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Abstract

This study presents a comparative analysis of gangliosides from lymphoid (spleen and thymus) and other tissues
(brain, liver, lung, muscle) of C57BL/6 mice homozygous (−/− ) and heterozygous (+/− ) for the tumor necrosis
factor receptor 1 (TNFRp55). Quantitative and qualitative differences in the expression of the lipid-bound
N-acetylneuraminic (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc) and of various ganglioside biosynthesis
pathways were detected between the tissues of the TNFRp55−/− and the control TNFRp55+/− mice. Sialic acid
profiles showed a strong decrease in the absolute amount of sialic acids (Neu5Ac+Neu5Gc) in the lungs and thymus
of homozygous (1.41 and 0.3 ng/mg wet weight, respectively) compared with control heterozygous animals (7.18 and
2.05 ng/mg wet weight, respectively). Considerable differences of Neu5Ac/Neu5Gc ratios in the lungs, muscle, spleen,
and thymus were also detected. The gangliosides GM3(Neu5Ac) and GM3(Neu5Gc) were the dominant gangliosides
in the lungs of the control animals, whereas the knockout mice almost completely lacked these structures in this
organ. Reduced expression of GM1b-type gangliosides (GM1b and GalNAc-GM1b) was also found in the lungs, spleen,
and thymus of the TNFRp55 knockout mice. On the other hand, neolacto-series gangliosides were more abundant
in the lungs, brain, and muscle of the knockout mice, whereas their expression in the liver, spleen, and thymus was
similar in both groups of animals. This study provides in vivo evidence that TNF signaling via the TNFRp55 is
involved in the acquisition of a distinct ganglioside assembly in different mouse organs. TNFRp55 signaling seems
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Abbre6iations: DMB, 1,2-diamino-4,5-methylenedioxybenzene; GSL(s), glycosphingolipid(s); TNF, tumor necrosis factor;

TNFRp55, TNF receptor p55. The designation of the glycosphingolipids follows the IUPAC–IUB recommendations [71] and the
nomenclature of Svennerholm [72]. Lactosylceramide or LacCer, Galb1-4Glcb1-1Cer; gangliotriaosylceramide or GgOse3Cer,
GalNAcb1-4Galb1-4Glcb1-1Cer; gangliotetraosylceramide or GgOse4Cer, Galb1-3GalNAcb1-4Galb1-4Glcb1-1Cer; lacto-N-
neotetraosylceramide or nLcOse4Cer or nLc4, Galb1-4GlcNAcb1-3Galb1-4Glcb1-1Cer; lacto-N-norhexaosylceramide or
nLcOse6Cer or nLc6, Galb1-4GlcNAcb1-3Galb1-4GlcNAcb1-3Galb1-4Glcb1-1Cer; GM3, II3Neu5Ac-LacCer; GM2, II3Neu5Ac-
GgOse3Cer; GM1 or GM1a, II3Neu5Ac-GgOse4Cer; GM1b, IV3Neu5Ac-GgOse4Cer; GalNAc-GM1b, IV3Neu5Ac-GgOse5Cer; GD3,
II3(Neu5Ac)2-LacCer; GD1a, IV3Neu5Ac,III6Neu5Ac-GgOse4Cer; GD1a, IV3Neu5Ac, II3Neu5Ac-GgOse4Cer; GD1b,II3(Neu5Ac)2-
GgOse4Cer; GT1b, IV3Neu5Ac,II3(Neu5Ac)2-GgOse4Cer. Only Neu5Ac-substituted gangliosides are presented in this list of
abbreviations.
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to be especially important for the activation of the GM1b-type ganglioside biosynthetic pathway that is a unique
characteristic of the mouse lymphoid tissues. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Tumor necrosis factor-a (TNFa) binds to
two different receptors, tumor necrosis factor
receptor 1 (TNFRp55) and TNFRp75 (re-
viewed by Armitage [1]). Targeted disruption
of the gene for TNFRp55 [2,3] revealed a
critical function of this receptor in the mor-
phogenesis of lymphoid organs and generation
of the immune response to antigens.
TNFRp55 is important for the differentiation
of Peyer’s patches, differentiation of follicular
dendritic cells in the spleen, development of
germinal centers, and T-cell-dependent anti-
body response [4,5]. Targeted disruption of
TNFRp75 revealed that this receptor is not
important for the differentiation and mor-
phology of lymphoid organs, but may play a
role in the necrotic effects of TNF [6] or in
suppressing TNF-mediated inflammatory re-
sponses [7]. TNFRp55 triggers several second
messenger systems, including phospholipase
A2, protein kinase C, phosphatidylcholine-
specific phospholipase C, and acid sphin-
gomyelinase [8,9]. Activation of the acid
sphingomyelinase generates ceramide, which
can then act on a number of direct targets
[10], such as protein kinase C isoform j, which
links the TNF receptor to nuclear factor kB
activation [11].

