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Whea exogenons gangliosides are added to the growth medium of neuronat cell cultures they are inserted
into their piasma membranes and are afterwards metabolized in the cytoplasmic interier. The action of
exogenaus pangliosides brings important marphological and biochemical changes to neurens in culture. The
present report shows that the treatment with exogenows gangliosides of a primary culture of chick neurons
modified the distribution of fatty acids in phosphatidylinesitol (PE), mainly that of arachidomic acid and the
fatty acids of the {n — 3) series without aff..ting the other phospholipids. The composition of neuiral lipids
did not change but their conient was increased up to 2-3-fold depending upon the conceniration of
gangliosides. The chenge of the growth medium from one containing fetai calf serum to a chemically defined
one reduced dramatically the content of free [atty acids while the additicn of gangliosides ratsed this content
to normal levels. The increase in the amount of diacylglycerol (DG) confirmed the finding that gangliosides
stimulate phosphoinositide degradation. Finally the fatty acid composition of DG sugpests indirectly that this

compound miglt be produced also by degradation of phosphatidylcholine and not only of PiL.

Intraduciini

Gangliosides are integral components of the
plasma membrane (for review, see Ref. 1) and are
known to be involved in many biological func-
tions of nerve cells such as neurotransmission
[2,4], probably via their ineraclion with calcium
ions |3], the reception of various neuromodulators
{6,7], the recognition, the establishment and the
maintenance of cell to cell contacts [8], and, fi-
nally, cell proliferation and maturation [5,10}

It has been shown that exogenous gangliosides
can be inserted inte the plasma membrane before
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their intake into the cell [11-13]. The addition of
gengliosides to neurons in culture produces pro-
found changes in the cell morphclogy the most
important of which being sprouting of neurites
[14,15]. This, however, is not accompanied by any
remarkable variation in the overall content and
metabolism of protuins and nucleic acids {Ferret,
B. et al,, unpublished data).

The effects produced by exogenous ganglio-
stdes must then be due to their action at a more
specific level. In this respect it is noteworthy that
exogenous ganglioside. can regulate protein plios-
photylation [16,17] and stimulate the metabolism
of phosphoinositides [18), notably of inosito! tris-
phosphate (IP;). This implies an indirect role of
gangliosides in the mobilization of intraceflular
calcium ions considering the involvement of IP, in
such a mechanism [19].
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An increased mefabolism of phosphoinositides
led to the suspicion that gangliosides might also
madify the content of IxG, which is known 1o be
an activator of protein kinase C [20]. Experiments
were therefore undertaken in primary neuronal
cell culture from chick embryos cerebral hemi-
spheres to determine the possible effect of exo-
genous gangliosides upon the content and com-
position of neutral lipids as weli as phospholipid.

Materials and Methods

Neuronal cultures from 8-day-old chick em-
bryo’s cerebral hemispheres were obtained follow-
ing standard procedures [21] and growr, for three
days, in 5 ml Dulbecco’s modified Eagle's medium
(DMEM, GIBCO; supplemented with 10% fetal
caf serum (Flow). At the 3rd day in vitro
Dulbecco’s medium was substituted with 5 ml of a
chemically defined medium without fetal caif
serum {CDM : DMEM containing per liter 5 mg
insulin, 16 mg putrescin, 100 mg irznsferrin, 10~ 12
mo! oestradiol, 2- 10~% mol progesierone and 2 -
10~% mo! sodium selenite), containing or not 10~°
M or 107° M of a mixture of gangiiosides (G,
19.8%, G, 5.2%, G, 39.6%, Gy, 146%, G,
17.6%, Gy, 3.2%, Fidia). The CDM, with or
without gangliosides was changed once more on
the 5th day and the biochemical analyses were
performed one day later. The concentration of the
gangliosides were in this study respectively above
and below the critical micellar concentration
[11,22-23}

It has been shown that afier 4 h of incubation
of these cultures with 10~* M of single species of
gangliosides (Guy, Gy Ref. 26) labelled with
uiti-m. on the ceramide portion [27] or with a
mixiure of gangliosides simiiariv radioiabeiied
(unpublished results) about 96% of the radioactiv-
ity remains in the medium and decreases slowly
there after to 85% after 72 k of incubation as in
the present experimental conditions with a negligi-
ble decwnposition of the sialoglycoconjugates.

