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Abstract Sphingolipids are most prominently expressed in
the plasma membrane, but recent studies have pointed to
important signaling and regulatory roles in the nucleus. The
most abundant nuclear sphingolipid is sphingomyelin (SM),
which occurs in the nuclear envelope (NE) as well as intra-
nuclear sites. The major metabolic product of SM is cer-
amide, which is generated by nuclear sphingomyelinase and
triggers apoptosis and other metabolic changes. Ceramide is
further hydrolyzed to free fatty acid and sphingosine, the
latter undergoing conversion to sphingosine phosphate by
action of a specific nuclear kinase. Gangliosides are another
type of sphingolipid found in the nucleus, members of the
a-series of gangliotetraose gangliosides (GM1, GD1a) occur-
ring in the NE and endonuclear compartments. GM1 in the
inner membrane of the NE is tightly associated with a Na®/
Ca®" exchanger whose activity it potentiates, thereby con-
tributing to regulation of Ca?" homeostasis in the nucleus.
This was shown to exert a cytoprotective role as absence or
inactivation of this nuclear complex rendered cells vulner-
able to apoptosis. This was demonstrated in the greatly en-
hanced kainite-induced seizure activity in knockout mice
lacking gangliotetraose gangliosides. The pathology in-
cluded apoptotic destruction of neurons in the CA3 region
of the hippocampus.lf Ca®>* homeostasis was restored in
these animals with LIGA-20, a membrane-permeant deriva-
tive of GM1 that entered the NE and activated the nuclear
Na"/Ca®" exchanger. Some evidence suggests the pres-
ence of uncharged glycosphingolipids in the nucleus.—
Ledeen, R. W. and G. Wu. Nuclear sphingolipids: metabo-
lism and signaling. J. Lipid Res. 2008. 49: 1176-1186.
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It is a pleasure to participate in this symposium hon-
oring the contributions of Professor Herbert E. Carter to
sphingolipid chemistry. His pioneering achievements laid
the groundwork for the biochemical and biological break-
throughs that followed. This author (RWL) was privileged
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to participate in a symposium honoring Professor Carter
nearly 40 years ago (1) at which Dr. Prostenik referred to
the “explosive augmentation of experimental data and cor-
responding scientific conclusions,” which characterized
the then-current phase of sphingolipid chemistry. Explo-
sive growth in this field not only continued but has also
accelerated into the present, characterized by elucidation
of signaling pathways and other manifestations of bio-
logical activity. It is gratifying to know that, although in
retirement, Professor Carter was able to witness and ap-
preciate these developments that were based in no small
degree on his pioneering achievements.

Nuclear sphingolipids encompass an area of research
now experiencing rapid progress, as is the case for nuclear
lipids in general. Lipids as a whole comprise only 5% or so
by weight of most nuclei, resulting in high buoyant density
that facilitates isolation in high purity. This has provided
confidence in chemical composition, leading to identifica-
tion of quantitatively minor lipids, including some sphin-
golipids. The nuclear envelope (NE) contains the large
bulk of nuclear lipids, which, in addition to providing
structural support, are also the source of numerous sig-
naling reactions. Recent studies have shown that endo-
nuclear loci are also the source of numerous phospholipid
signaling reactions, consonant with their detection in
chromatin (2), nucleolus (3), and nuclear matrix (4). An
early misconception viewed the nucleus as an organelle
having little intrinsic capacity for lipid metabolism and
therefore dependent on extranuclear processes in con-
junction with import mechanisms for its lipid components.
This has been corrected in recent years by numerous
studies showing extensive metabolism of lipids and other
components, which likely account for the recent descrip-
tion of the nucleus as “a cell within a cell” (5). It is of
interest that certain extracellular stimuli are able to induce
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lipid signaling in the nucleus only (6, 7), whereas other
stimuli affect the nucleus and cytoplasm (8, 9). In addition
to the signaling properties of the NE, much has been
revealed on the metabolically active lipids of endonuclear
compartments, which mediate a complex array of signal-
ing reactions and modulatory mechanisms that exert
major influences on cellular functioning. Each of the two
membranes that comprise the NE is known to possess
unique composition and metabolic/signaling patterns, in-
cluding regulation of Ca®" flux and other determinants of
nuclear homeostasis. Sphingolipids contribute through
direct and indirect mechanisms to this signaling network.
Sphingomyelin (SM) is the most prominent member of
this group, giving rise through metabolism to ceramide,
sphingosine, sphingosine phosphate, and possibly other
signaling entities. Glycosphingolipids comprise yet another
group shown to influence nuclear events and provide
cytoprotection through regulation of nuclear Ca?*. Most
studies to date have dealt with nuclei from mammalian
tissues and cell lines; and while certain patterns seem to
prevail in virtually all nuclei, it is not known to what degree
variations in nuclear lipid composition and signaling
can occur among different cell types and animal species.
This review summarizes some of the major developments
in the area of nuclear sphingolipids, with emphasis on
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recent findings in regard to functional roles. For addi-
tional details on these and other aspects of nuclear lipids
the reader is referred to a number of recent informative
reviews (10-15).

