. Receptor-mediated ac-
tion of tumor necrosis factor in Parkinson’s disease?
Neurosci. Lett. 172: 151–154.

145. Brugg, B., P. P. Michel, Y. Agid, and M. Ruberg. 1996.
Ceramide induces apoptosis in cultured mesencephalic
neurons. J. Neurochem. 66: 733–739.

146. Kordower, J. H., V. Charles, R. Bayer, R. T. Bartus, S. Put-
ney, L. E. Walus, and P. M. Friden. 1994. Intravenous ad-
ministration of a transferrin receptor antibody-nerve
growth factor conjugate prevents the degeneration of
cholinergic striatal neurons in a model of Huntington
disease. Proc. Natl. Acad. Sci. USA. 91: 9077–9080.

147. Friden, P. M., L. R. Walus, P. Watson, S. R. Doctrow, J. W.
Kozarich, C. Backman, H. Bergman, B. Hoffer, F.
Bloom, and A-C. Granholm. 1993. Blood–brain barrier
penetration and in vivo activity of an NGF conjugate.
Science. 259: 373–377.

148. Zurn, A. D., E. E. Baetge, J. P. Hammang, S. A. Tan, and
P. Aebischer. 1994. Glial cell line-derived neurotrophic
factor (GDNF), a new neurotrophic factor for motoneu-
rons. Neuroreport. 6: 113–118.

149. Massague, J. 1996. Crossing receptor boundaries.
Nature. 382: 29–30.

150. Trupp, M., E. Arenas, M. Fainzilber, A-S. Nilsson, B-A.
Sieber, M. Grigoriou, C. Kilkenny, E. Salazar-Grueso, V.
Pachnis, U. Arumae, H. Sariola, M. Saarma, and C. F.
Ibanez. 1996. Functional receptor for GDNF encoded
by the c-ret pro-oncogene. Nature. 381: 785–789.

151. Durbec, P., C. V. Marcos-Gutierrez, C. Kolkenny, M.
Grigoriou, K. Wartiowaara, P. Suvanto, D. Smith, B. Pon-
der, F. Costantini, M. Saarma, H. Sariola, and V. Pachnis.
1996. GDNF signalling through the Ret receptor ty-
rosine kinase. Nature. 381: 789–793.

152. Yu, R. K., H. Yoshino, and T. Ariga. 1993. The role of gly-

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


16 Journal of Lipid Research Volume 39, 1998

cosphingolipids in peripheral neuropathies and related
disorders. In Glycobiology of the Brain. M. Nicolini and
P. F. Zata, editors. Pergamon Press, New York. 151–173.

153. Obi, T., S. Kusunoki, M. Takatsu, K. Mizoguchi, and Y.
Nishimura. 1992. IgM M-protein in a patient with
sensory-dominant neuropathy binds preferentially to
polysialogangliosides. Acta Neurol. Scand. 86: 215–218.

154. Willison, H. J., G. M. O’Hanlon, G. Paterson, J. Veitch,
G. Wilson, M. Roberts, and T. Tang. 1996. A somatically
mutated human antiganglioside IgM antibody that in-
duces experimental neuropathy in mice encoded by the
variable region heavy chain gene, V1-18. J. Clin. Invest.
97: 1155–1164.

155. Kanda, T., H. Yoshino, T. Ariga, M. Yamawaki, and R. K.
Yu. 1994. Glycosphingolipid antigens in cultured bovine
brain microvascular endothelial cells: sulfoglucuronosyl
paragloboside as a target of monoclonal IgM in demyelin-
ative neuropathy. J. Cell Biol. 126: 235–246.

156. Ariga, T., T. Kohoriyama, L. Freddo, N. Latov, M. Saito,
K. Kon, S. Ando, M. Suzuki, M. E. Hemling, K. L. Rine-
hart, S. Kusunoki, and R. K. Yu. 1987. Characterization
of sulfate glucuronic acid-containing glycolipids react-

ing with IgM-M proteins in patients with neuropathy. J.
Biol. Chem. 262: 848–853.

157. Chou, D. K. H., A. A. Ilyas, J. E. Evans, C. Costello, R. H.
Quarles, and F. B. Jungalwala. 1986. Structure of sul-
fated glycolipids in the nervous system reacting with
HNK-1 antibody and some IgM paraproteins in neurop-
athy. J. Biol. Chem. 261: 11717–11725.

158. Latov, N., A. P. Hays, P. D. Donofrio, H. Liao, H. Ito, S.
McGinnis, K. Manoussos, L. Freddo, M. E. Shy, H. Sher-
man, W. Chang, H. S. Greenberg, J. W. Albers, A. G. Alessi,
D. Keren, R. K. Yu, L. P. Rowland, and E. A. Kabat. 1988.
Monoclonal IgM with unique specificity to gangliosides
GM1 and GD1b and to lacto-N-tetraose associated with hu-
man motor neuron disease. Neurology. 38: 763–768.

159. Pestronk, K., D. T. Cornblath, A. A. Ilyas, H. Baba, R. H.
Quarles, J. W. Griffin, K. Alderson, and R. N. Adams.
1988. A treatable multifocal motor neuropathy with an-
tibodies to GM1 ganglioside. Ann. Neurol. 24: 73–78.

160. Yuki, N., H. Yoshino, S. Sato, and T. Miyatake. 1990.
Acute axonal polyneuropathy associated with anti-GM1
antibodies following Campylobactor enteritis. Neurology.
40: 1900–1902.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

