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Neuro-2a neuroblastoma cells can be stimulated to extend 
neurites with a number of agents, one of which, neuramin- 
idase, induces terminal differentiation by a mechanism in- 
volving enhanced Ca2+ influx. Permeabilization of such dif- 
ferentiated cells with saponin and treatment with cholera 
toxin B subunit linked to horseradish peroxidase revealed 
intense staining of the nuclear membrane, indicating the 
presence of GM1 ganglioside. Unstimulated cells had bare- 
ly detectable levels of nuclear GMI. Nuclei isolated by su- 
crose density gradient centrifugation similarly showed in- 
tense staining with fluorescently labeled cholera toxin B 
subunit, in contrast to nuclei from undifferentiated con- 
trols. Treatment with chloroform-methanol removed most 
of the fluorogenic material. Chemical analysis of such nu- 
clei from neuraminidase-treated cells confirmed significant 
elevation of GM1 above control levels, along with virtual 
absence of markers for plasma membrane and Golgi ap- 
paratus. Cerebellar granule cells from neonatal rats re- 
vealed a similar phenomenon following spontaneous neu- 
rite outgrowth in culture. 

[Key words: ganglioside GM1, nuclear membrane, neu- 
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Neurite outgrowth as a morphological expression of neuronal 
differentiation is a complex process involving several regulatory 
steps at the cell surface and various intracellular compartments. 
The gangliotetraose family of gangliosides, owing to their rapid 
accretion during that phase of development, has been postulated 
to have a role in neuritogenesis and possibly other phases of 
differentiation (Dreyfus et al., 1980; Ando, 1983; Ledeen, 1984; 
Yates, 1986; Skaper et al., 1989; Schengrund, 1990; Ledeen and 
Wu, 1992). Among the members of this sialoglycolipid family 
special interest has focused on GMl, the “parent” structure. 
Affinity-purified antibody to GM1 was reported to block, in a 
dose-dependent manner, NGF-induced sprouting of chick em- 
bryonic dorsal root ganglia (Schwartz and Spirman, 1982; Ro- 
isen et al., 1986; Spoerri et al., 1988). GM1 antibody also in- 
hibited neurite formation in the regenerating optic system of 
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goldfish when applied to retinal explants (Spirman et al., 1982) 
or injected in viva (Spirman et al., 1984). An endogenous inhib- 
itor of N-acetylgalactosaminyl transferase, the penultimate 
enzyme in GM1 biosynthesis, effectively inhibited neurite out- 

growth in cultured neurons from embryonic chicken retina (Qui- 
roga et al., 1990). 

Studies with neuroblastoma cells have also contributed to the 
concept of a role for GMI in differentiation. Comparison of 
several cell lines with differing capacities for neuritogenesis re- 
vealed correlation of that property with the cellular level of GMI 
(Wu et al., 1991). Cholera toxin B subunit (Ctx B) as well as 
affinity purified anti-GM1 antibody inhibited differentiation of 
Neuro-2a cells induced by a variety of agents, under conditions 
where antibody to GM2, a ganglioside on the Neuro-2a mem- 
brane (Wu et al., 1991), had virtually no effect (Wu et al., 
1994a). Treatment of Neuro-2a and two other neuroblastoma 
lines with neuraminidase (N’ase), an enzyme which increases 
cell surface GM1 through hydrolysis of oligosialo members of 
the gangliotetraose family, caused enhanced neurite outgrowth 
that was blocked by Ctx B (Wu and Ledeen, 199 I). Such dif- 
ferentiation was recently shown to be terminal (Wu et al., 
1994b). 

Implicit in virtually all such studies has been the assumption 
that the primary locus of GM 1 modulatory activity is the plasma 
membrane, consistent with evidence of enrichment of GMI (and 
glycolipids generally) in this membrane (Ledeen, 1978; Swee- 
ley, 1985; Yu and Saito, 1989). There is, however, growing in- 
dication of intracellular localization of glycolipids as well, the 
nature of which varies from cell to cell (Ledeen et al., 1988; 
Parkinson et al., 1989; van Genderen et al., 1991; Gillard et al., 
1993) and within a given cell according to its metabolic status 
(Morre et al., 1990). The neuronal nucleus has received little 
attention in that regard, and only a few reports have suggested 
the presence of gangliosides and/or other glycolipids in nuclei 
of other cells (Keenan et al., 1972; Critchley et al., 1973; Sy- 
mington et al., 1987; Matyas and Morrk, 1987). In our recent 
investigation of Neuro-2a cells undergoing N’ase-induced dif- 
ferentiation we observed rather pronounced staining of the nu- 
clear membrane with Ctx-B linked to horseradish peroxidase 
(Ctx B-HRP), suggestive of the presence of GMI (Wu et al., 
1994b). The present study confirms that finding with a combi- 
nation of biochemical and cytochemical methods, and reveals a 
similar phenomenon in cerebellar granule cells undergoing dif- 
ferentiation in culture. 

