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Review

Distinet roles for sphingolipids and glycosphingolipids at differ-
ent stages of neuronal development*®
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Studies on the roles of sphingolipids (SLs) and glhveosphingolipids (GSLs) at distinet
stages of neuronal development have been performed using primary cultures of hip-
pocampal neurons, which are unigue among neuronal cultures inasmuch as they de-
velop by a well-characterized and stereotypic sequence of events that gives rise to fully
differentiated axons and dendrites. Our data demonstrate that SLs and GSLs play at
least three distinet roles in regulating neuronal development, namely: (i) ceramide en-
hances the formation of minor neuronal processes from lamellipodia and the subse-
quent stage of axonogenesis; (ii) glucosyleceramide synthesis, but not the synthesis of
higher-order GSLs, is required for normal axon growth and for accelerated axonal
growth upon stimulation by growth factors; and (iii} at both of these stages, ceramide
at high concentrations can induce apoptotic cell death. Together, these observations
are consistent with the possibility that minor process formation and apoptosis are
regulated by ceramide-dependent signaling pathwavs, whereas axonal growth re-
guires glucosylceramide synthesis, perhaps to support an intracellular transport
pathway.
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Over the past few years, our laboratory has
initiated a series of studies to examine the
roles of sphingolipids (SLs) and glycosphin-
golipids (GSLs) in neuronal growth and devel-
opment. Although it has been known for many
years that neurons are enriched in GSLs, par-
ticularly the gangliosides (sialic-acid contain-
ing GSL), the precise function(s) of these in-
triguing molecules has not been clearly de-
fined. This is in part due to the large variety of
experimental systems used and to the large
number of GSLs that have been studied. Con-
clusions drawn about the function of a par-
ticular GSL in one neuronal culture system
may not be applicable to other systems, or to
another GSL.

In order to ascribe precise roles to specific
SLs and GSLs at defined stages of neuronal
development, we have adopted two novel ex-
perimental approaches. First, we used well-
characterized primary cultures of hippocam-
pal neurons, rather than the neuronal cell
lines (e.g. neuroblastoma cells) that have been
used in the majority of studies. Secondly, the
use of inhibitors of SL metabolism permitted
examination of the role of endogenous SLs and
(GSLs, rather than exogenously added SLs, in
neuronal growth. The latter point is of particu-
lar importance as it alleviates the need to de-
termine whether the exogenously added GSLs
are fully integrated into biological mem-
branes, and whether effects subsequently ob-
served actually mimic a physiological function
of the GSL rather than a pharmacological,
‘non-specific’ effect.

The use of a defined culture system, namely
hippocampal neurons, also merits some dis-
cussion. Hippocampal neurons cultured ac-
cording to protocols developed by Banker and
colleagues over the past 20 years (Goslin &
Banker, 1991) are almost unique in neuronal
cultures inasmuch as they develop by a stereo-
typic sequence of events giving rise to fully dif-
ferentiated neurons, in which axons and den-
drites can be distinguished both biochemically
and anatomically. Their growth has been well-
characterized and classified according to five

distinct developmental stages (Dotti et al.,
1988).

In the initial stage of growth (stage 1), hippo-
campal neurons are characterized by the pres-
ence of many lamellipodia around the cell
body. The second stage of development is
marked by loss of lamellipodia and extension
of a number of short processes, designated 'm-
inor processes' (stage 2). After some hours,
one of the minor processes starts to grow rap-
idly (10-15 gm/h) and develops axonal char-
acteristics (stage 3). Axons form branches as
collaterals, and as each new branch emerges,
the growth cone of the original axon loses its
lamellipodial appearance and elongation
stops. Dendrites develop from minor pro-
cesses (stage 4), and the final stage of develop-
ment (stage 5) is characterized by the forma-
tion of synaptic contacts between axons and
dendrites.