NUCLEAR DOMAINS AND RELATED STRUCTURES

Nuclei of eukaryotic cells are now recognized as struc-
turally well ordered, possessing a well-defined NE enclo-
sure with less well-defined subnuclear domains (16) (Fig. 1).
These intranuclear compartments have been described as
diffuse and dynamically variable in relation to metabolic
function (17). They are all believed to contain sphingo-
lipids that contribute along with other lipid types to nu-
clear signaling. One such domain is chromatin, the major
repository of nucleic acids, which is closely associated with
the nuclear matrix or nucleoskeleton, whose main func-
tion is to organize chromatin. This matrix is considered
analogous to the cellular cytoskeleton in maintaining nu-
clear shape; it is operationally defined as the components
that remain insoluble after extraction of the nuclei with
nonionic detergents and salts and treatment with nucle-
ase. Its composition is consequently dependent on iso-
lation methodology and has been described as including
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Representation of nuclear structure with endonuclear domains, as presently conceived. The outer

nuclear membrane is continuous with the endoplasmic reticulum (ER), while the inner nuclear membrane
is closely associated with the nuclear lamina and has a unique lipid composition. These two membranes are
joined at the nuclear pore complexes that are distributed over the nuclear surface and permit passive flow
of small molecules between cytoplasm and nucleoplasm. The lumenal space between the two membranes

of the nuclear envelope (NE) is a storage site for Ca®",

continuous with the ER lumen. In addition to the

NE, lipids have been shown to occur in intranuclear compartments such as nucleolus, chromatin, and
heterochromatin. Reproduced from Fig. 1 of ref. 14 with permission.
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the nuclear lamina, inner matrix, elements of the NE, and
various structural links between the internal matrix and
peripheral lamina (17, 18). Because of its dependence on
isolation procedure, the nuclear matrix is not universally
considered a distinct structural/functional domain. The
nuclear lamina comprises a meshwork of intermediate fil-
aments located on the endonuclear surface of the inner
nuclear membrane. The so-called heterochromatin re-
gions, which contain little DNA and are transcriptionally
inactive, are nevertheless rich in specific nuclear proteins
that regulate transcriptional activity. Heterochromatin can
suppress the transcriptional activity of genes that are
translocated adjacent to it (16). The ribosome-producing
machinery is contained in the nucleolus, one of the better-
defined structural units.

Various cytochemical, biochemical, and autoradio-
graphic methods have been employed for characterizing
lipids and lipid-metabolizing enzymes within these nuclear
domains. The two membranes of the NE can be individ-
ually isolated (19) and were shown to differ significantly in
regard to lipid composition. Cholesterol, for example, was
detected in the outer but not the inner nuclear membrane
(20, 21), whereas gangliosides GM1 and GDla occur in
both (22). The outer membrane is continuous with the
endoplasmic reticular membrane and shares certain prop-
erties with the latter. Early studies comparing NE with
endoplasmic reticulum (ER) revealed the presence of simi-
lar lipids but at different relative concentrations (23, 24).
Detailed comparison of lipid composition of the two mem-
branes of the NE has not yet been reported. The two
membranes are joined at the nuclear pores by the pore
membranes, which are associated with the nuclear pore
complexes. The latter are distributed over the entire nu-
clear surface and consist of multiprotein assemblies of
~1,000 polypeptides that allow passive transfer of small
and middle-sized molecules (<50 kDa) between cytoplasm
and nucleoplasm. This accords with the frequently ob-
served equilibration of such substances as Ca®* between
these two compartments. However, the possibility of inde-
pendent regulation of Ca®" in the nucleus has been sug-
gested (see later discussion). Passage of larger molecules
through the pores is energy dependent and generally re-
quires a nuclear localization signal. Rapid progress is now
being reported in the area of chromatin organization
as related to such factors as transcription regulation, RNA
splicing, and nuclear transport mechanisms (25-28).