Materials and Methods 
Muterids. The following items were purchased from the sources indi- 
cated: minimum Eagle’s medium (MEM), Dulbecco’s modilied Eagle’s 
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medium (DMEM), heat inactivated fetal bovine serum (FBS), and an- 
tibiotics, GIBCO (Grand Island, NY); tissue culture plasticware, Falcon 
Labware, VWR Scientific (Piscataway, NJ); Ctx B-HRP and Ctx 
B-FITC, List Biological Labs (Campfell, CA); UDP-‘H-galactose, Du 
Pont-New England Nuclear (Boston, MA); ‘H-adenosine 5’.monophos- 
phate, Amersham (Arlington Heights, IL); Serocluster 96-well E/A mi- 
crotiter polystyrene plates, Costar (Cambridge, MA); high-performance 
thin-layer chromatography (HPTLC), silica gel 60 plates, aluminum 
backed, EM Science (Cherry Hill, NJ); neuraminidase, type V from 
Clostridium pe@ingens (N’ase) and from Arthrobacter ureafaciens, 
and other chemicals, Sigma (St. Louis, MO). 

Cell culture. Neuro-?a mouse neuroblastoma cells (American Type 
Culture Collection. CCL1 3 I. Rockville. MD) was subcloned in this lab- 
oratory. One subclone (W28) which proved more uniformly responsive 
to N’ase treatment with respect to neurite outgrowth was used through- 
out the study. Cells were routinely cultured in DMEM supplemented 
with 10% FBS, 50 U/ml penicillin, 50 p,g/ml streptomycin, and 50 kg/ 
ml gentamicin in Falcon 25 cm’ flasks in an incubator with 5% CO,/ 
95% humidified air at 37°C. Cells were passaged every 2-3 d. For 
cytochemical studies, cells were seeded on glass coverslips placed in 
six-well plates (4 X IO4 cells/2 ml/well) and incubated overnight in the 
above medium. They were treated with N’ase (C. perfringens or A. 
urrufuciem, 0.2 U/ml) for 2-3 d and fixed with 4% paraformaldehyde 
in phosphate-buffered saline (PBS) (pH 7.2) for 15-30 min. The fixed 
cells were stored at 4°C until cytochemical staining was performed. 

Cerebellar granule cells were dissociated from brains of 6-7 d old 
Sprague-Dawley rats as previously described (BalBzs et al., 1990). Brief- 
ly, following removal of meninges the cerebellum was chopped to I 
mm’ cubes and digested with 0.025% trypsin in Ca’+/Mg*+-free PBS 
(pH 7.2) at 37°C for 30 min. Cells were further dissociated by gentle 
pipetting and filtered through 80 p.m Nitex mesh. The cell suspension 
was underlaid with 4% BSA and centrifuged at 800 X g for 5 min. The 
resulting pellet was suspended with MEM supplemented with 10% FBS 
and 25 mM KCI, 50 U/ml penicillin, 50 kg/ml streptomycin, and 50 
pg/ml gentamicin, then seeded at a density of 2 X 10S/cm? onto poly- 
L-lysine precoated cover slides placed in Falcon tissue culture multiwell 
plates. Following incubation overnight at 37°C in 5% CO,, 95% hu- 
midified air, the cells were treated with 20 FM Ara-C and cultured for 
6 d. They were fixed with 4% paraformaldehyde in PBS for 15 min at 
room temp and then stored at 4°C for subsequent cytochemical staining. 