Using this culture system we have defined
the role of particular SLs and GSLs in the
growth of both axons and dendrites, and have
analyzed their roles in the development of
neuronal polarity. Our major findings are
summarized in Fig. 1, and will be discussed
briefly in the first part of this review. In the
second part, evidence will be discuszed to
demonstrate that ceramide and glucosylcera-
mide (GleCer), the simplest GSL, play regula-
tory roles at different stages of neuronal de-
velopment.

GANGLIOSIDES SYNTHESIS,
CONTENT, LOCALIZATION AND
ENDOCYTOSIS DURING NEURONAL
DEVELOPMENT

Over the past 4-5 years, our laboratory has
published a number of studies describing the
synthesis, content, rate of endocytosis and lo-
calization of gangliosides during neuronal de-
velopment, and, in particular, during the de-
velopment of neuronal polarity. In these stud-
ies we focused on gangliosides, rather than on
the neutral or other GSLs, since gangliosides
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have been postulated to play a variety of im-
portant functions in neurons, including roles
in neuritogenesis, receptor function and syn-
aptic transmission (Ledeen & Yu, 1992).
The first unexpected result was obtained
when we analyzed the synthesis of ganglio-
sides at defined stages of development (see
Fig. 1). The major changes in ganglioside syn-
thesis occurred mainly in the period of axono-

genesis and rapid axon growth (Hirschberg et
al., 1996); during axonogenesis, there was a
significant increase in the synthesis of com-
plex gangliosides (i.e. Gp1, Gpia, Gpyp and
Gyp) with a corresponding reduction in the
synthesis of glucosyleeramide and ganglioside
Gpa. During the stage of rapid axon growth,
the ratio of a- to bseries gangliosides in-
creased significantly. In contrast, during den-
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Figure 1. Summary of major findings concerning the ro
ronal development.

The stages of development of cultured hippocampal neurons

les of sphingolipids and glycosphingolipids in neu-

(Dotti et al., 1988) are shown in the top panel. Data con-

cerning ganglioside synthesis, content, endocytosis and localization are discussed in the first part of the text. The
second part of the text discusses specific regulatory roles of ceramide and GleCer at each of the stages of develop-

ment shown in the top panel.
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dritogenesis, dendrite growth and synapto-
genesis, there was little change in ganglioside
synthesis, with a small and gradual increase
in the ratio of a- to b-series gangliosides and
an increase in the synthesis of gangliosides
Gpis and Gy These results demonstrated
that changes in ganglioside synthesis were re-
stricted to early stages of neuronal develop-
ment, namely axonogenesis and rapid axon
elongation (Hirschberg ef al., 1996) and that
few significant changes occurred at later
stages. However, one potentially interesting
change may occur between days 3 to 8 in cul-
ture, the stage at which morphologically dis-
tinet dendrites form. Although Gygo is a minor
ganglioside in hippocampal neurons, its syn-
thesis appeared somewhat elevated during
this period, but the generally low levels of syn-
thesis made reliable and accurate quantifica-
tion difficult. If Gyyg was indeed elevated, this
would lend support to the idea, based on the
accumulation of Gyge during ectopic dendrite
formation in lysosomal storage diseases
(Siegel & Walkley, 1994), that Gype plays an
important role in dendritogenesis.

We also examined ganglioside content dur-
ing development. These studies were per-
formed by morphological (immunofluores-
cence) analyses, as the small amounts of cellu-
lar material available in this culture system
precludes mass measurement of gangliosides,
or of any other lipids. Using a variety of anti-
bodies and ganglioside-binding toxins (e.g.
cholera toxin), we showed that, as expected,
the number of 9-O-acetylated-Gpgpositive
cells decreased significantly during the transi-
tion from stage 2 to stage 3 (e.g. extension of
an axon) (Schwarz & Futerman, 1997a). In
contrast, the amount of Gy per cell increased
about 15-fold during the first two weeks in cul-
ture (Sofer & Futerman, 1996). All of our find-
ings concerning ganglioside content were
similar to those obtained by other laboratories
in other neuronal culture systems.