SM: a major nuclear sphingolipid

SM was shown in early studies to occur in the NE of
hepatic cell nuclei (23, 24), findings that were confirmed
by later studies that also demonstrated SM occurrence
in the nuclear matrix (29) and chromatin (30). The lat-
ter study showed SM to comprise a significant part of
chromatin phospholipids, although its concentration was
approximately a third of that in the nuclear matrix; cho-
lesterol showed a similar ratio in the two compartments
(81). SM and cholesterol increased at the beginning of the
S phase during liver regeneration, whereas phosphatidyl-
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choline decreased (31). That study demonstrated inde-
pendence of nuclear matrix lipids from chromatin lipids
and also suggested that the higher cholesterol-SM/
phosphatidylcholine ratio in the matrix created a less-
fluid environment in relation to DNA synthesis. An ad-
ditional contribution to reduced fluidity in endonuclear
domain(s) is the apparent enrichment of saturated fatty
acid—-containing phosphatidylcholine (32).

SM is metabolized to ceramide (CER) by sphingomye-
linase (SMase), an enzyme first detected in the nuclear
matrix of rat ascites hepatoma AH 7974 cells (33), and
subsequently in the NE (34), chromatin (35), and nuclear
matrix (29, 35) of rat liver nuclei. Intact nuclei were pro-
posed to express this enzyme in the NE, with translocation
to the nuclear matrix in regenerating/proliferating rat
liver (34). However, the NE and nuclear matrix enzymes
are believed to represent different isoforms, because neu-
tral SMase 1 was identified biochemically and immunocy-
tochemically as unique to the nuclear matrix and absent
from the NE, chromatin, and plasma membrane (36). The
latter report indicated that neutral SMase 1 possessed a
nuclear export signal but no nuclear localization signal. If
SMase is translocated from NE to nuclear matrix during
DNA synthesis (34), this would imply an isoform other
than SMase 1. The CER product can undergo further re-
actions in the nucleus (Fig. 2). SM synthase was detected in
chromatin and NE, the latter activity being significantly
greater. The two enzymes showed distinctive properties in
regard to K., and pH optimum (37). An enzyme that car-
ries out the reverse reaction of SM synthase was recently
described in rat liver chromatin catalyzing reaction of
(14C)SM with diacylglycerol (DAG) and resulting in trans-
fer of (14C)phosphocholine from SM to DAG with forma-
tion of phosphatidylcholine (38). SM synthase activity
in chromatin was 7.5 times that of reverse SM synthase,
and it was unclear whether the two reactions are catalyzed
by the same or different enzymes. The reverse reaction
thus elevates CER, as does SMase, but with the important
difference that it also reduces DAG while increasing phos-
phatidylcholine. As a result, the CER/DAG ratio, viewed as
a form of regulatory control, is somewhat higher in chro-
matin than in the NE. It was proposed that perturbation of
CER-DAG equilibrium in the nucleus might be a key factor
that initiates proliferation or apoptosis, depending on the
direction of change (11).

