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Ganglioside-Enhanced Neurite Growth: Evidence for a Selective 
Induction of High-Molecular-Weight MAP-2 
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Neuroblastoma cells maintained in serum-free medium ex- 
hibit a significant induction of MAP-l a and Tau proteins, but 
not MAP-2; the time course of these inductions is highly 
correlated with an increase in microtubule mass which par- 
allels neurite growth. Bovine brain gangliosides (BBG) en- 
hance the neurite outgrowth response of these cells. We 
report here that one effect of gangliosides is the selective 
and dramatic induction of MAP-2 expression. Our results 
also indicate a strong parallelism between this induction and 
the increase in microtubule mass which accompanies the 
appearance of more numerous, longer, and highly branched 
neurites. These observations suggest that MAP-2 induction 
in neuroblastoma cells may lead to a further differentiation 
of neurites equivalent to that observed in mature brain neu- 
rons. Finally, our results indicate that gangliosides per se 
are not neuritogenic factors but rather substances capable 
of enhancing cell-derived influences which affect the neurite 
outgrowth response of neuroblastoma cells and the type of 
MAP that they express. 

Gangliosides are glycosphyngolipids which are integral com- 
ponents of neuronal membranes and seem to have a prominent 
role as regulators of neurite development and repair. Thus, sev- 
eral studies have demonstrated that the ganglioside composition 
of brain cells changes during development (Willinger and 
Schachner, 1980; Koulakoff et al., 1983; Matta et al., 1986; 
Maccioni et al., 1988; Gravotta et al., 1989) and after injury 
(Robb and Keynes, 1984), and that exogenously administered 
gangliosides are able to dramatically enhance neurite outgrowth 
in vitro (Byrne et al., 1983; Ferrari et al., 1983; Facci et al., 
1984; Katoh-Semba et al., 1984; Skaper et al., 1985; Leon et 
al., 1988) and nerve regeneration in vivo (Gorio et al., 1980, 
1983; Robb and Keynes, 1984; Sbasching-Agler et al., 1984). 
The mechanisms underlying these growth responses are there- 
fore of considerable interest; unfortunately, little information 
exists regarding the elements of the neuron modified by gan- 
gliosides during neurite extension nor the way in which these 
modifications are brought about. 
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Since microtubule formation is one of the key events during 
neurite elongation both during development (Barlett and Bank- 
er, 1984; Drubin et al., 1985; Caceres et al., 1986; Jacobs and 
Stevens, 1986) and repair (Hoffman and Lasek, 1980; Lasek, 
198 1; Busciglio et al., 1987), it may well be that gangliosides 
exert their action modifying and/or enhancing the expression 
of microtubule-associated proteins, MAPS (Matus, 1988) known 
to regulate tubulin polymerization and microtubule stability 
during nerve cell differentiation and process extension (Greene 
et al., 1983; Drubinet al., 1985, 1988; Blacket al., 1986; Couchie 
et al., 1986; Brugg and Matus, 1988). 

Therefore, in the present study we have used cultures of neu- 
roblastoma cells to analyze the relationship between microtu- 
bule formation and neurite extension after ganglioside treat- 
ment. In addition, we have correlated both of these events with 
the time course of expression, levels, and distribution of MAP- 
la, HMW-MAP2, and Tau proteins. We report here that ex- 
ogenously supplied gangliosides selectively and dramatically en- 
hance the expression of MAP-2, a protein normally present at 
very low levels in neuroblastoma cells. Our results also indicate 
a strong parallelism between this induction and the increase in 
microtubule mass which accompanies the enhanced neurite out- 
growth response of ganglioside-treated cells. 