One of the most fascinating ideas proposed
over the past few years relating to ganglioside
functlion was the suggestion that GSLs (and

gangliosides) might be preferentially localized
to axonal plasma membranes (Dotti et al.,
1991), rather than to dendritic plasma mem-
branes. This suggestion was based on the
analogy between the sorting and localization
of proteins and lipids in epithelial cells and in
neurons. Epithelial cells contain two distinct
membrane domains, the apical and baso-
lateral membranes, which differ in protein
and lipid compositions (Simons & van Meer,
1988). In the early 1990s it was reported that
molecules which are sorted to the apical mem-
brane of polarized Madin-Darby Canine Kid-
ney epithelial cells are sorted to the axonal
membrane of neurons, and molecules which
are sorted to the basolateral membrane of
Madin-Darby Canine Kidney cells are sorted
to the dendritic membrane of neurons. The
generality of this model is at present unclear
as a large number of exceptions exist. How-
ever, since it was known that certain gly-
cosphingolipids are preferentially sorted to
and enriched in the apical domain (Simons &
van Meer, 1988), il was proposed that GSLs
might be sorted to and enriched in the axonal
membrane domain of neurons (Dotti et al.,
1991). Various studies from our laboratory,
mainly using anti-ganglioside antibodies
(Harel & Futerman, 1993; Schwarz & Futer-
man, 1997a; Sofer & Futerman, 1995), and
from others laboratories (Furuva et al., 1995;
1996), do not lend support to this hypothesis,
and indeed there is some evidence that the
dendrites rather than axons may be actually
enriched in certain gangliosides (for review
see Schwarz & Futerman, 1996).

A word of caution must be added when dis-
cussing determination of the localization of
gangliosides using anti-ganglioside antibod-
ies, since the apparent localization of ganglio-
sides can be greatly influenced by the fixation
method (Schwarz & Futerman, 1997a). For in-
stance, using monoclonal antibody AZB5
(which reacts with a variety of gangliosides),
neurons were labeled at the cell surface when
incubated with the antibody prior to fixation,
but when incubated post-fixation, cells dis-
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played a variety of labeling patterns depend-
ing on the fixation method. Biochemical
analysis demonstrated that some of the fixa-
tives studied (particularly acetone and metha-
nol) signiricantly reduced or completely de-
pleted cellular gangliosides, implying that the
immunoreactivity observed with A2B5, and
with other antibodies, was not due to ganglio-
sides. When hippocampal neurons were incu-
bated with an anti-Gpy}, antibody prefixation,
uniform labeling of the plasma membrane was
observed, but after ganglioside depletion us-
ing biochemical inhibitors of ganglioside syn-
thesis, no cell surface labeling was detected.
However, even in cells depleted of ganglio-
sides, labeling of both the cell surface and in-
tracellular compartments was observed when
the anti-Gp;, antibody was applied post-
fixation. In contrast, the JONES antibody
(which reacts with 9-O-acetylated-Gpg), la-
beled neurons with an essentially similar pat-
tern irrespective of the fixation method.
These observations demonstrated that great
care must be taken in assigning ganglosides
to specific cell populations or to intracellular
locations based solely on the use of anti-
ganglioside antibodies, and suggest that opti-
mal fixation conditions must be established
separately for each anti-ganglioside antibody
(Schwarz & Futerman, 1997a).

If dendrites are enriched in certain ganglio-
sides, specific mechanisms must exist to sort
and transport them to the dendritic mem-
brane from their sites of synthesis in the cell
body, and to target them back to the dendritic
membrane after their internalization by endo-
cytosis. We have shown that there is consider-
able endocytosis of gangliosides from den-
drites of hippocampal neurons, at least of gan-
glioside Gy, at all stages of neuronal develop-
ment, but that the rate of endocytosis of gan-
glioside Gy decreases from axons as neurons
mature. These studies were performed using
either a short acylchain fluorescent deriva-
tive of ganglioside Gygy, N{6{4-nitrobenz-2-
oxa-1,3-diazole-7-yl)}-aminohexanoyl}Gyy; (So-
fer et al., 1996), or using fluorescent deriva-

tives of cholera toxin (Sofer & Futerman,
1996), which binds to endogenous Gyg;.