The cells were washed three times with a 0.147
M NaCl solution at 4°C, ccllected in the same
solution and then centrifuged {3004 X g, 15 min),
The supernatant was discarded and total lipids
were extracted from the pellet according to the
procedure of Folch et al. [28]. Neutral lipids and

phospholipids were separated by column chro-
matography with silica gel 60 (230--460 mesh,
Merck) as adsorbent (4 X 30 mm). Neautral lipids
were eluted with chloroform (10 ml); phospholi-
pids were recovered by elution with methanol (10
ml) following a 15 ml wash wiw acetone,/ methanol
(9:1, v/v). Neutrat lipids were separated by thin-
layer chromatography on silica gel 60 plates
{Merck) developed in hexane/ diethyl ether / acetic
acid (70:30: 1, by vol.}. Phospholipids were sep-
arated by thin-laver chromatography on silica gel
LK5 plates (Whatman) impregnated with boric
acid according to Leray et al. [29]. Fatty acid
methy] esters from each individual lipid were pre-
pared [30] and analysed using a Perkin-Elmer
Sigma 1 gas chromatograph (bonded fused silica
open tubular columm, 032 mm id. x50 m, Su-
perox. Alltech Assoc.) and a Sigma 10 chart in-
tegrator. The lipid amounts were estimated using
heptadecanoate as an internal standard and the
data are expressed as per cemt molar concentra-
tion. Protcins were determined according to Lowry
et al. [31].

TABLE |

DISTRIBUTION OF THE MAIN FATTY ACIDS IN PHOS-
PHOLIPIDS OF CHICK NEURONS IN CULTURE

Values expressed in mol% are means of two representative
cullure experiments (three Petri dishes each). Only the main
fatty acids are listed. ¥ sum of the fatty acids. Satd., saturated
fatty acids. n.d., not deteciable. Only the faity acids whose
levels are igher than 0.4% are listed.

Fatty acid PC PE PS

14:0 44 16 24
16:1 4.6 13.5 18.3
18:0 5.8 17.2 29.4
¥ said. 55.0 323 50.2
16:14(12-9) 76 52 6.0
18:1(n-9) 251 18.7 20.1
20:3(n-9) 0.7 42 nd.
Li{n-9 334 282 27.2
T(n-7 64 59 1.1
18:2(n-#6) 1.0 1.4 25
20:4(n—6) 16 143 16
22:4{n-6) 29 20 nd.
22:5(n—6) nd. 07 nd.
L(n—-6) 57 18.5 5.1
20-5(n=1) nd. ng nd.
22:5{(n-3) nd. 3l 1.9
22:6{n-13) i3 102 9.8
Lin-3) 3 146 124




Results

The average protein concentrations were of
0.784 mg/Petri dish for contrel and 0.792 and
0.810 for 107% M and 10™° M treated neurons,
respectively (average of 12 determinations out of
four independent experiments, S.D. < 8%) indicat-
ing that the treatment of the cultures with gang-
liosides had no effect on their protein content.

Since no statistically significant medification
was seen in the fatty acyl chain composition of
phosphatidylcholine (PC), phosphatidylethanol-
amine {PE) and phosphatidylserine (PS} as a func-
tion of ganglioside concentrations, the fatty acid
composition of these phosgholipids is given only
for control cultures (Table I). The data hence
show that in neurons in culture PC and PS were
the most saturated phospholipid species, palmitic
acid being the most abundant in the former and
stearic acid in the later phospholipids. While the
most abundant polyunsaturated fatty acids in PE
were those of the (# — &) series (mainly 20: 4), the
most abundant in PS were those of the (n—3)

TABLE II

8l

series fmainly 22:6). Beside the saturated fauy
acids, PC was also characterized by a high amount
of non essential fatty acids (about 40% of mono-
enes of the n — 9 and n — 7 series). The quantita-
tive distribution of these phospholipids was not
modified by the ganghioside treatment and re-
mained for PC, PE and PS 53%, 25% and 10% of
total phospholipids, respectively,

The main modification induced by pangliosides
upon the fally acid composition of phosphatid-
vlinositol (PI) was a progressive decrease in the
proportion of saturated fatty acids compensated
by an increase in the proportion of several polyun-
saturated fatty acids (Table II). Palmitic acid was
the saturated fatty acid mostly affected by the
ganglioside addition, 20:3 (n—9) was more
abundant (+46%) at 10~° M ganglioside con-
centration, while more 20:4 (n —6), 22.:4 (1 —6)
and 22:6 (n— 3) was found (+40%, + 100% and
+78%, respectively} at the lowest ganglioside con-
centration. The higher increase in the proporticn
of polyunsaturated fatty acids in the P1 of neurons
treated with 10™* M gangliosides compared to

EFFECT OF EXOGENOUS GANGLIOSIDES ON THE DIS: RIBUTION OF THE PHOSPHATIDYLINOSITOL ACYL

CHAINS IN CULTURED CHICKEN NEURONS

Values represemt means +5.E. of three experiments (three Petri dishes each). * P < 0.05; ** P < 0.01; *** P < 0.001 for differences
due 1o the ganglioside treatment (Studens’s -test). X, sum of the fatty acids. Satd., saturated faiy acids. n.d., ool detectable. Only the

fatty acids whose Jevels are higher than 0.4% are listed.