Cytochernistry. All steps were carried out at room temp. the same 
procedure being applied to Neuro-2a (W28) and cerebellar granule cells. 
The fixed cells were washed three times (5 min/wash) with 50 mM 
ammonium chloride in PBS. After 30 min incubation with 0.25% H,O,, 
the cells were permeabilized with 0.2% saponin in PBS for 2 hr. They 
were then overlaid with Ctx B-HRP (I .5 kg Ctx B equivalent/ml) in 
PBS containing 2% bovine serum albumin (BSA) and 0.2% saponin 
and incubated overnight in a moist chamber. The negative control was 
Ctx B-HRP preabsorbed for 30 min with GMI (200 kg/ml). After re- 
moval of Ctx B-HRP, the cells were postfixed for IO min with 4% 
paraformaldehyde plus 0.5% glutaraldehyde in PBS. HRP reaction was 
carried out l-2 min with diaminobenzidine (DAB) as substrate (0.03% 
in PBS plus 0.12% HzOz). The cells were washed two or three times 
with PBS after each step. Finally they were dehydrated in ethanol and 
xylene, mounted with Fisher Permount, viewed and photographed with 
a Nikon Diaphot microscope equipped with oil immersion lens: 60X 
and 100X objectives for Neuro-2a and cerebellar granule cells, respec- 
tively. 

Freshly isolated nuclei (see below) were fixed with cold 4% parafor- 
maldehyde for 30 min at 4°C and the suspension applied to poly-L- 
lysine precoated glass slides. Following incubation for 30-60 min at 
room temp for attachment of nuclei, the latter were rinsed with PBS 
and exposed to Ctx B-FITC (1.5 pg Ctx B equivalent/ml) in 2% BSA/ 
PBS at room temp I hr. The mixture was removed, the nuclei washed 
with PBS and mounted in glycerol-water (l:l, v/v). To distinguish be- 
tween glycolipid versus glycoprotein receptor for Ctx B, part of the 
preparation was immersed in chloroform-methanol (I : I, v/v) at room 
temperature for I5 min followed by staining with Ctx B-HRP and mi- 
croscope examination as above. 

Isolation c$ nuclei. Nuclei from Neuro-2a (W28) cells were isolated 
as previously described (Block et al., 1992; Koppler et al., 1993). All 
operations were carried out at 4°C. After 2-3 d bf N’ase treatment, the 
cells were rinsed twice with PBS and auicklv frozen at -70°C for 2 hr. 
They were thawed on ice, scraped and’collected in a minimum amount 
of TMD buffer consisting of 20 mM Tris-HCl (pH 7.5), I mM MgCl,, 

and I mM dithiothreitol. In a typical preparation, cells from 20 Falcon 
l5-cm (diam.) dishes were collected in each group (N’ase-treated and 
untreated). The cell suspension in TMD buffer (approximately 80 ml) 
was divided into two or three portions and subject to three up-down 
strokes in a Dounce homogenizer with tight-fitting pestle. The homog- 
enate was centrifuged at 800 X g for IO min, and the pellet was ho- 
mogenized with 12 ml of I .2 M sucrose in TMD buffer (3 strokes), then 
mixed with 22 ml of 2.4 M sucrose in TMD buffer (final sucrose = 2.0 
M) and homogenized with a loose-fitting pestle (3 strokes). The sample 
was poured into 40 ml Beckman polyallomer centrifuge tubes and cen- 
trifuged 20 min at 100,000 X g in a Beckman SW28 rotor. The resulting 
“mixed membrane” fraction (Golgi apparatus, ER, plasma membrane, 
etc.) occurring as a top layer was collected, washed twice with TMD, 
suspended in the latter and centrifuged at 1000 X g for IO min; it was 
briefly stored as a pellet at -20°C prior to marker enzyme assay (see 
below). The nuclear pellet was homogenized in 18 ml of TMD buffer 
containing 0.32 M sucrose in a Dounce homogenizer with tight-fitting 
pestle (four to six strokes). The homogenate was overlaid on I8 ml of 
2.2 M sucrose in TMD buffer in 40 ml polyallomer centrifuge tubes, 
and centrifuged at 100,000 X g for 20 min. Finally, the nuclear pellet 
was washed twice with PBS, resuspended in 20 volumes of TMD buffer, 
centrifuged at 1000 X R for 10 min, and a portion stored at -20°C for 
enzyme assay. Another portion was used for ganglioside extraction (see 
below). 