In conclusion, we have shown that hippo-
campal neurons provide an excellent tool to
study various aspects of ganglioside biochem-
istry and cell biology. Moreover, as described
below, this culture system has allowed us to
define specific and defined regulatory roles for
the simpler SLs, ceramide and GlcCer, at dis-
tinct stages of neuronal development.

REGULATORY ROLES FOR CERAMIDE
AND GleCer IN NEURONAL
DEVELOPMENT

We examined whether the initial stages of
neuronal development (Fig. 1, stages 1-3) re-
quire ongoing synthesis of SLs or (GSLs.
These studies took advantage of the availabil-
ity of a number of specific inhibitors of SL and
GSL metabolism (for review see Futerman,
1994b). Central to this work was fumonisin B;
(FB4), a specific inhibitor of N-acylation of the
sphingoid long chain bases, dihydrosphingo-
sine (sphinganine) and sphingosine, to dihy-
droceramide and ceramide, respectively. We
also used D-threo-1-phenyl-2-decanoylamino-3-
morpholino-1-propanol (D-PDMP), which in-
hibits glucosylation of ceramide to glucosylce-
ramide, and conduritol B-epoxide (CBE),
which inhibits the lysosomal degradation of
glucosylceramide to ceramide.

Surprisingly, incubation of neurons with ei-
ther FB, or D-PDMP during the first 24 to 48 h
in culture had no discernible effect on neu-
ronal development (Harel & Futerman, 1993;
Schwarz & Futerman, 1997b; Schwarz et al.,
1995), suggesting that SL synthesis is not re-
quired for either minor process formation or
for the initial stages in axon growth. Presuma-
bly neurons contain a sufficiently large intra-
cellular pool of SLs at this stage to sustain
growth and do not therefore require ongoing
synthesis; this is in contrast to later stages of
axonal growth when ongoing synthesis is re-
quired (see below). Similarly, a recent study
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demonstrated that inhibition of endogenous
GSL synthesis had no effect on neurite forma-
tion induced by retinoic acid in LAN-B human
neurcblastoma cells (Li & Ladisch, 1997). In
contrast, exogenously added short-acyl chain
analogues of ceramide (Cg-NBD-ceramide or
Cg-ceramide) stimulated the transition of neu-
rons from stage 1 to 2 (Schwarz & Futerman,
1997h). Analysis of the effects of ceramide
stereoisomers on axon growth during the first
24 h in culture were consistent with the notion
that ceramide may mediate iis effects at this
stage of development via a signaling pathway.
Naturally occurring ceramide occurs in the D-
erythro- configuration, but three other stereoi-
somers exist, all of which are active to some
extent in ceramide-mediated signaling path-
ways (Bielawska et al., 1993; Fishbein et al.,
1993). Both CgNBD-Derythro-Cer and Cg
NBD-1-threo-Cer stimulated growth between
days 0 and 1, but CgDerythro-dihydroCer,
which is totally inactive in signaling path-
ways, had no effect (Schwarz & Futerman,
1997b). Moreover, exogenously added neu-
tral-sphingomyelinase (N-SMase) also en-
hanced the rate of neuronal development dur-
ing the first 24 h in culture (Schwarz & Futer-
man, 1997b).

In proliferating cells, ceramide suppresses
growth and stimulates differentiation (Push-
kareva et al., 1995), For instance, ceramide in-
hibits proliferation of neuroblastoma Neu-
ro2a cells and induces their differentiation
(Riboni et al,, 1995), and stimulates T9 glioma
differentiation and process formation (Do-
browsky et al., 1994). However, ceramide can-
not act via arrest of proliferation and stimula-
tion of differentiation in hippocampal neu-
rons since these neurons are post-mitotic at
their time of removal from the hippocampus.
Rather, ceramide acts by accelerating the
transition from stage 1 to 2.