Fatly acid Ganglioside concentration {M)

0 10°4M 10°° M
14:0 2401 26401 0.7+0.0
16:0 187+07 1421406 ** 119405 **
18:0 241412 259410 269411
¥ sad. 452421 428+19 397+14
16:1{n~9 481403 54403 12+01
13:1({n-9) 211113 169407 20,5409
20:3({n—9 5240.3 52102 7.5£03**
E{n—-9 320413 28940.9 R7+12
En-7 1301 13403 14401
18:2(n~0) 18401 11401 1.7+01
i8:3{n-0) 06401 nd. nd,
20:4(n—6) 129104 17.9£0.7 ** 150106
22:4(n-—-6) 07101 1.61£0.1** 1.1+01*%
Zin—-6) 17.6+0.7 207408 199+0.7
22:5(n-3) 04101 144101 13401
22:6(n—3) 26401 48402 **" 41401 %*%"
Yin-3 15+01 62402 "% 6.1£0.2 **
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Fig. 1. Content of neutral lipids in neurons grown in CDM for
three days and in the absence or presence of a mixture of
gangliosides. CE, cholesterol esters; TG, riacylglycerols; FFA,
free fatty acids; DG, diacylglycerols. In the abscisse the con-
centrations of of gangliosides. Values were obtained from two
representative culture experiments {three Petri dishes each).

10~° M should be related to the physicochemical
characteristics of the sialoglycolipids which below
10~? M are more in a dispersed monotneric form
than micellar [11]. This may facilitate their in-
sertion into the membrane and consequently their
metabolic action at the level of membrane cle-
ments.

The concentration of the four neutral lipids
detected in cultnred cells in the absence or in the
presence of gangliosides is shown in Fig. 1. The
treatment by gangliosides at a concentration of
10~% M, increased 2-fold the amount of each lipid

TABLE IV

TABLE 11l

EFFECT OF EXOGENOUS GANGLIOSIDES ON ‘THe
DISTRIBUTION OF NEUTRAL LIPIDS WITH REFER-
ENCE TO CONTROL NEURONS GROWN IN THE PRES-
ENCE OF SERUM

Neurens were either grown for 6 days with DMEM _:pple-
mented with 10% fetal calf serum or 3 days m DMEM with
serum and 3 more days in CDM. Values are expressed in %
with reference to nenrans growi with s2rum and were obtained
from two represeniative culture expeniments (threc Petri dishes
each). Abbreviations, see Fig. 1.

Neurons grown Neurons grown in CDM
in DMEM /serum  {ganglioside copcentration)
o W3 M 107°M
CE 100 72 253 209
TG 100 3 109 65
FA 100 45 149 108
DG 100 4 14K 13

and, at 10~® M, about 3-fold. Table III shows that
the addivon of gangliosides at both concentra-
tions raises by a factor of three the amount of
neutral lipids when compared to neurons grown
solely in the presence of CDM. When expressed in
molar percent (Table IV and V) and regardless of
the ganglioside treatment, the free fatty acid com-
position was slightly affected. Cholesterol esters
and triacylglycerols showed some changes, the
proportion of stearic acid was increased in

EFFECT OF EXOGENQUS GANGLIOSIDES ON THE DISTRIBUTION OF FATTY ACIDS IN THE FREE FATTY ACID
GROUP {FFA)} AND IN CHOLESTEROL ESTERS (CE) OF CULTURED CHICKEN NEURONS

Values are the means from two represcatative culluve experiments (three Petri dishes each). Only the main [atly acids are listed. T,
sum of the faity acids. Satd., saiurated fatty acids. n.d., not detectable. Only the fatty acids whose levels are higher thzn 0.4% are

listed.
Falty acids FFA, ganglioside concentrations CE, ganglioside concentrations
] 1078 M 107 M 0 100 M 100 M

14:0 450 423 451 6.1 42 18
16:0 276 314 29.5 220 24.6 216
15:0 14 75 1.2 6.7 126 9.0
Z satd. 0.8 g22 827 355 446 404
16:1 27 22 235 2.1 N7 181
18:1 137 131 12.5 237 22.3 7.7
Z(n=-9) 164 15.2 15.2 48.9 41.1 334
18:2 23 20 20 52 7.9 440
15:3 n4 nd. n.d. 13 nd. nd.
L{n-—-§€) 16 25 20 72 83 4.0




TABLEV
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EFFECT OF EXGGENQUS GANGLIOSIDES ON THE DISTRIBUTION OF ACYI. CHAINS IN DIACYLGLYCEROLS (DG)
AND TRIACYLGLYCEROLS (TG) OF CULTURED CHICKEN NEURONS

Values arc means for two culture experiments (three Petri dishes each). Satd., saturated faity acids. n.d., not detectable. Only the fatty

acids whose levels are higher than 0.4% are listed.