Enzyme assays. Analysis of marker enzymes were carried out on the 
purified nuclei as well as the “mixed membrane” fraction obtained 
during the course of isolation (see above). The samples were resus- 
pended in TMD buffer containing 0.25 M sucrose and 0.1% Triton 
X-100. The Golgi marker, UDP-galactose:N-acetylglucosamine galac- 
tosyltransferase was analyzed according to Fleischer and Smigel (I 978) 
employing UDP-‘H-galactose and N-acetylgalactosamine as substrates; 
the ‘H-N-acetyllactosamine product was separated from the starting ma- 
terial with a Dowex 2X8 column. The other Golgi marker, cy-mannos- 
idase II, was assayed according to Storrie and Madden (1990) with 
4-methylumbelliferyl-a-D-mannopyranoside as substrate; the resulting 
chromophore was measured spectrofluorometrically at 448 nm emis- 
sion, 364 nm excitation wavelength. The plasma membrane marker, 5’- 
nucleotidase, was assayed according to 0~01s (1990), with ‘H-adenosine 
5’-monophosphate as substrate; the liberated ZH-adenosine was separat- 
ed from starting material by anion exchange chromatography. The ER 
marker, NADH-cytochrome c reductase, was measured according to 
Fleischer (1981) with ferricytochrome c as substrate; the resulting fer- 
rocytochrome c was measure spectrophotometrically at 550.5 nm. All 
assays were normalized to protein content, assayed by the method of 
Lowry et al. (1951). 

Ganglioside isolation and assay. Pellets of purified nuclei in glass 
tubes were treated with 10 volumes (<3 ml) of chloroform-methanol 
(1: 1, v/v), sonicated and vortexed intermittently over a 2-3 hr period, 
and centrifuged to remove insoluble material. The supernatant was treat- 
ed with concentrated HCI (final concentration = 0. I N HCI) and a trace 
of “H-GM1 for calculation of recovery. This was applied to a Sephadex 
LH-20 column and carried through the isolation procedure previously 
described (Byrne et al., 1985). GMI was quantified by Ctx B-HRP 
spectrophotometric assay employing 96 well polystyrene microtiter 
plates as described (Wu and Ledeen, 1988), with the modification that 
assayed gangliosides were dissolved in ethanol/saline ( I : I, v/v) before 
applying to the plate (giving increased adsorption). Total gangliotetraose 
content was quantified by the same procedure with an additional N’ase 
treatment step. Gangliotetraose ganglioside patterns were revealed by 
HPTLC overlay on aluminum-backed strips subjected to N’ase treat- 
ment and Ctx B-HRP reaction (Wu and Ledeen, 1988). 

Results 

A subclone of Neuro-2a cells (W28), prepared in our laboratory, 
was employed in these studies because of its superior neurito- 
genie response to bacterial N’ase (from C. perfringens). One 
group of cells grown in the presence of this enzyme for a period 
of 2-3 d showed prolific outgrowth of neurites (Fig. I) concom- 
itant with increase of GM1 on the cell surface (Fig. 2). Control 
cells (untreated with N’ase) show few neurites and only limited 
reaction with Ctx B-FITC (Wu and Ledeen, 1991). We previ- 
ously presented evidence that it is GMI increase on the cell 
surface which initially drives neuritogenesis in this system, 
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Figure I. Comparison of neuraminidase effects. Phase contrast micrographs of Neuro-2a (W28) cells treated with neuraminidase from Closrridium 
perfringens (B) and Arfhrobncter ureufuciens (C), each for a period of 3 d in DMEM with 10% FBS. A depicts cells grown under the same 
conditions without enzyme. Scale bar, 100 pm. 

based on blockage of the morphological and Ca*+ changes by 
Ctx B and anti-GM1 antibody (Wu and Ledeen, 1991). Addi- 
tional proof was obtained in the present study by treating the 
cells with Arthrobacter ureafaciens neuraminidase, an enzyme 
that removes sialic acid from all glycoconjugates-including 
GMl. Neuro-2a (W28) cells treated in this manner did not ac- 
cumulate GM1 on the surface (Fig. 2) and failed to extend neu- 
rites (Fig. 1), despite the other changes in common with those 
induced by C, perfringens N’ase. The latter enzyme did elevate 
GM1 at the expense of other gangliotetraose gangliosides, as 
seen in TLC analysis (see below) and cell surface staining with 
Ctx B conjugated to fluorescein isothiocyanate (FITC) (Fig. 2). 

To examine intracellular changes, Neuro-2a (W28) cells were 
grown for 2 d in the presence of N’ase (C. perfringens), fixed 
in paraformaldehyde, and treated overnight with saponin plus 
Ctx B-HRP After postfixation and brief treatment with diami- 
nobenzidine (DAB) plus H,O,, light microscopy revealed pro- 
nounced staining of the nuclear envelope (Fig. 3A,B). In con- 
trast, Neuro-2a cells subjected to the same treatment, but without 
prior exposure to N’ase, showed only faint staining of the nu- 
clear envelope (Fig. 3C). Staining of the Golgi apparatus and 
plasma membrane were also evident, these structures being more 
intensely stained in the differentiated cells, The plasma mem- 
brane showed even more intense staining when brought more 
clearly into focus (not shown). A control experiment, in which 
N’ase-treated cells were exposed to Ctx B-HRP that was prein- 
cubated with an excess of GMl, revealed no staining (Fig. 30). 