At present, we do not know the molecular
mechanisms by which ceramide accelerates
the transition from stage 1 to 2, nor do we
know whether an endogenous N-SMase activ-
ity is involved in the physiological regulation

of this early stage of development. However,
using a short-acyl chain derivative of sphingo-
myelin, CgNBD-SM to detect activity (Futer-
man et al, 1990), we have demonstrated that
hippocampal neurons contain significant lev-
els of endogenous N-SMase activity (A. Brann
& A. Futerman, unpublished observations).
Moreover, neuronal development can be
stimulated by various neurotrophins, includ-
ing NGF and BDNF. Interestingly, binding of
neurotrophins to the p75™ 1 ¢ receptor results
in generation of ceramide (Dobrowsky et al.,
1994), that may in turn (via an as yet un-
known mechanism) induce gene expression.
RNAse protection assays demonsirate that
hippocampal neurons cultured according to
the method deseribed above express the
pT50 IR yeceptor (A. Brann, M. Fainzilber &
A.H. Futerman, unpublished observations)
and we are currently examining whether this
pathway is involved in the acceleration of neu-
ronal development induced by ceramide, and
whether a down-stream effect results in al-
terations in cytoskeletal organization and con-
sequently minor process formation.

Whereas ongoing GSL synthesis is not re-
quired for the earliest stages of neuronal de-
velopment, it is required for normal axonal
growth in cultured hippocampal neurons. Ini-
tially, we demonstrated that incubation with
FB; completely blocked axon growth between
days 2 and 3 in culture (Harel & Futerman,
1993). This was the first demonstration that
axonal growth could be regulated by SL syn-
thesis, although an earlier study had demon-
straied an inhibitory effect of D-PDMP on neu-
rite growth in a murine neuroblastoma cell
line (Uemura et al., 1991). Subsequently, we
demonstrated that D-PDMP also blocked ax-
onal growth in hippocampal neurons. The ef-
fects of incubation with DPDMP were indis-
tinguishable from those of FBy (Schwarz ef
al., 1995). Statistical analyses of various pa-
rameters of neuronal growth suggested that
the formation or stabilization of new collat-
eral axonal branches was particularly sensi-
tive to manipulating levels of SL synthesis,
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and that it was this specific facet of neuronal
growth that required ongoing SL synthesis. In
contrast to the effects of DPDMP and FB,, in-
cubation with CBE (an inhibitor of GlcCer
degradation) stimulated axonal growth by en-
hancing either the rate of formation or stabili-
zation of axonal branches. The stimulatory ef-
fect of CBE could be completely abolished by
co-incubation with FB, implying that the abil-
ity of CBE to enhance axonal growth was a re-
sult of accumulation of a newly-synthesized
GSL or of GlcCer (Schwarz et al., 1995).

It should be emphasized that the reduction
in the rate of axonal growth upon inhibition of
GSL synthesis was not due to a reduction in
the total mass of GSLs, or of GleCer, since
short incubations with inhibitors (of between
1-3 h) (Boldin & Futerman, 1997; Schwarz et
al., 1995) were able to block growth. We sug-
gested that the reduction in axon growth was
directly related to the synthesis and delivery
of newly synthesized GSLs to the axonal mem-
brane (see Futerman & Banker, 1996).