Materials and Methods 
Cell cultures. Neuroblastoma cells (N 115 or S 26 clones) were originally 
obtained from Dr. William Shayne (New York Health Center, Albany, 
NY). They were grown on RPM1 medium supplemented with 5% horse 
serum; cells were cultured in a humidified 37°C incubator with CO, 
atmosphere. Cells were plated onto poly-1-lysine-treated Aclar cover- 
slips at densities ranging from 1000 to 20,000 cells/cm. After plating 
they were maintained-inserum-free medium supplemented with the N2 
mixture of Bottenstein and Sato (1979). When appropriate, dibutyryl 
CAMP (dbcAMP) was added at 1 or 10 mM. Experimental cultures were 
treated with a mixture of bovine brain gangliosides (BBC) at concen- 
trations of 1. IO. or 100 us/ml (18% GMI. 44% GDla. 15% GDlb. 
20% GT; I&oratorios Beta, Argentina) or ‘l-10 &ml purified GMI 
(a gift from Dr. Federico Cumar, Department of Biological Chemistry, 
National University of Cordoba, Argentina). For some experiments, 
culture medium was replaced with fresh one containing 1 O-6 M colchi- 
tine; cells were then maintained in this medium for 3 or 6 hr. 

Mean total neuritic length of individual neurons was quantified on 
camera lucida drawings of cell cultures stained with a monoclonal an- 
tibody (mAb) that recognizes all P-tubulin isotypes, clone Tu9B (Caceres 
et al., 1986) using a semiautomatic image analyzer. The probability of 
branching, P(br), and the mean number of neuritic segments were de- 
termined as described by Caceres and Steward (1983). Immunocyto- 
chemistry was performed as reported elsewhere (Caceres et al., 1986). 

Microtubule protein level determination. Cytosolic or detergent-ex- 
tracted cytoskeletal fractions were prepared as described by Drubin et 
al. (1985) and the levels of several microtubular proteins (tubulin, 
acetylated a-tubulin, MAP-la, MAP-2, and Tau) were determined by 
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Table 1. Effect of gangliosides on the total neuritic length of neuroblastoma cells (S26 clone)” 
maintained in serum-free medium 

Type of treatment 

Time after plating (d) 

1 3 5 7 

- 48 + 4” 132 + 9 233 f  14 475 f  31 
dbcAMP (1 mM) 62 + 8 210 k 8 320 f  16 620 k 38 
BBG (10 rg/ml) 180 f  9 550 k 35 815 + 75 1420 * 84 
GM1 168 f  11 515 + 18 880 k 35 1250 + 75 

” A total of 25 cells was measured for each time point and experimental condition. 
fi Each value represents the mean f SEM. All values are expressed in Mm. 

dot immunobinding (Caceres et al., 1988) with mAbs (Ferreira and 
Caceres, 1989; Ferreira et al., 1989). Standard curves were constructed 
and the amount of each of the proteins analyzed in unknown samples 
was determined by extrapolation of the linear regions of the unknown 
to the linear proteins of the standards. 

For preparing cytosolic fractions, cultures were rinsed twice in warmed 
PBS and then scraped onto Laemmli reducing solution (Laemmli, 1970) 
and homogenized in a boiling water bath for 5 min. The homogenate 
was centrifuged at 33,000 rpm; the supematant was then removed and 
either used immediately or stored at -80°C. For preparing detergent- 
extracted cytoskeletons, cultures were rinsed twice in microtubule sta- 
bilizing buffer (MTSB: 0.13 M Hepes, pH 6.9, 2 mM MgCl,, 10 mM 
EGTA) and then extracted in the same buffer plus 0.2% Triton X- 100 
for 8 min (see also, Ferreira et al., 1989). After extraction, the coverslips 
were washed in MTSB and the detergent-extracted cytoskeletons scraped 
onto Laemmli reducing solution as described, this material was then 
centrifuged and the DNA-containing pellet removed. All buffers used 
for protein extractions contain 10 &ml aprotinin, 10 w&ml pepstatin, 
and 1 mM phenylmethylsulfonylfluoride. 

Results 
Neuroblastoma cells cultured in the presence of serum have a 
round morphology. When these cells are deprived of serum, 
they acquire morphological characteristics of neurons, extending 
several thick neurites (3-5 processes/cell) with few branches 
(Fig. 1; Tables 1,2). The addition of dbcAMP to the N2 mixture 
of Bottenstein and Sato (1979) results in a dose-dependent in- 
crease in neurite length, even though the morphology and 
branching pattern of the neurites do not change significantly 
(Tables 1, 2). 