Nuclei isolated from N’ase-treated cells stained positively 
with Ctx B-FITC (Fig. 4C,D), compared to nuclei from untreat- 
ed cells which stained very little (Fig. 4A,B). Treatment of such 
nuclei with chloroform/methanol removed most of the fluoro- 
genie material (Fig. 4E,F), thus supporting a lipid acceptor for 
the Ctx B reagent. Thin-layer chromatography (TLC) confirmed 
the presence of GM1 or a closely related structure (see below). 

Biochemical analysis of isolated nuclei from N’ase-treated 
Neuro-2a (W28) cells, employing microtiter plate picomolar as- 
say with Ctx B-HRP (Wu and Ledeen, 1988), revealed an ap- 
preciable level of GM1 that was approximately 5X higher than 
control nuclei from untreated cells (Table 1). Gangliotetraose 
ganglioside content, analyzed by a similar method which in- 

cluded N’ase conversion of oligosialo structures to GMI, was 
also elevated but by a smaller percentage. Most of this change 
in total gangliotetraose level could be accounted for by the el- 
evated GMl, indicating some specificity in the enhanced gan- 
glioside expression. These values are corrected for recovery, 
based on measurement of remaining ‘H-GM 1 following addition 
of tracer prior to isolation. Purity of the isolated nuclei was 
assessed by assay of marker enzymes for the two principal re- 
positories of GMl, the Golgi apparatus and plasma membrane 
(Table 2). Both were essentially negative, in an absolute sense 
and in comparison with a mixed membrane fraction obtained in 
the course of nuclei isolation. The marker for endoplasmic re- 
ticulum (ER) revealed a low level of activity as expected, con- 
sidering the continuity between that double membrane structure 
and the nuclear envelope. 

Thin-layer chromatography of gangliosides from the isolated 
nuclei, employing the Ctx B-HRP overlay method with on-the- 
plate N’ase treatment (Wu and Ledeen, 1988), revealed the pres- 
ence of the four major gangliotetraose gangliosides in nuclei of 
both N’ase-treated and untreated cells (Fig. 5). Application of 
ganglioside quantities representing equivalent nuclear protein 
from these two samples revealed substantial increase in GM 1, 
consonant with the results of microtiter assay, but relatively little 
change in the other species. For comparison the TLC patterns 
of whole cells are also shown, demonstrating conversion of the 
oligosialo members of the gangliotetraose family to GM1 by 
N’ase. 

Finally, when primary cultures of cerebellar granule cells 
were subjected to similar treatment with Ctx B-HRP staining of 
the nuclear envelope was evident (Fig. 3E-H). This applied to 
cells that were cultured for 7 d and had spontaneously differ- 
entiated. Cerebellar granule cells after only 2 d in vitro showed 
little if any nuclear staining (not shown). 

Discussion 

Transformed cell lines, such as neuroblastoma and pheochrom- 
ocytoma, have proved highly useful models for the study of 
neuronal differentiation owing to the diversity of phenotypes 
available and the possibilities inherent in cell culture manipu- 
lation. A further advantage which we have exploited in the pres- 
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Figure 2. Demonstration of neuraminidase-induced changes in GM1 on cell surface. Cells growing in plastic wells in DMEM with 10% FBS 
were treated with neuraminidase from C. perfringens (A, B) and A. ureufaciens (C, D) for 3 d. After fixing in paraformaldehyde, the cells were 
stained with Ctx B-FITC (B, D) and photographed with a fluorescent microscope. A and C depict the same cells in phase contrast. Scale bar, 100 

ent study is the relatively large quantities of cells that can be 
harvested for biochemical analyses. This has enabled us to dem- 
onstrate the presence of small but measurable amounts of GM1 
ganglioside in the nuclei of undifferentiated Neuro-2a cells, and 
several-fold increase of this ganglioside upon induction of neu- 
ritogenesis by N’ase (from C. pe@ingens). The prolific neurite 
outgrowth resulting from this treatment has been attributed to 
GM1 elevation on the cell surface, as evidenced in blockage of 
the morphological change as well as the accompanying Ca*+ 
influx by Ctx B and anti-GM1 antibody (Wu and Ledeen, 1991). 
Support for this interpretation derives from the present finding 
that Arthrubacter ureafaciens neuraminidase did not induce dif- 
ferentiation in the Neuro-2a system, attributed to the fact that 
this enzyme removes sialic acid from all glycoconjugates-in- 
eluding GMl. This enzyme thus produces the opposite effect 
from C. perfringens N’ase in relation to surface GM 1, but sim- 
ilar changes otherwise. Taken together, these findings strongly 
suggest that elevation of endogenous GM1 on the plasma mem- 
brane is the primary cause of neurite extension in this system, 
irrespective of other alterations induced by N’ase. This may rep- 
licate a key event in normal neuronal differentiation, namely, 
upregulation of surface GMl, and this in turn is thought to in- 
fluence neurite extension through Cal+ modulation (see below). 