Fatty acids D@, ganglioside concentration TG, ganglioside concentration
0 1075 M 107 M 0 104 M 1075 M

14:0 88 14 10.3 7.8 38 Ry
16:0 382 36.7 4.1 25 36.0 337
18:0 133 18.2 13.7 1.6 108 19
E satd. €0.5 66.3 60.4 485 519 51.6
16:1 108 11.4 129 153 139 144
18:1 213 203 191 254 280 26.5
E(n—-9) 340 295 348 41.7 448 43.6
18:2 15 34 23 51 26 28
18:3 1.5 nd. n.d. 0.3 nd. n.d.
Z(n-6) 30 34 31 6% 28 2.8

cholesterol esters and DG eonly at the lowest
ganglioside concentration, while that of linoleic
acid increased in cholesterol esters and decreased
in triacylglycerols. Also the amount oi 16:1 de-
creased in cholesterol esters of cells treated with
1078 M gangliosides.

Discussion

It has been shown that the addition of a mix-
ture of gangliosides to chick nzurons in culture
has a powerful neuritogenic effect [15,31,32]
accompanied by a stimulation of the metabolism
of phosphoinositides after incubation of the cells
with radioactive inositol [18). This observation led
to the study of a possible effect of gangliosides
upon the composition and distribution of the lipid
moiety of membrane phospholipids. Moreover, the
uicicased synthesis of IP) suggested that the DG
part of PI might be affected as well by the treat-
menl witi gangiliosides, hence rosulting in a mod-
ification of protein kinase C activity, and subse-
quently, of protein phosphorylation. Therefore,
the amount of neutral lipids Fas heen analysed
after the growth of neurons in the presence or in
tie absence of a mixture of gangliosides,

The results show that the addition of ganglio-
sides had no effect on the amount and the distri-
bution of phosphelipids. The composition of fatty
acids in the various phospholipids, instead, varies

but only in PI where the proportion of saturated
fatty acids decreased and polyunsaturated faty
acids increased, notably arachidonic acid and the
fatty acid of the (n — 3) series.

The content of neutral lipids was also markedly
affected by the treatment with the sialoglycolipids.
The change of the cell growth medium from the
DMEM containing 10% fetal calf serum to the
CDM reduced significantly the content of neutrsl
lipids, The presence of gangliosides raised such a
content to levels corresponding to those present in
serum grown cells or even above (Table III), It
should be pointed out that the growth of cells in
CDM slows down their development when com-
pared to DMEM supplemented with serum. Un-
der these circumstances the finding further con-
firms the nevrotrophic action of gangliosides.

The fetal calf serum used contains free fatty
acids (with, notably, 7 to 9% of 14: 0, unpublished
observations) and the change to CDM growth
medinm, {which does not contain fres fatty acids),
must affect the neuronal content in neutral lipids.
The large increase in cholesterol esters (Table HI)
might indicaie an increased irtraneuronal mobil-
ity of free fatty acids if one refers to the cholesterol
esters as fatty acid transporters.

The composition of free fatty acids was not
affected. The high amount of 14:0 corresponded
t0 that found in the fetal caif serum and in neu-
rons grown in the presence of this serum.
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The composition of fatty acids in DG, when
compared to that of PI and PC, suggests that this
activaior of protein kinase C derived mainly from
the hydrolysis of PC rather than Pl (compare
Tables [ and I with Table V). It remains however
to be determined whether the DG preduced from
PC pariicipates to the activation of protein
kinase(s) C as the one praduced from PIL

The present data confirm the hypothesis that
the neuritogenic effect of exopenons gangliosides
is mediated by a modification of the metabolism
of PI. After treaiment with gangliosides, the com-
posttion of fatty acids in neutral lipids and phos-
pholipids was not affected, however, the overall
content of both neutral lipids and phospholipids
approached that of neurons grown in 10% fetal
calf serum, further suggesting the protective role
of these sialoglycolipids in the suivival of neurons.
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