On the contrary, the addition of a mixture of BBG to the 
culture medium results in a dramatic increase in neurite length, 
a phenomenon which is highly correlated with an increase in 
the number of neurite branches per cell; this effect, which be- 
comes evident 1 d after administration of gangliosides, is pre- 

ceded by the appearance of numerous, thin, spine-like projec- 
tions (Fig. 1; Tables 1, 2). After 5 d in vitro (5 DIV), both the 
length of the primary neuritic trunks and of the fine ramifications 
have also increased significantly. An enhanced neurite out- 
growth response is also observed after addition of GMl, but 
not of asialo-GMl, to the culture medium (Table 1). 

In control cells, polymeric tubulin increases significantly and 
in parallel with neurite length (Table 3); acetylated or colchicine- 
resistant microtubules begin to increase after the cells have de- 
veloped for 3 DIV; after that time, both microtubule mass and 
stable microtubules increase in parallel (Table 3). A significant 
induction in MAP-la is also observed during the in vitro de- 
velopment of neuroblastoma cells; the time course of this in- 
duction accompanies the increase in polymeric tubulin and neu- 
rite length. Tau protein levels also increase but with a time 
course similar to that of the induction of stable microtubules; 
besides, Tau binds preferentially to colchicine-resistant cyto- 
skeletons at all stages of development, as opposed to MAP- 1 a, 
which is initially associated with colchicine-labile microtubules 
(Table 3). A third well-known cofactor, MAP-2, is only slightly 
induced during the in vitro development of neuroblastoma cells 
(Table 3). The above described pattern is also observed after 
the addition of dbcAMP (Fig. 2) or a high dose of insulin (50 
&ml) to the serum-free medium (data not shown). 

Ganglioside-treated cells exhibit a similar induction profile 
in terms of MAP- 1 a and Tau proteins; however, the addition 
of these substances to the culture medium results in a dramatic 
induction of MAP-2 (Fig. 2, Table 3) a phenomenon which is 
accompanied by an increase in microtubule mass which parallels 
the enhanced neurite outgrowth response of these cells (Fig. 2). 
Immunocytochemical analysis of ganglioside-treated cells with 
mAbs that recognize high-molecular-weight MAP-2 (clones AP 

Table 2. Effect of gangliosides on the number of neurite segments and the probability of branching, 
P(br), of neuroblastoma cells (S26 clone) maintained in culture for 5 d in serum-free medium 

Treatment 

Order of neurite segments 

1st 2nd 3rd 4th 5th 

3.4 f  0.50 2.8 k 0.7 1.2 +- 0.4 0.5 * 0.3 0.5 +- 0.4 
- (0.4 l)h (0.18) (0.16) (0.16) t-1 
dbcAMP (1 mM) 4.6 + 0.4 3.4 + 0.8 2.4 f  0.8 1.5 * 0.5 0.7 * 0.3 

(0.45) (0.22) (0.20) (0.18) C-1 
BBG (10 rglml) 8.0 +I 0.5 11.4 f  1 12.5 + 0.8 14.4 f  0.6 22.1 + 0.7 

(0.64) (0.54) (0.67) (0.73) C-1 

” Each value represents the mean + SEM. 
” The number in parentheses represents P(br) for first-, second-, third-, and fourth-order neurites. These values were 
determined as described by Caceres and Steward (1983). 
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9 or AP 14) reveals strong immunoreactivity for this protein in 
the thick neuritic trunks and in the numerous and thin branches 
that they extend (Fig. 3); immunoreactivity is also detected in 
growth cones and spinelike projections (see Fig. 3. ID, 5). 