A crucial point in regard to the biological relevance of this 
model is that a significant portion of the cells subjected to pro- 
longed N’ase treatment give rise to stable neurites which persist 
for a period of days following removal of the enzyme (Wu et al., 

1994b). This is in contrast to other neuritogenic agents, such as 
dibutyryl CAMP, which induce neurites that retract following 
washout; it is perhaps significant that the latter agents do not cause 

elevation of nuclear GM1 (Wu et al., unpublished observations). 
Biochemical data further indicated relative selectivity in gan- 

glioside increase, since the increase in total gangliotetraose gan- 
gliosides of the nucleus could be largely, if not wholly, account- 
ed for by GMl. The fact that the oligosialogangliosides (e.g., 
GDla, CD1 b, CT1 b) showed relatively little change in the nu- 
cleus (Fig. 5) indicates that (1) the applied N’ase did not pen- 
etrate into the cell to act directly on the nucleus, and (2) the 
elevated GM1 detected in the nuclear fraction did not represent 
plasma membrane contaminants, which would have lost oligo- 
sialogangliosides through reaction with N’ase (compare Figs. 2, 
5). Rather, it likely arose through upregulation of GM1 synthe- 
sis, presumably in the Golgi apparatus, from which it was trans- 
located to the nucleus (see below). However, these and other 
aspects of mechanism remain to be elucidated. Gangliosides oth- 
er than the gangliotetraose type (e.g., GM2, GM3) predominate 
in whole Neuro-2a cells (Wu et al., 1991) and are possibly pres- 
ent in nuclei as well, but have not yet been determined. 

Obtaining pure nuclei required careful adherence to the de- 
scribed protocol, including use of a Dounce homogenizer with 
loose- and tight-fitting pestles at appropriate stages. By this means 
the ganglioside contents of control and stimulated nuclei shown 
in Table 1 were reproducibly obtained; we have found that the 
higher values resulting from less stringent procedures were re- 
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Frguvr 3. Cytochemlcal evidence ot nuclear GMl. Neuro-2a (W28) cells cultured in DMEM/IO% FBS were treated with N’ase for 2 d (A, B) or 
maintained a\ undifferentiated cells without N’ase (C). They were fixed and treated with Ctx B-HKP in PBS containing BSA and \aponin. Exposure 
of N’ase-treated cells to Ctx B-HRP that had been preincubated with excess GM I revealed no stammg (D). Cerebellar granule cells from neonatal 
rat brain, after culturmg 6 d In MEM/IO% FBS with 25 mM K’, were fixed and stained in the jame manner (E-H). Arro~~hwc/.~ Indicate stained 
nuclear membranes; UYYOVVJ. plasma membranes. Scale bars. 30 km. 

duced to those in Table I by treatment of such isolated nuclei (Table 2). The presence of low but detectable NADH-cytochrome 
with mild detergent (not shown: cf. Holtzman et al., 1966; Storrie c reductase, representing ER, is consistent with the morphological 
and Madden, 1990). Additional evidence that the double gradient origin of the nuclear envelope (Dingwall and Laskey, I9Y2). GM I 
method of isolation employed here yielded nuclei of high purity was shown to be absent from ER in epithelial (Pat-ton. 1994) and 
was provided by the virtual absence of relevant marker enzymes liver cells (Matyas and Morr6, 1987). 
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Figure 4. Ctx B-FITC staining of isolated nuclei. Nuclei were isolated from Neuro-2a (W28) cells treated with N’ase for 2 d (C-F) or medium 
only (A, B). After fixing and attachment to polylysine-coated glass slides, they were stained with Ctx B-FITC and examined by phase contrast (A, 
C, E) and fluorescent (B, D, F) microscopy. The nuclei in E/F were extracted with chloroform-methanol prior to staining. Scale bar, 30 pm. 

