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Abstract

Administration of gangliosides has been reported to stim-
ulate regeneration of motoneurons and of central dopami-
nergic and cholinergic neurons. To shed light on the mecha-
nism by which gangliosides mediate the effects on choliner-
gic neurons, we studied their actions on cultures of cells
dissociated from the septal area of fetal rat brains. These
cultures contain cholinergic neurons, which, in vivo, give rise
to the cholinergic septo-hippocampal pathway. Gangliosides
produced prominent changes in the morphological appear-
ance of the cultures. In contrast to control cultures, which
contained many process-bearing cells and a confluent layer
of flat cells, there were no flat cells in cultures grown in the
presence of gangliosides (0.2 to 0.8 mg/ml of medium). Using
immunocytochemical visualization of the astrocytic marker
glial fibrillary acid protein, it was shown that all astrocytes in
cultures grown in the presence of gangliosides exhibited the
morphology of process-bearing cells, whereas in control cul-
tures astrocytes represented the majority of the flat cells.
Furthermore, gangliosides attenuated astrocytic prolifera-
tion. The effects of gangliosides apparently were not medi-
ated by cAMP, since they could be differentiated from actions
of forskolin, an activator of adenylate cyclase. Astrocytic
growth and morphology were affected by ganglioside mix-
tures of various sources and composition and also by the
pure gangliosides GM, and GD.., whereas lipid and carbo-
hydrate components of gangliosides were ineffective. In con-
trast to the prominent effects on astrocytes, gangliosides
failed to significantly alter survival or fiber growth of cholin-
ergic neurons. However, similar to nerve growth factor (NGF)
(Hefti, F., J. Hartikka, F. Eckenstein, H. Gnahn, R. Heumann,
and M. Schwab (1985) Neuroscience 14: 55-68), gangliosides
elevated the activity of choline acetyltransferase (ChAT) in
the cultures. The NGF-mediated increase in ChAT activity
was not potentiated by gangliosides. These findings indicate
that gangliosides differentially affect glial and neuronal cells.
Since astrocytic growth is believed to be one of the factors
inhibiting neuronal regeneration in the CNS, the attenuation
of astrocytic proliferation by gangliosides might represent
the basis of their facilitatory effect on regenerative proc-
esses.
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Gangliosides are glycosphingolipids highly abundant in the CNS.
The fact that they are differentially regulated during development is
suggestive of an important role in CNS development and function
(for review, see Fishman and Brady, 197o; Ando, 1983). Several
recent reports indicate that exogenously administered gangliosides
might accelerate regeneration and sprouting of neuronal fibers in
animals with experimentally induced lesions (Ceccarelli et al., 1976;
Gorio et al., 1980, 1983; Sparrow and Grafstein, 1982; Wojcik et al.,
1982; Agnati et al., 1983; Toffano et al., 1983, 1984; Norido et al.,
1984; Robb and Keynes, 1984). Furthermore, exogenously admin-
istered gangliosides have been shown to accelerate the functional
recovery of animals with lesions that produce behavioral deficits
(Ceccarelliet al., 1976; Agnati et al., 1983; Karpiak, 1983). In support
of these findings obtained in vivo, gangliosides have been reported
to stimulate fiber formation of neuroblastoma cells in vitro (Morgan
and Seifert, 1979; Dimpfel et al., 1981; Roisen et al., 1981; Leon et
al., 1982; Bymne et al., 1983; Ferrari et al., 1983; Rybak et al., 1983;
Facci et al., 1984, Spero and Roisen, 1984).

We have been studying primary cultures of dissociated cells from
the septal region of fetal rat brains (Hefti et al., 1984; Ruegg and
Hefti, 1984). These cultures contain cholinergic neurons which give
rise to the cholinergic septo-hippocampal pathway in vivo. The
culture system is used to investigate regulation of and influences on
survival, fiber elongation, and differentiation of cholinergic neurons.
Recently, we reported that nerve growth factor (NGF) enhances the
expression of choline acetyltransferase (ChAT) activity by these
neurons (Hefti et al., 1985). Given the findings that gangliosides
stimulate growth of neuronal fibers in vivo and in vitro, we decided
to assess their effects on our culture system. We studied the
influence of gangliosides on growth and morphology of cultured
cells. We specially investigated the effects on cholinergic neurons,
since gangliosides have been reported to promote regeneration of
cholinergic septo-hippocampal fibers in vivo (Wojcik et al., 1982).
Since it has been hypothesized that gangliosides potentiate the
action of growth factors (Gorio et al, 1983), we analyzed the
influence of gangliosides on the NGF-mediated increase in ChAT
activity.