SMase and SM synthase in their various isoforms and
loci are thus considered to function as autonomous medi-
ators of SM-induced nuclear signaling reactions that regu-
late metabolic and functional reactivities of the nucleus;
reverse SM synthase may also participate (Fig. 2). The
activity of neutral SMase in ligated rat liver nuclei in-
creased prior to onset of apoptosis, coincident with in-
crease of CER, and this was followed by elevation of
ceramidase and sphingosine in the nucleus (39). This was
thought to reflect NE activity, in the absence of related
changes in the plasma membrane. Study of chromatin of
liver cell nuclei from rats subjected to ciprofibrate, an
agent promoting hepatocyte proliferation, revealed SMase
increase in contrast to SM synthase that was depressed;
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Fig. 2. Sphingomyelin (SM), the major sphingolipid of nuclei, and its metabolic pathways in mammalian
nuclei. All indicated reactions have been shown to occur in the nucleus, with the exception of pathways with
dashed arrows, viz., ceramide (CER) kinase. In addition, possible catabolism of sphingosine-1-phosphate
(S-1-P) via S-1-P phosphatase and/or S-1-P lyase, known to occur in other subcellular compartments, has not
yet been detected in the nucleus. A single fatty acid component (C;s) of CER is shown, but other chain
lengths are possible. DAG, diacylglycerol; PC, phosphatidylcholine; SMase, sphingomyelinase.

these changes occurred selectively in the chromatin (40).
Following drug withdrawal, the same hepatocytes under-
went apoptosis with a resulting increase in chromatin
SM synthase and SM. Experiments with whole nuclei of
an embryonic hippocampal cell line subjected to serum
deprivation-induced apoptosis showed that as these cells
entered the G, phase, nuclear SMase was activated and SM
synthase was inhibited along with CER increase and SM
reduction (41). These changes likely reflected the more
active enzymes of the NE, perhaps behaving in an opposite
manner to those of chromatin (40). Nuclear SMase activa-
tion, presumably in the NE, was shown to have a role in
radiation-induced apoptosis of radio-sensitive TF-1 cells (42).

A series of cytochemical, biochemical, and ultrastruc-
tural investigations suggested association of nuclear phos-
pholipids with RNA-containing structures that involved
phospholipid localization near RNA in decondensed chro-
matin (43-45). The observed equivalent levels of SM and

cholesterol suggested a complex of those lipids with pro-
teins in the chromatin (46). Study of RNA-phospholipid
interaction suggested to the investigators that SM might
represent a bridge between the two RNA strands of double-
stranded RNA, providing protection from RNase action
(47). SMase was part of the complex, and after this enzyme
acted on colocalized SM, the associated RNA became
RNase sensitive. Possibly related to these phenomena as
well as DNA replication was the finding that phospholipids
detectable in the nucleus underwent significant concen-
tration reduction in all steps of the S phase (48), consis-
tent with their conversion to signaling metabolites.

Ceramide and related enzymes/products

CER is the primary enzymatic product of SMase with a
signaling role in the nucleus. It undergoes conversion to
other signaling entities by the action of ceramidase, sphin-
gosine kinase, and possibly CER kinase. As indicated
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above, the nuclear levels of CER and DAG are interrelated,
and their ratio is viewed by some as an important deter-
minant of nuclear signaling. In that regard it may prove
analogous to cytosolic signaling, wherein protein kinase C
is activated by DAG and inhibited by CER and sphingosine
(49, 50). CER is also believed to activate certain protein
kinases in the cytosol (51), but it is not known whether
such reactions occur in the nucleus as well. As mentioned,
induction of apoptosis in rat liver led to activation of
SMase and ceramidase with concomitant increases of CER
and sphingosine in the nucleus. Such changes were not
observed in the plasma membrane and were presumably
localized in the NE (39). Although controversial in some
respects, the role of CER as an inducer of apoptosis has
been described most fully in whole-cell studies (49, 50).
Following the initial description of ceramidase activity in
nuclei (39), a more detailed study of this enzyme in liver
nuclear membrane was reported, including its posses-
sion of maximum activity over a broad neutral to alkaline
range (52).