This pattern is not attributable solely to unbound MAP-2 
since immunoreactivity is retained in the neurites following 
extractions with Triton X-100 under conditions that remove 
unpolymerized cytoskeletal subunits but preserve microtubules 
(see Table 3). Our results also show that MAP-2 is initially 

Figure I. Bright-field micrographs 
showing neuroblastoma cells cultured 
in serum-supplemented medium (A), in 
serum-free medium for 1 d (B) or 5 d 
(C) and 12 hr (O), 1 d (E), and 5 d (F) 
after the addition of BBG (10 &ml) to 
the culture medium. Note the appear- 
ance of numerous spinelike projections 
shortly after ganglioside treatment (ar- 
rows) and the dramatic increase in neu- 
rite number and length with subsequent 
development in vitro. The cells shown 
in D are stained with a mAb against 
MAP-2, while the others are stained 
with a mAb against fl-tubulin. Scale 
bars, 50 Wm. 

associated with colchicine-labile cytoskeletons and that the thin 
neurite branches are lost after 1 hr exposure to this drug; after 
3 DIV, both of them become progressively drug-resistant. An 
increase in the amount of MAP-la and Tau bound to the cy- 
toskeleton, as well as in the levels of total Tau, tubulin, and 
colchicine-resistant microtubules is also observed in long-term 
gangliosides-treated cultures (Table 3). 

Having shown that neurite outgrowth, microtubule assembly, 
and the expression of MAP-2 are greatly enhanced after gan- 
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Table 3. Variations in tubulin, MAP-la, MAP-2, and TAU protein levels” during the in vim 
development of neuroblastoma cells in the presence or absence of bovine gangliosides 

Substance 
Time after plating (d) 
1 3 5 I 

Tubulin 
Control cells 

Cytosolic fraction 
Cytoskeletal fraction 
Cytoskeletal fraction CR.< 

BBG-treated cells 
Cytosolic fraction 
Cytoskeletal fraction 
Cytoskeletal fraction C.R. 

MAP-la 
Control cells 

Cytosolic fraction 
Cytoskeletal fraction 
Cytoskeletal fraction C.R. 

BBG-treated cells 
Cytosolic fraction 
Cytoskeletal fraction 
Cytoskeletal fraction CR. 

MAP-2 
Control cells 

Cytosolic fraction 
Cytoskeletal fraction 
Cytoskeletal fraction C.R. 

BBG-treated cells 
Cytosolic fraction 
Cytoskeletal fraction 
Cytoskeletal fraction C.R. 

Tau 
Control cells 

Cytosolic fraction 
Cytoskeletal fraction 
Cytoskeletal fraction C.R. 

BBG-treated cells 
Cytosolic fraction 
Cytoskeletal fraction 
Cytoskeletal fraction C.R. 