Materials and Methods

Cultures. Brains were removed from fetal rats (Wistar) of embryonic day
17, and the septal area was dissected under a stereomicroscope. Tissue
pieces were transferred to L-15 medium containing 25 mm HEPES buffer (L-
15/HEPES medium, Grand Island Biological Co. (GIBCO)). They were minced
and incubated in 0.5% trypsin (GIBCO) and 0.05% DNase (type 1, Sigma)
in Dulbecco’s phosphate-buffered saline (PBS) for 15 min at 37°C. Pieces
were then washed twice with L-15/HEPES medium, and cells were disso-
ciated by mild trituration using a fire-polished Pasteur pipette. The cell
suspension was centrifuged at 1000 X g and the cells were resuspended in
1 to 2 mi of growth medium (cf. below). For biochemical experiments, an
aliquot yielding 0.2 to 0.5 X 108 viable cells (counted after 1 day in culture)
were added to each well of 16 mm diameter in muitiwell plates (Costar). For
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cytochemical studies, an aliquot resulting in 0.2 to 1 X 10° viable cells was
added to each 35-mm culture dish (Falcon). One rat embryo yielded 1 to 2
X 10° septal neurons counted after 1 day in culture.

Culture dishes were coated with polyethyleneimine (PEI, Sigma Chemical
Co.). A solution of 1 mg/ml of PEl in 0.15 M sodium borate buffer, pH 8.3,
was applied overnight. Then the dishes were washed three times with PBS.
PEIl was introduced as replacement for polyornithine because of low costs.
Coating in PEI, polyornithine, or polylysine supported the survival of an equal
number of neurons. A detailed comparison of the coating procedures has
appeared elsewhere (Rlegg and Hefti, 1984).

Neurons were grown in a modified L-15 medium containing 5% horse
serum and 1% rat serum. The L-15 medium was a modification of the growth
medium developed by Mains and Patterson (1973) for sympathetic neurons.
It consisted of L-15 medium (GIBCO) and the following additions: 11.3 gm/
liter of glucose, 1.1 gm/liter of glutamine, 5 mgyliter of B-alanine, 15 mg/liter
of aspartic acid, 15 mg/liter of cystine, 15 mg/liter of glutamic acid, 5 mg/
liter of p-aminobenzoic acid, 64 mg/liter of ascorbic acid, 10 mg/liter of
choline chloride, 25 mgliter of fumaric acid, 3 mg/liter of glutathione, 60 mg/
liter of imidazole, 10 mgftiter of inositol, 0.5 mg/liter of «-lipoic acid, and 2
mg/liter of vitamine By,. Eighty milliliters of this modified L-15 medium were
mixed with 20 ml of 0.15 M NaHCOs, 5 ml of horse serum (GIBCO), and 1
mi of rat serum (prepared in our laboratories). Sera were heat inactivated (30
min, 56°C). Cells were grown at 37°C in 5% of CO, The medium was
exchanged after 3 days.

Glial fibrillary acid protein (GFAP} immunocytochermistry. GFAP was
visualized immunocytochemically according to the method of Manthorpe et
al. (1979). Cultures were fixed with a mixture of 3 parts of acetone and 2
parts of ethanol. Then they were incubated with a rabbit antiserum to human
GFAP (Dakopatts) and fluorescein isothiocyanate-conjugated goat antibodies
to rabbit immunoglobulins (Miles Laboratories). This procedure stained flat
cells or process-bearing cells with processes of variable diameter. No staining
was observed when the specific antiserum was replaced by an unspecific
rabbit serum.

The total number of GFAP-positive cells was established by counting them
in randomly distributed visual fields corresponding to 1 to 2% of the total
area of the culture dish.