Sphingosine produced by ceramidase was shown to have
modulatory properties in whole-cell studies and to be phos-
phorylated to sphingosine-1-phosphate (S-1-P) (50). The
latter has been implicated as regulator of cell proliferation
and antiapoptotic processes, stemming from its ability to
act as intracellular messenger and extracellular ligand for
a family of G protein-coupled receptors (53). Two major
kinases are involved in the synthesis of S-1-P, and of these,
sphingosine kinase-2 was shown to be localized in the nu-
cleus due to a nuclear localization signal at the N-terminus
(54). Expression of this kinase in various cell types caused
cell-cycle arrest at the G; /S phase with resultant inhibition
of DNA synthesis. On the other hand, Swiss 3T3 cells,
when stimulated with platelet-derived growth factor,
showed a significant increase in the nucleoplasm-associated
kinase leading to S-1-P formation that correlated with pro-
gression of cells to the S phase and translocation of the
kinase to the NE (10). That study also revealed that long-
term exposure to platelet-derived growth factor caused
activation of S-1-P formation in cytosol and translocation
to nucleoplasm. It is not yet known whether hydrolase and
lyase enzymes that metabolize S-1-P and that are known to
occur in other loci also occur in the nucleus. The same
may be said of CER kinase and its product, ceramide-1-
phosphate, which in the context of whole-cell activity shows
evidence of Ca®* regulatory properties (55, 56) but to our
knowledge has not yet been observed in the nucleus.

Nuclear gangliosides

Several studies have indicated gangliosides to occur as
intrinsic components of the nucleus, although systematic
study of all classes of glycosphingolipids has yet to be
reported for that organelle. An early report found them
present in every subcellular fraction of bovine mammary
gland and rat liver, the nuclear concentration being com-
parable to that in total liver homogenate (57). Another
study of rat liver nuclear membrane indicated a ganglio-
side content ~10% that of the plasma membrane, the
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major species being GM1 and GM3 (58). A subsequent
investigation of isolated nuclei from bovine mammary
gland reported the presence of gangliosides GM3, GD3,
and GT1b, all of which inhibited to variable degrees pro-
tein kinase C extracted from the same nuclei (59). A more
recent developmental study reported the presence of
GMI and other gangliotetraose gangliosides, along with
lesser amounts of GM3 and c-series gangliosides, in large
(presumably neuronal) nuclei from mature rat brain, and
relatively more GM3 and GD3 in such nuclei from de-
veloping brain (60). The same study found smaller nuclei
(presumably glial) to have significantly less total ganglio-
side. A frequent question in regard to all such studies con-
cerns purity, viz. whether the isolated nuclei are truly free
of microsomes, plasma membranes, and other membra-
nous elements. This is a legitimate concern, for despite
the high buoyant density of nuclei, which facilitates isola-
tion by density gradient centrifugation, minor amounts of
ganglioside-rich contaminants can lead to misleading re-
sults with ganglioside-poor nuclei and the various subfrac-
tions. Taking cognizance of this problem and the fact that
greater purity can be achieved by employing cultured cells
as opposed to whole tissue, nuclei were obtained from
neuro2A cells with use of two successive high-density su-
crose gradients and high purity verified by virtual absence
of markers for plasma membrane, Golgi apparatus, and
ER (61). GM1 and GD1a were found to comprise the large
majority of nuclear gangliosides and were shown by bio-
chemical analysis to occur primarily (though not exclu-
sively) in the NE. This locus was confirmed for GM1 by
cytochemical analysis with cholera toxin B subunit (Ctx B)
linked to horseradish peroxidase (Fig. 3). In relation to
function, it was notable that this ganglioside was ele-
vated in the NE of cells that were stimulated to undergo
axonogenesis (compare Fig. 3D and 3E), and was scarcely
detectable in the nuclei of undifferentiated cells. Pimary
neurons in culture yielded similar results.

The nuclear ganglioside locus was further defined by
subjecting isolated nuclei to mild treatment with sodium
citrate solution to selectively remove and isolate the outer
membrane of the NE (19, 62). The inner membrane was
obtained from the resulting nuclear remnant, and both
membrane components of the NE were shown to contain
GM1 and GDla (22). An unexpected finding in that study
was that GM1 in the inner membrane occurred in tight as-
sociation with a NaJ’/Ca2+ exchanger (NCX), a molecule
not previously reported as an NE component. High-
affinity binding of GM1 to NCX was indicated in their
comigration during sodium dodecylsulfate-polyacrylamide
gel electrophoresis. The GM1 in the outer nuclear mem-
brane was not associated with NCX (nor was that in the
plasma membrane). A possible function of GDla in the
inner membrane is that of GM1 reserve, undergoing con-
version to the latter as needed by a sialidase present in the
NE (63). A few studies have dealt with gangliosides in
endonuclear domains, such as heterochromatin from mouse
epithelial cells, which was suggested to contain GM1 due
to binding of Ctx B and anti-GM1 antibody (64). Evidence
for GD3 colocalization with nuclear chromatin was ob-