23.0 + 2.0 

5.0 k 0.5 

0.4 k 0.1 

24.0 + 2.0 

8.0 L 1.0 
0.6 + 0.1 

0.5 -t 0.1 
0.2 + 0.1 
- - 

0.5 f 0.1 
0.3 f 0.1 
- - 

0.09 + 0.01 
- - 
- - 

0.9 + 0.2 

0.7 f 0.2 

0.05 f 0.01 

0.07 k 0.01 
0.03 +- 0.01 
0.02 * 0.01 

0.07 * 0.01 
0.03 + 0.01 
0.02 * 0.01 

32.0 f 4.0 36.0 k 2.0 

9.0 f 2.0 14.0 * 2.0 

1.5 * 0.2 5.0 t 0.5 

33.0 * 4.0 40.0 f 2.0 

16.0 zk 2.0 22.0 f 1.0 
2.0 * 0.2 8.0 f 0.4 

0.9 * 0.2 

0.5 k 0.1 
0.05 + 0.01 

1.1 * 0.2 
0.4 f 0.1 

0.05 f 0.01 

1.8 k 0.4 

1.5 k 0.2 

0.5 + 0.1 

1.9 f 0.4 
1.7 f 0.2 
0.5 f 0.1 

0.12 f 0.01 
- - 
- - 

2.6 + 0.3 

2.0 ? 0.4 

0.3 + 0.04 

0.17 f 0.01 
- - 
- - 

4.8 + 0.5 

4.2 k 0.4 

0.8 k 0.1 

0.15 +- 0.01 
0.10 + 0.01 
0.12 + 0.02 

0.30 k 0.08 

0.20 t 0.05 

0.20 t 0.06 

0.25 -t 0.02 

0.20 + 0.02 

0.18 k 0.02 

0.45 * 0.05 

0.40 f 0.06 

0.40 f 0.04 

46.0 + 2.0 

19.0 f 2.0 

9.0 f 2.0 

54.0 k 4.0 

29.0 k 4.0 

15.0 * 1.5 

2.6 + 0.2 

2.0 f 0.2 

1.1 f 0.2 

2.6 -t 0.2 

2.5 + 0.2 

1.3 * 0.2 

0.32 AZ 0.01 
0.14 f 0.01 
- - 

5.4 f 0.4 

5.1 iz 0.4 

1.8 + 0.2 

0.65 f 0.04 

0.60 k 0.04 

0.60 k 0.03 

0.85 + 0.05 

0.75 + 0.05 

0.75 + 0.05 

” Tubulin, MAP-la, MAP-2 and Tau protein levels were determined by quantitative dot immunobinding using Y- 
Protein A as described in Materials and Methods. 
” Each value represents the mean f SEM from measurements of 5 neuroblastoma cultures grown on 16 mm Aclar 
coverslips. Values are expressed in micrograms per milligram of total cellular protein. 

L CR., colchicine-resistant. 

glioside treatment, we sought to determine if these effects were 
related with cell density and/or cell-cell interactions. For this 
purpose we examined the growth of S 26 neuroblastoma cells 
in low-density cell cultures maintained with the N2 mixture of 
Bottenstein and Sato (1979) supplemented with either dbcAMP 
and/or BBG. The addition of dbcAMP to isolated neuroblas- 
toma cells results in a significant increase in MAP-la and Tau 
immunoreactivity, but not MAP-2, a phenomenon which is 
correlated with the extension of several long unbranched neu- 
rites; under this condition, addition of BBG or GM1 does not 
change the neurite outgrowth response or the type of MAP that 
these cells express. A similar phenomenon is observed in neu- 
roblastoma cells which grow as aggregates (5-10 cells) in low- 
density cell cultures. 

However, if medium collected from high-density cell cultures 
(“conditioned medium”) is supplemented with gangliosides and 
added to isolated neuroblastoma cells, significant increases in 
neurite length and MAP-2 immunoreactivity are detected (Fig. 
4). These observations suggest the presence in the “conditioned 
medium” of substance capable of inducing the expression of 
MAP-2 whose activity is greatly enhanced after the addition of 
gangliosides. In order to further test this possibility, 2 other 
types of experiments were performed. The first involved deter- 
mining the effect of “conditioned medium” obtained from cul- 
tures of different ages with and without BBG supplementation 
on the magnitude and time course of MAP-2 induction. Table 
4 shows that MAP-2 protein levels varies as a function of the 
age of the culture from which the “conditioned medium” is 
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Figure 2. Quantitative evaluation of the changes in neurite length, 
microtubule mass (polymeric tubulin), MAP- la, MAP-2, and Tau pro- 
tein levels in neuroblastoma cells maintained in serum-free medium 
supplemented with either 1 mM dbcAMP (A) or 10 &ml BBG (B). 
Microtubule protein levels determined by dot immunobinding assay 
are expressed in micrograms per milligram oftotal cellular protein. DIV, 
days in vitro. 

obtained; gangliosides are also more effective in stimulating this 
response in cells maintained with “conditioned medium” ob- 
tained from old cultures. The second type of experiment in- 
volved analyzing these effects of gangliosides on high-density 
cell cultures of different ages; the results obtained indicate that 
BBG or GM1 are more effective at inducing MAP-2 and in- 
creasing neurite length if they are added to cells which have 
already extended neurites (5 DIV cultures) as opposed to youn- 
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Table 4. MAP-2 induction in neuroblastoma cells maintained in 
vitro for 1 d with “conditioned medium” collected from cultures of 
different ages with or without bovine brain gangliosides (BBG) 
supplementation 

Source of conditioned BBG treatment MAP-2 protein 
mediuma (10 h&ml) levels* 

3-d-old cultures - 0.16 + 0.02 
3-d-old cultures + 1.40 + 0.15 
7-d-old cultures - 0.26 f  0.04 
7-d-old cultures + 2.2 f 0.20 

y “Conditioned medium” was collected from high-density neuroblastoma cell 
cultures. 
b MAP-2 protein levels were determined by dot immunobinding as described in 
Materials and Methods. 

ger ones (1 DIV cultures). This phenomenon is accompanied 
by the appearance of numerous filopodia and growth cones at 
the tip and surface of primary and secondary neuritic trunks 
(Fig. 5). 