Acetycholinesterase (AChE) cytochemistry. A modification of the histo-
chemical procedure of Geneser-Jensen and Blackstad (1971) was used.
Cultures were fixed with 4% formaldehyde, washed with PBS, and then
incubated for 3 days at 4°C in 50 mm acetate buffer, pH 5.0, containing 4
mM acetylthiocholine, 2 mm copper sulfate, 10 mm glycine, and 10 mg/mi of
gelatin. Inclusion of gelatin prevented diffusion of the reaction product.
Nonspecific cholinesterases were inhibited by inclusion of 0.2 mm ethopro-
pazine in the incubation medium. After the incubation, the gelatin was
dissolved by incubating the cultures briefly at 37°C. They were then rinsed
with H,O, exposed for 1 min to 1.25% Na,S, washed with H,O, and exposed
for 1 min to 1% AgNOs;. The cultures were then washed with HO and
embedded in glycerol gelatin. Specificity of the staining was tested using the
AChE inhibitor 1,5-bis-(4-allyldimethyl-ammoniumphenyl)-pentan-3-one  di-
bromide (BW 284C51).

To estimate the number of fibers per neuron, the cells were photographed
and a ring with a diameter corresponding to 500 um was drawn around the
celi body. The number of processes intersecting with the ring served as the
index of fiber growth.

Biochemical determinations. Cultures were washed three times with PBS
and were homogenized by sonication in 200 gl of a 50 mm Tris-HC!H buffer,
pH 6.0, containing 0.1% Triton X-100. Aliquots of the homogenate were
taken for the determination of ChAT activity according to the method of
Fonnum (1975) or for protein determination according to the method of
Bradford (1976) using bovine vy-globulin as a standard. Specificity of the
enzyme determination was assessed by using the ChAT-inhibitor N-hydrox-
yethyl-4-(1-naphtyl-vinyl)pyridium bromide (Calbiochem).

Chemicals. Chemicals of analytical grade were purchased from Merck
(Darmstadt, Federal Republic of Germany), Serva (Heidelberg, Federat Re-
public of Germany), or Sigma, if not otherwise stated. Media for tissue
cultures were obtained from GIBCO. Purified ganglioside mixtures were
purchased from Fidia (Abano Terme, ltaly), Serva, and Sigma. If not otherwise
stated, experiments were carried out with the defined mixture Cronassial
(Fidia), containing 2.1 mg of GM;, 4 mg of GDy,, 1.6 mg of GD;, 1.9 mg of
GTy, per milliliter. Aliquots of the original solution were added to the culture
medium. The vehicle of this ganglioside mixture was composed of physio-
logical saline containing 10 mm sodium phosphate. Control cultures therefore
were given equal amounts of PBS. Additions never exceeded 50 wl/ml of
culture medium. This amount of PBS failed to affect the cultures. GM; and
GD,, were purified from Cronassial using methods described by Tettamanti
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et al. (1973) and were dissolved in PBS. Mouse NGF was purified from adult
mouse submandibular glands according to the method of Bocchini and
Angeletti (1969), with the modifications described by Suda et al. (1978).

Results

Effects of gangliosides on cell morphology. Control cultures
grown in the absence of gangliosides contained both cells with a
spherical cell body and long, thin processes of constant diameter
(neuron-like cells) and flat cells with a sheet-like appearance (Fig. 1,
A and B). During the first 6 days after plating, neuron-like cells were
predominant. The number of flat cells increased gradually, and 6 to
10 days after plating, these cells formed a confluent layer covering
the entire surface of the culture dish. Thereafter, the number of
neuron-like cells declined. After several weeks the cultures almost
exclusively contained flat cells.

Cultures grown in medium containing 0.5 mg/ml of a ganglioside
mixture (containing 27% GM;, 40% GDy,, 16% GDy,, 17% GT4y)
contained no flat cells (Fig. 1 C and D). Most cells exhibited a
neuron-like appearance. Other cells with rounded cell bodies had
thick processes of variable diameter. Cell bodies had a tendency to
aggregate. In areas of the culture dishes not covered with cell
bodies, a network of processes of various diameters was observed.
Most of these fibers were straight (Fig. 1D). The density of processes
increased with culture time. The cultures were viable for approxi-
mately 3 weeks and degenerated thereafter.

We had shown earlier that flat cells in control cultures are mainly
astrocytes (Hefti et al., 1985). However, since this cell type can
appear both as flat and as process-bearing cells in vitro (Manthorpe
et al., 1979; Raff et al., 1983), we tested the possibility that ganglio-
sides specifically affected astrocyte morphology in our cultures.