Studies within the past year or two have un-
ambiguously shown that ongoing synthesis of
GlcCer is required for axon growth during
stage 3 and for accelerated axon growth upon
incubation with growth factors. This was dem-
onstrated most clearly in studies using either
laminin or basic fibroblast growth factor
(bFGF) (Boldin & Futerman, 1997). Both
bFGF and laminin stimulate axonal growth
about 4-fold. Remarkably, the stimulatory ef-
fect of either factor can be completely abol-
ished by incubation with either FB; or PDMP.
However, addition of Cg-NBD-D-ervthro-Cer to-
gether with FB, antagonized the inhibitory ef-
fects of FB; on bFGF-stimulated growth. In
contrast, Cg-NBD-L-threo-Cer was totally inef-
fective in antagonizing the effects of FB; and
neither Cg-NBD-D-erythro-Cer nor Cg-NBD.L-
threo-Cer were able to antagonize the inhibi-
tory effects of PDMP on bFGF-stimulated
growth. Analysis of the metabolism of the ce-
ramide stereoisomers by TLC demonstrated
that about 10-156% of Cg-NBD-D-erythro-Cer
was converted to Cg-NBD-D-erythro-GleCer

during a three hour incubation, but Cg-NBD-L-
threo-Cer was not metabolized at all to Cg
NBD-L-threo-GlcCer (Boldin & Futerman,
1997). These data demonstrate that the ability
of bFGF and laminin to stimulate axonal
growth requires the ongoing synthesis of
GlcCer from ceramide. Likewise, normal axon
growth between days 2 and 3 in culture also
requires the metabolism of ceramide to
GleCer (Schwarz & Futerman, 1997b). These
data also demonstrate that the ability of ex-
ogenously added ceramide to antagonize the
inhibitory effects of FB; is not due to activa-
tion of a ceramide-mediated signaling path-
way, since both D-erythro-Cer and L-threo-Cer
are equally effective in ceramide-mediated sig-
naling pathways (Bielawska et al., 1993; Fish-
bein et al., 1993), but only Cg-NBD-D-erythro-
Cer is able to antagonize the effects of FB,.
Moreover, since Cg-NBD-D-erythro-Cer is only
metabolized to Cg-NBD-D-erythro-GleCer, and
not to higher order complex GSLs in cultured
hippocampal neurons (Boldin & Futerman,
1997; Harel & Futerman, 1993), our data also
show that ongoing synthesis of GleCer, but
not of higher-order glycosphingolipids, is re-
quired for bFGF to stimulate axon growth.
Two general possibilities could explain the
need for GleCer synthesis in axonal growth.
First, GleCer might be required for bFGF and
laminin to transduce signals after they bind to
cell surface receptors; however, this possibil-
ity is unlikely since levels of cell surface
GleCer will not change significantly during a 3
h incubation with FB; or PDMP (see Schwarz
et al., 1995). The second possibility is that the
requirement for ongoing GleCer synthesis is
related to the need to continually supply
newly-synthesized GleCer from its site of in-
tracellular synthesis to the growing axonal
membrane. In this scenario, the requirement
for GleCer synthesis could either be related to
an event occurring at its site of synthesis, or
alternatively, could be related to an event oc-
curring at the axonal plasma membrane after
GleCer is inserted into the membrane. In non-
neuronal cells, it has been shown that GleCer
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is synthesized in a pre- or early Golgi appara-
tus compartment (Futerman, 1994a), which in
neurons is restricted to the cell body and
proximal dendrites (see Futerman & Banker,
1996). Inhibition of GleCer synthesis might di-
rectly affect the formation of Golgi-apparatus
derived vesicles, if GleCer is a ratelimiting
component in vesicle formation. However, re-
cent studies have shown that both Cg-NBD-D-
erythro-Cer and Cg-NBD-L-threo-Cer are found
in Golgi-apparatus derived vesicles in hippo-
campal neurons (M.. Burack, G. Banker & A.
Futerman, unpublished observations), even
though only Cg-NBD-D-ervthro-Cer is metabo-
lized to GleCer and able to reverse the inhibi-
tory effects of FB; on axonal growth. Alterna-
tively, GleCer synthesis might be required for
the transport and insertion into Golgi-derived
vesicles of a key protein that is involved in
regulating axonal growth. In Chinese hamster
ovary cells, inhibition of GleCer synthesis
blocks the delivery of a viral protein to the cell
surface (Rosenwald et al, 1992), although
these effects were subsequently attributed to
the accumulation of ceramide (Chen et al.,
1995; Rosenwald & Pagano, 1993) and not to
the depletion of GleCer. This cannot be the
reason for the disruption of axonal growth ob-
served in hippocampal neurons since exoge-
nously added ceramide does not disrupt
growth at this stage of development, and cera-
mide must be metabolized to GleCer to sup-
port growth. We are currently examining the
transport and delivery of two viral proteins
through the secretory pathways to the cell sur-
face with and without inhibitors of SL synthe-
sis at different stages of axonal growth.