Discussion 
Neurite growth and MAP-2 induction in ganglioside-treated 
neuroblastoma cells 
The present results support and extend previous observations 
indicating that the cytoskeleton changes significantly during gan- 
glioside-enhanced neurite growth (Spero and Roisen, 1984; Ry- 
back et al., 1983). In addition, they provide evidence strongly 
supporting the idea that MAP-2 is a key regulator ofmicrotubule 
assembly during nerve process extension (Ferreira et al., 1989). 

The neuritogenic response of neuroblastoma cells to exoge- 
nously supplied gangliosides has 2 phases. The first involves the 
outgrowth of numerous and thin neurites, a stage preceded by 
the appearance of spinelike projections resembling filopodia. In 
the second phase, the neurites elongate and stabilize. All these 
events led to a significant modification of cell shape. There are 
several common features between this neuritogenic response 
and the one of brain neurons which develop in culture. Thus, 
in hippocampal pyramidal cells or cerebellar macroneurons 
maintained in vitro, we can also distinguish 2 basic stages of 
neurite development. Initially, the cells extend several minor 
undifferentiated processes, and at a later stage these neurites 
elongate, branch, and stabilize; the initial stage of neurite de- 
velopment is preceded by the appearance of lamellipodia (Dotti 
et al., 1988; Ferreira and Caceres, 1989; Ferreira et al., 1989). 

Each of these phases is characterized by the expression of a 
particular type of MAP; initially, the neurons express MAP-2 
and later, Tau proteins. The induction of MAP-2 is associated 
with a significant increase in microtubule mass and neurite out- 
growth, and the one of Tau with microtubule stabilization and 
further neurite elongation (Ferreira et al., 1989). If Tau is ex- 
pressed earlier than MAP-2, as in cerebellar macroneurons which 
grow as microexplants, the cells stabilize their microtubules but 
do not extend neurites; it is only after MAP-2 induction that 
neurite growth begins. In ganglioside-treated neuroblastoma cells, 
the initial response involves the extension of numerous neurites 
and the induction of MAP-2; these neurites contain colchicine- 
labile microtubules and MAP-2 associated with them; at a later 
stage, the neurites elongate and their microtubules become col- 
chicine-resistant. This phenomenon is accompanied by an in- 
crease in Tau protein levels and in the amount of Tau associated 
with the cytoskeleton. Thus, it seems that a sequence involving 
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Figure 3. Expression of MAP-2 in 
neuroblastoma cells as revealed by im- 
munocytochemistry with the mAb 
AP-14. A, Bright-field micrograph il- 
lustrating the absence of MAP-2 im- 
munoreactivity in S 26 cells maintained 
in serum free-medium. B, Correspond- 
ing phase-contrast micrograph. C, 
Bright-field micrograph showing strong 
MAP-2 immunoreactivity in S 26 cells 
maintained in serum-free medium sup- 
plemented with 10 &ml BBG; note the 
intense staining of the cell body and of 
the neuritic truncks. Scale bar, 50 pm. 

the expression of a microtubule polymerization-promoting fac- 
tor followed by the one of a stablizing agent is required for 
initiating and maintaining neutite growth. 

In neuronal tumor cells lines, which normally do not express 
MAP-2, other factors like MAP-la (Greene et al., 1983; Drubin 
et al, 1985; this study), MAP-3, or MAP-5 (Brugg and Matus, 
1988) may act as promoters of microtubule assembly, although 
they may not be as effective as MAP-2. Thus, in the absence of 
MAP-2, neuroblastoma cells only extend unbranched neurites, 
which are clearly different from those displayed by mature brain 
neurons, both in situ and in vitro, or by ganglioside-treated 
neuroblastoma cells; it seems as they were arrested at an earlier 
stage of differentiation. Interestingly, a similar profile of MAPS 
seems to be expressed by neuronal tumor cell lines and im- 

mature neurons, both types of nerve cells express high levels of 
MAP-3 and MAP-5 which are characteristic of developing neu- 
rons in the juvenile brain (Brugg and Matus, 1988). 