The cytochemical studies described here (Fig. 3) provide ad- 
ditional evidence for the presence of GM1 in the Neuro-2a nu- 
cleus and show it to be localized in the nuclear envelope. They 
also support in qualitative terms the biochemical finding of sub- 
stantial differences between nuclei of quiescent and differenti- 
ating cells. Nuclei isolated from N’ase-treated cells showed in- 
tense fluorescence when treated with Ctx B-FITC (Fig. 4), in 
contrast to nuclei from unstimulated cells which showed rela- 
tively little fluorescence. The possibility that GM1 was acquired 
adventitiously during nuclei isolation was precluded by the ob- 
served nuclear staining of whole cells treated with Ctx B-HRP 
following permeabilization with saponin. In any population of 
N’ase-treated cells, those which had differentiated (usually a ma- 
jority with the W28 clone) showed the intense nuclear staining 
depicted in Figure 3, whereas those which did not differentiate 
(generally a minority) showed only the low levels of control 
cells. This observation, together with the enhanced expression 
of GM1 on the nuclear membrane of cerebellar granule cells, 
would preclude the possibility that the elevated GM1 derived 
from an outside source (e.g., serum) which might have entered 
the cell during N’ase treatment. Nuclear staining was also seen 
occasionally in untreated cells, especially those which had dif- 
ferentiated spontaneously (not shown). Uncloned Neuro-2a cells 
(from the American Type Culture Collection) gave essentially 

Table 1. Gangliosides in isolated nuclei of Neuro-2a cells 

Ganglio- 
Treatment n GM1 tetraose 

Control 3 10.4 -I 3.4 22.5 + 3.7 

N’ase 3 52.5 ? 6.8 72.6 + 10.7 

p < 0.001 p < 0.01 

Gangliosides were extracted from isolated nuclei and purified as described. 
GM I and total gangliotetraose gangliosides were quantified by the Ctx B-HRP 
microtiter plate assay (Wu and Ledeen, 1988). Values are mean f SD pmol/ 
mg protein. 

the same results as the W28 clone, except that a lower percent- 
age of cells differentiated under the influence of N’ase. 

The high Lffinity and specificity with which Ctx B binds to 
GM1 (Fishman, 1982) makes it an ideal reagent, when suitably 
conjugated, for cytochemical detection and localization of this 
(or a closely related) ganglioside. Elimination of most staining 
of isolated nuclei by extraction with chloroform-methanol (Fig. 
4) confirmed that binding of Ctx B was to lipid rather than a 
membrane protein with similar oligosaccharide chain. Since cer- 
tain gangliosides with structural similarity to GM1 also serve as 
receptors for Ctx B (e.g., Masserini et al., 1992), cytochemical 
evidence alone is not sufficient proof of GMl. The TLC evi- 
dence would tend to support GM1 as the receptor molecule in 
Neuro-2a nuclei, but the diffuseness of the “GM1 ” band on 
TLC overlay (Fig. 5) points to the need for rigorous structure 
determination. 

Freeze-substituted postembedding Ctx B-immunogold elec- 
tron microscopy applied to mouse intestinal epithelial cells re- 
vealed significant binding of Ctx B to the plasma membrane and 
heterochromatin of the nucleus (Parkinson et al., 1989), while 
recent application of similar methodology to A43 1 cells showed 
GM1 to be present in endocytic vesicles, the truns-Golgi net- 
work, and the caveolae of the plasma membrane (Parton, 1994). 
Nuclear staining was not mentioned in the latter study, nor was 
there evidence of ER staining. Electron microscope autoradiog- 
raphy applied to quiescent Neuro-2a cells revealed GM1 local- 
ization in the plasma membrane, lysosomes, and vesicles of the 
truns-Golgi following endocytosis (Gonatas et al., 1983). The 
Golgi apparatus was well stained in our Neuro-‘La preparations, 
and showed qualitative evidence of elevated GM1 in the N’ase- 
treated cells (Fig. 3). Considering that the rrans-Golgi network 
is the site of GM1 synthesis (van Echten and Sandhoff, 1993; 
Rosenwald et al., 1992), upregulation in this organelle would be 
consistent with the increased demand for GM1 during differ- 
entiation, reflected in the elevated levels of the nuclear-as well 
as plasma membrane (Wu et al., 1994b). 
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Table 2. Marker enzyme assays in nuclei of Neuro-2a cells 