One prediction of our studies is that stimula-
tion of axonal outgrowth by either bFGF or
laminin may stimulate GleCer synthesis, as-
suming that GlcCer synthesis is a rate-
limiting step in axonal growth. Studies are
presently underway to test this prediction,
and preliminary data indicate that the rate of
GleCer synthesis is increased about 2-fold in
vivo upon incubation of hippocampal neurons
with either bFGF or laminin (S. Boldin & A.

Futerman, unpublished observations). If
these experiments are validated, they will im-
ply that GlcCer synthase is a regulated en-
zyme, and moreover, since regulation of en-
zyme activity occurs within short time peri-
ods, regulation must occur post-trans-
lationally, rather than by up-regulation of pro-
tein synthesis. Interestingly, incubation with
either cycloheximide (which inhibits protein
synthesis) or brefeldin A (which disrupts the
Golgi apparatus and consequently blocks
Golgiderived vesicle traffic) also blocks the
ability of bFGF and laminin to stimulate ax-
onal growth (S. Boldin & A. Futerman, unpub-
lished observations), although the cause of
this block is presumably due to a reduction in
bulk membrane components rather than a re-
duction in a specific lipid, as is the case upon
incubation with either FB; or PDMP.

To date, I have discussed data demonstrat-
ing that ceramide and GleCer are involved in
regulating two distinct processes, minor pro-
cess formation (by ceramide) and axon growth
(by GleCer). Our work has also shown that ce-
ramide is involved in a third distinct process,
namely apoptosis. Many previous studies
demonstrated that generation of ceramide by
incubation with N-SMase, or by addition of
short-acyl chain analogues of ceramide, in-
duce apoptotic cell death (Hannun & Obeid,
1995). In hippocampal neurons, neither Cg
NBD-D-erythro-Cer nor N-SMase affected cell
viability at low concentrations (see above),
but, at higher concentrations, both induced
cell death at early (stage 1 and 2) and at later
(stage 3) periods of development, as deter-
mined by analysis of chromatin condensation
and annexin V-binding (Schwarz & Futerman,
1997hb). Cg-l-threo-Cer also induced apoptosis,
but Cg-D-erythro-dihydroCer had no effect on
cell viability at any stage of development. The
lack of specificity of ceramide stereoisomers
in inducing apoptosis and in regulating the
transition from stage 1 to 2, together with the
lack of effect of dihydroceramide (Bielawska
et al., 1993), is consistent with the possibility
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that ceramide acts via an intracellular signal-
ing pathway in the regulation of these events.

CONCLUDING REMARKS

Our studies on SLs and GSLs in polarized
neurons have helped define the regulatory
roles that these lipids play in neuronal growth
and development. Determination of the mo-
lecular mechanisms by which these lipids
regulate development is currently the subject
of intense research in our laboratory. In con-
trast, we are unable at present to ascribe pre-
cise roles to gangliosides. It seems unlikely
that neurons would synthesize different gan-
gliosides at different stages of development
(particularly during axon growth) unless they
served specific and defined functions, but it
has proved difficult to ascertain these func-
tions. Describing the roles of gangliosides,
and their modes of intracellular transport in
polarized neurons is also currently the focus
of an intensive research effort in our labora-
tory.
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