Fig. 3. Cytochemical evidence for copresence of GM1 and Na*/Ca®" exchanger (NCX) in the NE of
cultured neuronal cells. GM1 was detected with Ctx B-horseradish peroxidase, and NCX with anti-NCX
antibody plus horseradish peroxidase-linked second antibody. GM1 expression was observed in the NE of
differentiated neuro2A cells (A), rat cerebellar granular neurons (B), and rat superior cervical ganglion
neurons (C). GMI expression in the NE of differentiated (D) and undifferentiated (E) NG108-15 cells
yielded scant GM1 in the NE of the latter and elevated GMI in the NE of former. NCX expression was
observed in the NE of differentiated NG108-15 cells (F). Arrowheads indicate staining of NE and arrows
represent staining of plasma membrane. The bar represents 20 micrometers.

tained with rat cortical neurons subjected to B-amyloid
peptide, this occurring just prior to entry into S phase and
apoptotic death (65). A recent study demonstrated trans-
location of GD3 from cytosol to nuclei in a manner strongly
correlated with rapid phosphorylation of histone H1
shortly after induction of apoptosis (66). This was viewed
as support for the hypothesis that nuclear GD3 influences
apoptosis through posttranslational modification of his-
tone H1 with activation/repression of specific genes.

GMI association with nuclear NCX results in potentia-
tion of Na* /Ca®" exchange, as demonstrated in Ca®* up-
take experiments with isolated nuclei incubated in the
presence of BCa%t (22). Calcium was transferred from
nucleoplasm to the NE lumen, consistent with NCX/GM1
location at the inner membrane. Such activity was limited
when GM1 was absent from the NE and could be blocked
when it was present by binding with Ctx B. The poten-
tiation effect was specific for GM1—that being the only
ganglioside to potentiate activity upon addition to nuclei
from undifferentiated cells. As with plasma membrane
NCX, uphill transfer of Ca’" from regions of low to high

concentration is driven by a Na* gradient, the required
intraluminal Na™* buildup occurring by means of a Na'/K*
ATPase in the NE (67). This type of exchange, intrinsically
reversible, mediates counter-transport across the plasma
membrane of three Na* ions for extrusion of one cytosolic
Ca*" (68). A topological requirement of this so-called
“forward mode” in the plasma membrane is that the large
polypeptide loop between transmembrane segments five
and six of NCX reside on the low Ca®" (cytosolic) side,
which would place it on the plasma membrane side oppo-
site to the GM1 oligosaccharide chain. Assuming the same
topological requirement for the NE, this would place the
loop in the nucleoplasm to facilitate transfer of nucleo-
plasmic Ca®" across the inner nuclear membrane to the
high Ca®" concentration pool within the NE lumen. This
would result in the oligosaccharide chain of GM1 extend-
ing on the same (nucleoplasmic) side as the NCX loop
(Fig. 4), a substantially different orientation than for the
plasma membrane. Support for this orientation of GM1
comes from the observed availability of GMI1 oligosac-
charide to Ctx B for cytochemical detection (Fig. 3) and
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Fig. 4. Proposed topology of GMI1 and Na*/Ca®" exchanger
(NCX) in the nuclear envelope (NE; A) and plasma membrane
(PM; B). In both cases the large loop between transmembrane
units 5 and 6 is located on the low Ca®* side (i.e., cytoplasm for PM
and nucleoplasm for NE). This accords with the demonstrated
location of both GM1 and NCX in the inner membrane of the NE
and occurrence of the large NCX loop in proximity to the GMI1
oligosaccharide chain. The authors propose that the high-affinity
association of GMI1 with NCX arises from the negative charge of
N-acetylneuraminic acid in GM1 interacting with the alternative
splice region (ASR) of the NCX loop, some of whose isoforms are
enriched in positively charged amino acids. Such association is not
possible for the PM, because the NCX loop and GM1 oligosaccha-
ride occur on opposite sides of the membrane. INM, inner nuclear
membrane; ONM, outer nuclear membrane.