MAP-2 induction, as in ganglioside-treated neuroblastoma 
cells, may led to a further differentiation of neurites equivalent 
to that observed in mature neurons. A causal relationship be- 
tween these 2 events is supported by several observations. First, 
MAP-2 is a strong promoter of tubulin polymerization in vitro 
(Matus, 1988). Second, during neuronal development both in 
situ and in vitro, its expression is highly correlated with the 
morphological development of neurites and the appearance of 
microtubules (Caceres et al., 1986; Matus et al., 1986; Ferreira 
et al., 1987, 1989; Matus, 1988). Third, studies using primary 
cultures of brain neurons have shown that during nerve process 
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extension the stoichiometry of MAP-2 to tubulin is well within 
effective ranges for promoting microtubule assembly (Ferreira 
et al., 1989); a high ratio of MAP-2 to tubulin is also observed 
in ganglioside-treated neuroblastoma cells. Finally, variations 
in the magnitude and time course of MAP-2 induction, rather 
than of other MAPS, are highly correlated with dramatic in- 
creases in microtubule mass, in the number of neurites, and in 
neurite length, as in the case of “primed” cerebellar macroneu- 
rons (Ferreira et al., 1989) and neuronal tumor cell lines treated 
with retinoic acid (Fisher et al., 1986) or gangliosides (this study). 

However, factors other than MAP-2 may also participate in 
determining the highly branched neuritic pattern of ganglioside- 
treated neuroblastoma cells. In this regard, it is noteworthy that 
ganglioside treatment of Neuro-2a cells produces significant 
changes in the organization and activity of the microfilament 
system, which are correlated with the appearance of spine-like 
projections along the neurites (Spero and Roisen, 1984); we 
observed a similar phenomenon in S 26 neuroblastoma cells 
not only when BBG are added to the culture medium at the 
beginning of neurite growth but also in cells which have already 
extended neurites. Interestingly, if Neuro-2a cells are grown 
under microfilament-limiting conditions, extension of the neu- 
rites still occurs, but the ability to acquire a branched pattern 
is lost; however, neurites with very long linear or slightly curved 
trajectories are observed. As proposed by Spero and Roisen 
(1984) the ability of neurites to form under this condiiton may 
reflect an accentuation or amplification of microtubule expres- 

Figure 4. A, Bright-field micrograph 
showing a single isolated S 26 cell main- 
tained in serum-free medium plus gan- 
gliosides. B, An equivalent cell to that 
shown in A but maintained with “con- 
ditioned medium” plus gangliosides; 
note the increase in the number of neu- 
rite branches and in total neurite length. 
The cell showed in A was stained with 
a mAb against Tau, while the one in B 
was stained with a mAb against MAP- 
2. Scale bar, 50 Mm. 

sion induced by gangliosides; they compare this response as if 
the cells were treated with taxol. Our results would predict that 
this increase in microtubule mass and neurite length reflects the 
enhanced induction of MAP-2. On the other hand, if ganglio- 
side-treated Neuro-2a cells are grown under microtubule lim- 
iting conditions, they extend spine-like projections all around 
the cell body which do not elongate even though they are po- 
tentially able to exhibit motile activity. It is tempting to spec- 
ulate that in the presence of a promoter of tubulin polymeriza- 
tion like MAP-2, this motile activity may be inhibited, leading 
to directional growth and hence to the extension of a neurite 
branch (see also Mitchison and Kirschner, 1988). The fact that 
MAP-2 has been detected in the growth cones and filopodia of 
developing neurons (Caceres et al., 1986; this study) gives sup- 
port to this idea. 