Effects of gangliosides on astrocytes. Astrocytes were identified
by their content of GFAP, the major constituent of glial intermediary
filaments, which was visualized immunocytochemically. In control
cultures, virtually all flat cells were positively stained for GFAP (Fig.
2A). The glial filaments were either homogeneously distributed
around the cell nucleus or they radiated in a star-like manner from
the nucleus. The number of astrocytes increased gradually with
culture time (Table ).

Cultures grown in the presence of gangliosides contained only
process-bearing astrocytes (Fig. 2, C and D). These processes
exhibited various diameters. The number of astrocytes in ganglio-
side-treated cultures increased up to 10 days after plating and
thereafter remained constant. At all time points the number of
astrocytes in ganglioside-treated cultures was considerably lower
than in control cultures (Table 1), indicating that gangliosides inhibited
the proliferation of astrocytes.

Since flat astrocytes are transformed into process-bearing cells
by treatments increasing intracellular CAMP levels (Lim et al., 1973;
Shapiro, 1973; Manthorpe et al., 1979), we, tested whether the effect
of gangliosides was due to the same mechanism. Cultures therefore
were grown in the presence of forskolin, an activator of adenylate
cyclase (Metzger and Linder, 1981; Seamon et al., 1981). As with
cultures treated with gangliosides, forskolin-treated cultures only
contained process-bearing astrocytes. However, these cells ex-
hibited a morphology slightly different from that of astrocytes grown
in the presence of gangliosides. Their processes were shorter than
those of ganglioside-treated astrocytes and gave rise to more rami-
fications (Fig. 2B). Furthermore, the number of astrocytes in cultures
grown in the presence of forskolin was slightly higher than that of
control cultures (Table ), suggesting that, contrary to gangliosides,
forskolin did not inhibit but, rather, stimulated astrocytic proliferation.
Accordingly, combining forskolin with gangliosides resufted in a
number of astrocytes intermediate between ganglioside-treated and
control cultures (Table I). These findings suggest that gangliosides
and forskolin affect astrocytes by different mechanisms and that the
ganglioside-induced alteration of astrocytic morphology is not due
to an elevation of intracellular cAMP levels.

Dose-response relationship and specificity of ganglioside effect.



Figure 1. Effect of gangliosides on cultured septal cells. A and B, Control cultures grown for 10 days. They are composed of neuron-like cells and flat
cells which together form a dense layer covering the entire surface of the culture dish. Flat cells are clearly visible in areas without neuron-like cells (B). C
and D, Cultures grown for 10 days in medium containing 0.5 mg/ml GM;, GD;,, GD,, and GTy,. They contain only cells with a neuron-like appearance with
processes of variable diameter. Phase contrast optics. Bar, 20 um for A to D.




Figure 2. Effect of gangliosides on astrocyte morphology. Astrocytes were identified by GFAP immunocytochemistry. A, Cultures grown for 10 days in
control medium. B, Cultures grown in the presence of forskolin (107° M), C and D, Cultures grown in medium containing 0.5 mg/ml of ganglioside mixture.
Forskolin and gangliosides were present during the entire culture time (10 days). Bar, 20 um for A to D.
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TABLE |
Effects of gangliosides on number of astrocytes
Cultures of dissociated septal cells were grown for the indicated times in
medium containing a ganglioside mixture (0.5 mg/mi) or forskolin (107° m).
These additions were present throughout the whole culture time. Astrocytes
were identified by immunocytochemical visualization of GFAP.

Astrocytes per

Culture Time Treatment

Dish (x 1073
2 days Controls 66 = 10°
Gangliosides 28 + 2°
6 days Controls 260 + 25
Gangliosides 64 = 15°
Forskolin 310+ 24
Gangliosides + forskolin 175 % 25°
10 days Controls >500°
Gangliosides 207 £ 23
20 days Controls >500°
Gangliosides 195 + 26

?Values are mean = SEM, n = 6.
® Different from corresponding controls, p < 0.05.
¢ High density of astrocytes precluded exact counting.
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Figure 3. Effect of gangliosides on protein content of cultures of disso-
ciated septal cells. The cells were grown in the absence (@) or presence (O)
of a mixture of gangliosides (0.5 mg/ml of GM,, GD1a, GDss, and GTys). Bars
represent SEM. *, significantly different from corresponding control level, p
<0.01;n=28.