blockage of Na®/Ca®* exchange (22). In this orientation
the negatively charged oligosaccharide is able to interact
with the alternative splice region of the large inner loop of
NCX, some of whose isoforms are enriched in basic amino
acids (69). The existence of splice variants of the NCX1
subtype, which predominates in many neural cells (70, 71),
suggests the possibility that specific isoforms are targeted to
the NE and others to the plasma membrane.

It is of interest to determine the variety of cell types
that express NCX in the plasma and nuclear membranes.
Plasma membrane expression of Na*/ Ca®* exchanger
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activity is most prominent in excitable cells such as neu-
rons, cardiac myocytes, and secretory cells that experience
rapid, several-fold elevation of intracellular Ca’" (72,73).
However, they also occur at lower activity in certain non-
exciteable cells such as astrocytes and C6 glioma cells
(70, 71, 74). The latter cell line was found to express such
activity only in the NE, in contrast to astrocytes that ex-
pressed it in NE and plasma membrane. In both cell types,
nuclear NCX was associated with GM1 (74). The Jurkat
T-cell line was shown to contain no NCX activity in either
membrane, whereas HeLLa and NCTC cells express it in
both membranes (75). The same study revealed NCX ex-
pression in the plasma membrane and NE of some but
not all human lymphocytes. These investigations, while
limited at present, suggest widespread occurrence of the
nuclear NCX/GMI1 complex in many cell types of vari-
able excitability.

Nuclear GM1 modulates nuclear Ca®"

Nuclear Ca*" is regulated by a complexity of exchange,
ion pump, and receptor-mediated mechanisms. Continu-
ity of the NE lumen with the ER intermembrane space ex-
plains its role as a Ca®* storage site. The outer membrane
of the NE contains SERCA-type Ca®*-activated ATPase,
similar to that in the ER, that pumps cytosolic Ca’" into
the NE lumen (76), whereas the inner membrane contains
several Ca®*-release mechanisms regulated by Ins(1,4,5)Ps,
cADP-ribose, and NAADP (62, 77, 78). The existence of
nuclear pore complexes that permit free diffusion of Ca®"
between cytosol and nucleoplasm would appear to pre-
clude independent regulation of nuclear Ca®*. However,
some studies have suggested the existence of nuclear-
cytoplasmic Ca®" gradients (79, 80), and the matter remains
controversial (81). Nuclear Ca®* regulation is critically
important in relation to cell viability and signaling pro-
cesses that govern virtually every aspect of cell behavior.
Nuclear Na*/Ca®" exchangers potentiated by GM1 could
serve a cytoprotective role in shielding the nucleus against
prolonged elevation of cytosolic Ca®*, a condition in which
Ca?" exit through nuclear pores would not serve as a pro-
tective strategy. Calcium is well known to have a critical role
in apoptosis, the nucleus being especially vulnerable to
prolonged elevation of nucleoplasmic Ca®" (82). The pro-
tective role of gangliosides was suggested in studies of mice
engineered to lack GM2/GD2 synthase, resulting in ab-
sence of GM2, GD2, and all gangliotetraose gangliosides
such as GM1 (83). Cerebellar granule neurons from such
mice, cultured in depolarizing medium, were shown to
have lost the ability to regulate Ca®" homeostasis, charac-
teristic of wild-type cerebellar granule neurons; this re-
sulted in apoptotic death (84). This finding could be due
to an absence of GM1, because mutant cells were rescued
from apoptosis-inducing levels of K* and glutamate by
bath application of this ganglioside. Significantly, LIGA-20,
a semisynthetic analog of GM1 (Fig. 5), proved even more
effective than GMI itself (85). This correlated with the
known efficacy of LIGA-20 to restore Ca%?" homeosta-
sis in normal cerebellar granule neurons (86) and in the
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Fig. 5. Glycosphingolipid structures. GMI1, revealed as one of the major nuclear gangliosides in the
authors’ studies, has R = H. GDl1a, the other major ganglioside of neural cells (not shown), has R = NeuAc.
LIGA-20 is a semisynthetic derivative of GMI1, more membrane permeant than the latter, in which the
long-chain fatty acid of CER is replaced by dichloroacetyl. Globotriaosylceramide (GbsCER) was suggested
to occur in the NE (97-99), but this requires confirmation.