The transition of lamellipodia to minor undifferentiated neu- 
rites which is observed in culture brain neurons may be ex- 
plained by a similar mechanism, i.e., the expression of a mi- 
crotubule-polymerization-promoting factor, the formation of 
microtubules, and the subsequent inhibition of actin-based pro- 
trusive activity; in the absence of microtubule-stabilizing fac- 
tors, these minor neurites will not exhibit net growth. In fact, 
this has been observed in hippocampal pyramidal cells in culture 
(Dotti et al., 1988). At a further step, the expression of micro- 
tubule-stabilizing factors will led to elongation of the minor 
processes. The sequential appearance of these factors has already 
been described in cerebellar macroneurons and microneurons 
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Figure 5. A, Phase-contrast micro- 
graph showing a neuroblastoma cell 
maintained in serum-free medium after 
development in culture for 5 d; BBG 
(10 &ml) were added to the culture 
medium on day 4. Note the numerous 
neurite branches, spinelike projections, 
and growth cones that the cell displays. 
B, Corresponding bright-field micro- 
graph of the cell shown in A as revealed 
by immunocytochemistry with a mAb 
against MAP-2; note the labeling of the 
cell body, neurite trunks, and growth 
cones (arrows). Scale bar, 50 pm. 

in culture (Cambray-Deakin et al., 1987; Ferreira and Caceres, 
1989; Ferreira et al., 1989). 

Relationship between the ganglioside efect and neuritogenic 
influences 
Our observations suggest that gangliosides per se are not neu- 
ritogenic factors; rather, they are substances capable of greatly 
enhancing cell-derived influences which affect the neurite out- 
growth response of nerve cells. These observations are fully in 
agreement with previous studies in different neuronal cell sys- 
tems showing that gangliosides act to modulate the efficacy of 
trophic agents (Ferrari et al., 1983; Katoh-Semba et al., 1984; 
Doherty et al., 1985; Matta et al., 1986; Leon et al., 1988). 

Ganglioside are ineffective in promoting neurite growth and 
inducing MAP-2 in low-density cell cultures but are effective at 
high density. This effect seems to be related to the presence in 
the culture medium of diffusable “neuritogenic” substances 
whose activity is potentiated after the addition of gangliosides. 
The induction of MAP-2 and the increase in neurite length 
observed in isolated cells maintained with “conditioned me- 
dium” plus gangliosides fully support this idea. This is also in 
accordance with the observations of Spoerri et al. (1988) show- 

ing an inhibition of conditioned media-mediated neurite out- 
growth of sensory ganglia by mAbs to GM 1. 

In serum-deprived neuroblastoma cells, MAP-2 increases more 
than 3-fold after the cells have developed in vitro for 7 d, al- 
though its ratio with respect to tubulin remains at a substoichio- 
metric value. This induction may be related to a progressive 
accumulation in the culture medium of neuritogenic substances 
capable of regulating its expression; in the absence of factors 
like gangliosides, they may only exert a stimulatory effect on 
MAP-2 after they have accumulated considerably. An obvious 
prediction of this hypothesis would be that gangliosides have a 
more significant effect in older cells than in younger ones; the 
dramatic and very fast neurite outgrowth response and MAP-2 
induction observed in neuroblastoma cells when gangliosides 
are added after 5 d in culture is in agreement with this proposal. 
Additional support for this idea comes from our observations 
showing that gangliosides are more effective in exerting these 
effects in cells maintained with “conditioned” medium from 
older cultures than from younger ones. 

The possible existence of diffusable neuritogenic substances 
capable of regulating the expression of MAP-2 is not surprising. 
A dramatic induction of MAP-2 is observed in cerebellar macro- 
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neurons maintained with “conditioned medium” obtained from 
suspension cultures (Ferreira et al., 1989). Interestingly, the pro- 
file of MAP- la and Tau induction does not change significantly 
under this condition. Thus, a common feature of the cerebellar 
“conditioned medium” and of the one of neuroblastoma cell 
cultures is that they contain substances which are capable of 
inducing MAP-2, but not MAP-la or Tau. It will now be of 
considerable interest to determine the nature of these factors, 
as well as the mechanisms by which gangliosides potentiate their 
action. In this regard, it is noteworthy that exogenous ganglio- 
sides are incorporated into membranes and can affect several 
oftheir properties (Spiegel et al., 1985; Tettamanti et al., 1985), 
and thus may increase the binding capacity of neuritogenic 
substances to their receptors (Hollmann and Seifert, 1986) or 
the receptor-mediated signal transduction (Bremer et al., 1984, 
1986). 
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