o A

The inhibition of astrocytic proliferation induced by gangliosides was
reflected by a decreased protein content of the cultures. In control
cultures, protein content increased until 10 days after plating and
remained constant thereafter. In ganglioside-treated cultures, the
increase was delayed by approximately 3 days (Fig. 3). Even though
control and ganglioside-treated cultures had similar contents of
protein after 12 days of growth, their morphological appearance was
different. In control dishes, flat cells covered the entire surface of
the dish, whereas ganglioside-treated cultures only contained cells
with a neuron-like morphology. Probably because of the gradual loss
of neuron-like cells in control cultures, their content of protein
stabilized at a level which was also reached by ganglioside-treated
cultures, despite the fact that they contained fewer astrocytes. The
difference between ganglioside-treated and control cultures was
maximal at day 7 after plating. Even though the decrease in protein
content did not exceed 30%, this ganglioside-mediated effect was
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reliably reproducible. The reduction in protein content after 7 days
was therefore used as a quantitative indication to assess the dose-
response relationship and to assess the effectivity of various mixtures
of gangliosides, pure gangliosides, and fragments of gangliosides.
Significant decreases were seen with ganglioside concentrations
exceeding 0.1 mg/m! (Fig. 4). The EDsy of the response was
estimated to range between 0.2 and 0.3 mg/ml. However, this value
could not be established precisely, because no clear plateau was
reached with higher ganglioside concentrations. Ganglioside levels
exceeding 0.8 mg/ml were toxic and resulted in cell death.

Ganglioside mixtures obtained from different sources were equally
effective in changing the morphological appearance of cultures of
septal cells and in reducing their protein content (Table Il). An equal
concentration (w/v) of the purified ganglioside GD+, had the same
effect as ganglioside mixtures. GM, at the same concentration was
less effective. Lipid and carbohydrate constituents of gangliosides
were ineffective in reducing the protein content of cultures, indicating
that the entire ganglioside molecule is required to produce the effect.

Importance of coating of culture dishes for the effect of ganglio-
sides. Cuiture dishes used in the present study were coated with
PEI, an artifical potycationic substrate with properties similar to those
of the commonly used coating materials, polyornithine and polyly-
sine. Gangliosides equally affected growth and morphology of astro-
cytes in dishes coated with any one of these polycationic substrates
(Table ). In contrast to neurons, astrocytes proliferate on coated as
well as on uncoated surfaces. It was therefore tested whether
gangliosides also affect astrocytes that grow on uncoated plastic
surfaces. A ganglioside mixture inhibiting astrocytic growth in PEK
coated dishes failed to change growth and morphology of septal
cells growing in uncoated dishes (Table IIf). This finding suggests
that gangliosides alter the interaction between astrocytes and the
surface on which they grow. Gangliosides might produce this effect
by inserting themselves in the membranes of astrocytes or by
attaching themselves to the culture dish.

Gangliosides might alter properties of culture dish surfaces in a
manner similar to polyornithine-attached neurite-promoting factors,
which bind to polyornithine-coated surfaces and promote growth of
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Figure 4. Doseresponse relationship of the ganglioside-mediated de-
crease in protein content of cultures of dissociated septal cells. Cuitures

were grown for 7 days in the presence of a ganglioside mixture. Bars indicate
SEM; n=8to 12.
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TABLE I
Effect of gangliosides and related compounds on protein content of
cultures of dissociated septal cells

Cells were grown for 7 days in the presence of the indicated substances
and then were taken for biochemical determination of proteins. Compounds
significantly reducing protein content produced the same changes in mor-
phological appearance of the cultures as the defined ganglioside mixture
(Cronassial, Fidia).

Protein
Substance (ug/dish)
Controls 184 + 9°
Ganglioside mixtures:
GM;y, GD1q, GD1p, GT1p; (Cronassial, Fidia) 0.5 mg/ 134 + 7°
mi
Bovine brain gangliosides (Sigma) 0.5 mg/ml 113+ 9°
Bovine brain gangliosides (Serva) 0.5 mg/mi 120 + 12°
GM;, 0.5 mg/ml, 0.32 mm 160 = 10°
GDya, 0.5 mg/ml, 0.32 mm 127 + 16°
Spingosine 0.22 mg/ml, 0.32 mm toxic
Ceramides (bovine brain, Sigma) 0.2 mg/mi, 0.32 toxic
mm°
N-Acetylgalactosamine, 0.07 mg/ml, 0.32 mm 201 =13
N-Acetylneuroaminic acid, 0.1 mg/ml, 0.32 mm 184 = 15
Galactose-1-phosphate, 0.13 mg/ml, 0.32 mm 179 £ 12

#Values are'mean + SEM, n = 8 to 12.