Enzymes Mixed membrane Nuclei 

Golgi apparatus 
o-Mannosidase 

(fluores. units/kg prot./min) 159 -c 12(4) 1.26 k 0.4 (3) 
Galatosyltransferase 

(dpm/mg prot./min) 2900 -+ 566 (4) 0 (3) 
Endoplasmic reticulum 

NADH-cytochrome c reductase 
(absorp. units/mg prot./min) 0.258 -c 0.073 (4) 0.0047 + 0.0045 (4) 

Plasma membrane 
5’-Nucleotidase 

(dpm/mg prot./min) 666.5 c 89 (3) 0 (3) 

n 1s mdrcated by numbers m parentheses. The “mrxed membrane” fraction was obtained as the top layer followmg 
the first sucrose centrifugation (see Materials and Methods). Values are mean 2 SD. 
(I UDP-galactose:N-acetylglucosamine galatosyltransferase. 

The Ctx B-HRP method applied to cerebellar granule cells in 
the present study established the presence of GM1 (or closely 
related molecule) in the nuclear envelope of these cells follow- 
ing 6 d in culture. It was significant to note that these cells had 
undergone spontaneous differentiation (without N’ase treat- 

whole Cell: 

GM1 - 

GDla- 

GDlb- 

GTlh- 

Nlrclei : 

GMl- i 

GDla- 4 

GDlb- 

GTlb- 

Std Cntl N’ase Std 

Figure 5. HPTLC of gangliotetraose gangliosides following N’ase 
treatment. Gangliosides were extracted from purified nuclei isolated 
from N’ase-treated and control (untreated) Neuro-2a (W28) cells, and 
subjected to thin layer chromatography. The separated gangliosides 
were reacted on the plate with N’ase followed by overlay with Ctx 
B-HRP Similar treatment was accorded gangliosides from whole cells. 
N’ase and control samples represent equivalent amounts of protein. 
Whereas most of the gangliotetraose gangliosides of whole cells were 
converted by N’ase to GM 1, this was not true for nuclei which retained 
the original pattern of oligosialogangliosides following N’ase treatment 
and showed significant elevation of GM1 

ment), suggesting that upregulation of nuclear GM1 may be a 
common feature of CNS neurons during neurite extension. Fur- 
ther study is needed to determine the generality of the phenom- 
enon as well as the timing of appearance (and possibly disap- 
pearance) of nuclear GM1 . Our preliminary observation has in- 
dicated little or no nuclear staining of cerebellar granule cells 
with Ctx B-HRP at an earlier stage of development (e.g., 2-3 d 
in vitro). 

The functional role of GM1 in the nuclear membrane, open 
to speculation, might be expected to bear some similarity to its 
role in the plasma membrane, shown to include a multiplicity 
of functions involving modulation of receptors, enzymes, ion 
channels, and various other membrane proteins (Skaper et al., 
1989; Hakomori, 1990; Ledeen and Wu, 1992). Modulation of 
Ca2+ flux by endogenous GM1 has received growing attention 
owing to several recent studies demonstrating diverse manifes- 
tations of this behavior in neural and other cells (Spiegel and 
Fishman, 1987; Wu and Ledeen, 1991; Hillbush and Levine, 
1992; Wu and Ledeen, 1994; Carlson et al., 1994). Modulation 
of T-type Ca2+ channels by GM1 was indicated in Neuro-2a 
cells (Wu and Ledeen, 1994) while L-type channel modulation 
was observed in N18 (Carlson et al., 1994), PC12 (Hilbush and 
Levine, 1992), and cerebellar granule cells (Wu and Ledeen, 
unpublished observations). Consideration of those findings in 
relation to the role of intranuclear Ca*+ signaling in neuronal 
development and regeneration (Holliday et al., 1991; Birch et 
al., 1992; Utzschneider et al., 1994) suggests that modulation of 
nuclear Ca2+ during the critical phase of neuritogenesis may be 
one of the functions of GM1 in the nuclear membrane. It was 
previously noted that N’ase-induced differentiation, which is 
Caz+-dependent and results in Ca2+ influx (Wu and Ledeen, 
1991), is fundamentally different from neuritogenesis induced 
by retinoic acid and dibutyryl CAMP, neither of which depends 
on extracellular CaZ+ (Wu et al., 1990); this may correlate with 
the fact that N’ase treatment, unlike the others, leads to enhanced 
expression of nuclear GM1 along with terminal differentiation. 
Elucidation of the functional role will be assisted by precise 
localization of GM1 (or related structure) within the morpho- 
logically complex nuclear envelope and may require consider- 
ation of other signaling mechanisms as well. 
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