mutant cerebellar granule neurons as determined by
fura-2 ratiometric determination of intracellular Ca*"
(85). In vivo studies suggested nuclear involvement be-
cause the above ganglioside-deficient knockout mouse,
when administered kainic acid, developed temporal lobe
seizures of significantly greater severity and duration than
did normal mice (87). Kainate-induced seizures are asso-
ciated with Ca®" dysregulation (88), and LIGA-20 again
proved significantly more effective than GM1 in attenuat-
ing such seizures. Experimental results suggested this was
due to its greater membrane permeant properties with
enhanced ability to cross the blood-brain barrier, enter
brain cells, and insert into the NE (87). This was inter-
preted as functional replacement of the missing nuclear
GM1 in the mutant cells with activation of the subnormally
active nuclear NCX. LIGA-20 also reversed the kainite-
induced apoptosis observed in the CA3 region of the hip-
pocampus. The fact that exogenous gangliosides also exert

multimodal neurotrophic effects at the plasma membrane
(89) suggests the benefits incurred by LIGA-20 in this
model may not be limited to the nucleus. A more detailed
description of nuclear gangliosides and the cytoprotective
role of GMI are given in a recent review (90).

As counterpoint to the cytoprotective benefit in posses-
sing the nuclear NCX-GM1 complex, it is worth consider-
ing the functional advantage that may accrue with absence
of this mechanism in certain normal cells. During develop-
ment of the nervous system, for example, the importance
of programmed cell death as a universal feature of em-
bryonic and postnatal neuroproliferative regions has been
well established (91, 92), and the absence of nuclear GM1
at these early stages prior to neuronal differentiation
(93) may be a factor rendering such cells vulnerable to
programmed cell death. This might also pertain to the
subpopulation of lymphocytes lacking the NCX/GM1 com-
plex in the NE, analogous to Jurkat T cells (75). Calcium
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signaling in T cells is recognized as highly complex, Ca’"
entry being long-lasting and necessary for T-cell function
(94, 95). It is necessary that immune effector cells disap-
pear after eliminating foreign antigens, and the mecha-
nism for this is unknown. One proposal is that return of
the immune system to rest is mainly due to programmed
cell death of activated lymphocytes (96). It remains to be
determined whether such lymphocytes are among those
shown to lack nuclear NCX/GM1 (75). To further specu-
late, absence of this complex in the NE might also be a
factor in maintaining unresponsiveness or tolerance to
self-antigens.

Most studies of nuclear glycosphingolipids have dealt
with gangliosides; other categories such as neutral glyco-
sphingolipids and sulfated species remain relatively un-
explored. Indirect evidence has suggested the possible
presence of globotriaosyl CER (Gbs; Fig. 5) in the NE of
human astrocytoma and ovarian carcinoma cell lines,
functioning as receptor for the B subunit of verotoxin/
shigatoxin (97-99). This is based on the observation that
intracellular targeting of the toxin following endocytosis
was directed to ER and the perinuclear region, thus defin-
ing a new retrograde transport pathway from cell surface
to nucleus. Interestingly, this targeting appeared depen-
dent on fatty acid composition of the CER unit (97). This
has been proposed as the basis for an improved method
to effect nuclear targeting of exogeneous DNA in Gbs-
positive cells (100). A systematic exploration of neutral
glycosphingolipids as well as other types of acidic glycolipids
in the nucleus would appear warranted at this juncture. B

This review is derived in large part, with revisions and updating,
from a recent review by the authors of Ref. 101. Figures from
the latter have been utilized with permission from Elsevier.
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