® Significantly different from controls, p < 0.01.

“Molarity was calculated with the assumption that these compounds
exclusively contain stearic acid.

TABLE i
Influence of coating on the effect of gangliosides
Cultures were grown for 7 days in dishes treated using various coating
procedures. Treated cultures grew in the presence of 0.5 mg/ml of a
ganglioside mixture, which was present during the entire culture time.

Protein (ug/dish)

Coating

Controls Gat?git%ide
PEI 20277 197 £ 6°
Polyornithine 254 + 15 208 + 15°
Polylysine 257+6 187 = 11°
Uncoated 204 = 14 207 £ 8
Precoating with gangliosides® 2517 244 + 4

?Values are mean + SEM, n = 8.

b Significantly different from corresponding control, p < 0.01.

“Dishes were coated first with PEl and then incubated for 24 hr with
medium containing gangliosides. This medium was removed before plating
the cells.

neuronal cells (Adler et al., 1981). To test this possibility, culture
dishes were first coated with PEIl and then incubated with medium
containing gangliosides. The ganglioside-containing medium then
was removed before plating the cells. Such a precoating with
gangliosides failed to affect growth and morphology of astrocytes
(Table IIf), indicating that gangliosides have to be present in the
medium to be effective.

Effect of gangliosides on cholinergic neurons. We had shown
earlier that cultures of dissociated septal cells as prepared in the
present study contain cholinergic neurons which, in vivo, project into
the hippocampus (Hefti et al.,, 1985). Cholinergic neurons were
identified by ChAT immunocytochemistry and AChE cytochemistry.
Of all the AChE-positive neurons, 94% were co-stained for ChAT,
indicating that AChE cytochemistry represents a reliable marker for
cholinergic neurons in these cultures.

Gangliosides failed to affect survival of cholinergic cells. Cultures
grown in the presence of gangliosides contained the same number
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of AChE-positive neurons as did control cultures (Table V). The
morphological appearance of AChE-positive neurons grown in the
presence of gangliosides differed only slightly from that of neurons
grown in control dishes (Fig. 5). Ganglioside treatment resulted in a
slight (but not statistically significant) reduction in the number of
processes of these cells (Table IV). Ganglioside-treated cultures
contained AChE-positive processes running straight and un-
branched for up to 0.5 mm (Fig. 5); such processes were not seen
in control dishes. These findings suggest that gangliosides only
marginally affected growth of cholinergic neurons in cultures of
dissociated septal cells.

Cultures grown in the presence of gangliosides exhibited a higher
activity of ChAT (measured biochemically) as compared to controls
(Fig. 6). This effect became manifest after 10 days in culture, i.e.,
later than the ganglioside-mediated reduction in protein content (cf.
Fig. 3). The ganglioside-induced increase in ChAT activity had the
same dose-response relationship as the decrease in protein content
(data not shown).

Gangliosides increased the absolute ChAT activity in septal cul-
tures by 65%. Growing the cultures in the presence of NGF resulted
in an increase of 143% (Table V). Elevations in relative ChAT activity
mediated by gangliosides and NGF were 100% and 145%, respec-
tively. The difference in extent of the increases of relative and
absolute activities is due to the fact that gangliosides reduced the
protein content. The elevations mediated by NGF and the ganglio-
sides were not additive, suggesting that the level reached by NGF
treatment represents a maximal value or, alternatively, that the two
treatments act at least in part through a common mechanism.

Dicussion

The findings of the present study indicate that gangliosides
differentially affect glial and neuronal cells in cuftures of dissociated
septal cells. Gangliosides inhibited proliferation and induced a
change in morphology of astrocytes. The same treatment failed to
affect survival and morphology of cholinergic neurons but stimulated
their expression of ChAT activity.

The transformation of flat astrocytes into process-bearing cells
was the most prominent change caused by the gangliosides. This
completely altered the appearance of the cultures. No similar effect
of exogenous gangliosides occurring in vivo or in vitro has been
reported so far. The induction of a process-bearing morphology by
gangliosides seems to be separable from a similar effect caused by
treatments which elevate intracellular cAMP levels (Lim et al., 1973;
Shapiro, 1973; Manthorpe et al., 1979). This is indicated by the fact
that, in contrast to forskolin which stimulates adenylate cyclase
{Metzger and Linder, 1981; Seamon et al., 1981), gangliosides also
attenuated the proliferation of astrocytes. Furthermore, gangliosides
only affected the morphology of astrocytes growing together with
neurons in dishes coated with polycations, whereas forskolin and
dibutyryl cAMP also alter the morphology of astrocytes growing
without neurons in uncoated dishes (Lim et al., 1973; Shapiro, 1973;
Manthorpe et al., 1979). Process-bearing astrocytes have recently

TABLE IV
Effect of gangliosides on survival and fiber outgrowth of AChE-positive
neurons
Cultures of disscciated septal cells were grown in the presence or absence
of 0.5 mg/mi of a ganglioside mixture in the medium. After 10 days they
were taken for cytochemical visualization of AChE. To assess the number of
processes, a ring of 0.5 mm was drawn around the cell body, and the
number of processes intersecting with this ring was counted.

Controls Ganglioside treated
AChE-positive neurons per 3520 + 190° 3670 + 430
dish
Number of fibers of AChE- 158 + 2.1 11.8+1.3

positive neurons

? Values are mean + SEM, n = 20.
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Figure 5. AChE-positive neurons in cultures of septal cells grown in the presence of gangliosides. Cultures were taken for staining 10 days after plating.
The cytochemical procedure visualized the cell body and processes of AChE-positive neurons (A). B, straight AChE-positive processes only observed in
ganglioside-treated cultures. Ganglioside-treated cultures contained no flat non-neuronal cells, resulting in a background lighter than that of control cultures.
Furthermore, silver sulfite crystals had a tendency to diffuse, resulting in a slightly blurred picture of the processes. C, AChE-positive neuron in control
culture; D, AChE-positive neuron in culture grown in the presence of 0.5 mg/mi of a ganglioside mixture. Bars, 100 pm.
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Figure 6. Effect of gangliosides on ChAT activity in cultures of dissociated
septal cells. The cells were grown in the absence (@) or presence (O) of a
ganglioside mixture (0.5 mg/ml, present during the entire culture time). Bars
represent SEM. =, significantly different from corresponding control levels, p
<001, n=4to 12

TABLE V
Effect of gangliosides on NGF-mediated increase in ChAT activity in
cultures of septal cells
The cells were grown for 10 days. NGF (0.5 ug/mi) and gangliosides (0.5
mg/ml of a ganglioside mixture) were added to the medium and were present
during the entire culture time.

Proteins ChAT Activity

pg/dish pmolfmin/dish p Z;JZ;Z;ZI/ : g
Controls 238 + 67 472 +0.32 0.020 = 0.001
Gangliosides 194 +£10°  7.78 £ 0.58° 0.040 % 0.001°
NGF 236 + 9 11.51 £ 0.90° 0.049 + 0.003°
NGF + gangliosides 213 £5° 10.85+0.43° 0.051 £0.001°

#Values are mean + SEM, n = 12.
b Significantly different from controls, p < 0.01.

been observed in cultures of cells dissociated from white matter
(type 2 astrocytes; Raff et al., 1983). These type 2 astrocytes bind
tetanus toxin which attaches itself to gangliosides GDy, and GTqp
(VanHeyningen, 1974), and they are recognized by an antibody
which selectively binds to tetrasialogangliosides (GQ). Based on
these observations, it could be postulated that the incorporation of
complex gangliosides into membranes of astrocytes not containing
them caused the transformation in process-bearing cells observed
in the present study. However, type 2 astrocytes retain their mor-
phological appearance in uncoated dishes (Raff et al., 1983),
whereas in our cultures the effect was dependent on coating with
polycationic substrates. Furthermore, the transformation was caused
not only by ganglioside mixtures containing complex gangliosides,
but also by the purified small gangliosides GD,, and GM;. The
mechanism by which exogenous gangliosides change astrocytic
morphology therefore remains unclear. Gangliosides might alter the
interaction between astrocytes and the coated surface of the culture
dish. Otherwise, gangliosides might be preferentially incorporated
into neuronal membranes and then alter the interaction between
neurons and astrocytes. The fact that gangliosides were ineffective
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in uncoated dishes, in which astrocytes grow without contact to
neurons, is compatible with such a view.

Besides changing the morphology of astrocytes, gangliosides
attenuated the proliferation of these cells. A similar effect has been
reported to occur with 3T3, cells, a fibroblastic cell line, of which the
rate of proliferation was reduced by exogenous gangliosides (Bremer
et al,, 1984). In that study, gangliosides were found to inkibit the
autophosphorylation of the receptors for platelet-derived growth
factor. It therefore seems possible that the attenuation of astrocytic
proliferation induced by gangliosides might be a consequence of a
reduced response to growth-stimulating factors. However, it cannot
be excluded that the reduced rate of astrocytic proliferation is
secondary to the ganglioside’s effect on the morphology of these
cells.

It has been reported that the administration of gangliosides to
lesioned rats promotes the sprouting of motoneurons (Gorio et al.,
1980, 1983; Robb and Keynes, 1984) and the regeneration of
dopaminergic neurons (Agnati et al., 1983; Toffano et al., 1983,
1984). Furthermore, an accelerated recovery of hippocampal ChAT
activity induced by gangliosides in animals with septal lesions has
been interpreted as a reflection of facilitated regrowth of cholinergic
fibers (Wojcik et al., 1982). Given these findings, we anticipated that
gangliosides may stimulate the growth of cholinergic fibers in our
cultures. The finding that gangliosides failed to promote fiber growth
but elevated the activity of ChAT of cholinergic neurons suggests
the possibility that the increase in ChAT activity observed in vivo
(Wojcik et al., 1982) is due to an increased ChAT activity in cholin-
ergic fibers that survived the septal lesions.

it has been hypothesized that gangliosides might stimulate growth
of neuronal fibers by potentiating the effects of growth factors (Gorio
et al., 1983). Our finding that gangliosides failed to potentiate the
NGF-mediated increase in ChAT activity in cultures of septal cells
does not support such a view. Nevertheless, since gangliosides
elevated ChAT activity in the absence of NGF, and since the
increases caused by NGF and gangliosides were not additive, it
may be that gangliosides eventually act, at least in part, through a
mechanism similar to that for NGF. However, the relative ChAT
activity in septal cultures rose with increasing cell density (Hefti et
al., 1985), suggesting a stimulatory effect of cell-cell interactions on
the expression of this enzyme. The reduction of astrocyte number
in ganglioside-treated cuitures favors neuron-neuron interactions,
which could result in elevated ChAT activity.

Comparing reported effects of gangliosides in vitro with those
obtained in vivo makes it apparent that effective concentrations
used in vitro are higher than the concentrations which can be
expected to be reached after systemic administration in vivo. Con-
centrations effective in vitro ranged from 0.05 to 0.75 mg/ml of
medium (Roisen et al., 1981; Leon et al., 1982; Rybak et al., 1983;
Spero and Roisen, 1984; ci. Fig. 4 of the present study). Ten to 50
mg/kg of body weight are normally administered in vivo to stimulate
fiber growth (Gorio et al., 1980; Sparrow and Grafstein, 1982; Wojcik
et al., 1982; Agnati et al., 1983; Karpiak, 1983; Toffano et al., 1983,
1984; Robb and Keynes, 1984). The discrepancy might be taken
as an indication that the findings obtained in vitro are not relevant
as models for the ganglioside-mediated effects occurring in vivo.
However, in our ganglioside culture system, the effective ganglioside
concentration is dependent on the concentration of serum in the
medium. Lower concentrations of gangliosides are needed in the
absence of serum (unpublished observations).

Regeneration of neuronal fibers is common in the PNS but not in
the CNS (for reviews, see Raisman, 1977; Bjérklund and Stenevi,
1979; Moore, 1980). A difference in properties of central and periph-
eral glial cells seems to be the basis of this diversity, since both
central and peripheral neurons regenerate in an environment of
peripheral glia (David and Aguayo; 1981; Richardson et al., 1984).
Central glial cells fail to promote regeneration, and their rapid prolif-
eration after brain lesions might even produce a mechanical barrier
preventing neuronal growth (Kiernan, 1979). The attenuation of
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astrocytic growth in vitro produced by gangtiosides therefore might
represent the basis of their ability to promote regenerative processes
in vivo.
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