The sphingomyelin pathway links
TNFRp55 to glycosphingolipids (GSLs), a
large family of macromolecules built upon
ceramide [12]. GSLs are ubiquitous, highly
conserved membrane components with an im-
portant biological role in cell surface recogni-
tion [13,14] and modulation of function of a
variety of membrane associated proteins (re-
viewed by Hakomori and Igarashi [15]). GSLs
are assembled as ‘rafts’ [16] or ‘glycosignaling
domains’ [17] in the outer leaflet of the plasma
membrane, and these clustered GSLs but not
nonclustered GSLs are suggested to exert their
biological activities. Gangliosides are charac-
terized by the presence of one or more sialic
acid units in the oligosaccharide chain. The

parent compounds are Neu5Ac and Neu5Gc,
which are known to play crucial roles in vari-
ous biological functions [18,19]. There is a
wealth of data on the role of gangliosides in
the regulation of the immune response. Such
effects are, e.g., inhibition of lymphoprolifera-
tion [20] and modulation of CD4 from helper
T lymphocytes [21,22], suppression of cyto-
toxic activity of natural killer cells [23], and
inhibition of monocyte accessory function
[24]. Gangliosides inhibit TNFa synthesis in
monocytes [25], and can protect from TNFa-
induced apoptosis [26]. Development of tumor
cell resistance to TNF cytolysis is coupled to a
two-fold decrease in ganglioside expression
[27]. On the other hand, TNF can stimulate
ganglioside expression in tumor cells in vitro
[28].

As a first step in elucidating the interaction
between the TNFa and GSL functions, we
analyzed the lipid-bound sialic acid profiles
and ganglioside pattern of different organs
from mice deficient in the p55 TNF receptor
in comparison with control mice heterozygous
for the gene knockout. Sialic acids were
quantified as their 1,2-diamino-4,5-methylene-
dioxybenzene (DMB) derivatives by high-per-
formance liquid chromatography (HPLC) and
the thin-layer chromatography (TLC) im-
munostaining technique was used to deter-
mine the differences between various
ganglioside biosynthesis pathways in six tis-
sues [29]. These highly specific and sensitive
methods revealed differences in the expression
of Neu5Ac and Neu5Gc and different patterns
of GM3(Neu5Ac) and GM3(Neu5Gc), GM1b-
type (GM1b, GalNAc-GM1b and GD1a), and ne-
olacto-series gangliosides in the tissues of the
control mice and mice homozygous for the
TNFRp55 gene knockout.

2. Results

This study presents a comparative investiga-
tion of gangliosides from lymphoid (spleen
and thymus) and other tissues (lung, brain,
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muscle, liver) of mice lacking the TNFRp55
gene. Gangliosides from C57BL/6 mice ho-
mozygous (−/− ) and heterozygous (+/− ;
control mice) for the TNFRp55 receptor gene
knockout were isolated from different organs
and tissues from 10 male animals (Table 1).
To analyze the qualitative and quantitative
differences between Neu5Ac and Neu5Gc sub-
stitution, lipid-bound sialic acids were
quantified as their DMB derivatives. Resor-
cinol and TLC immunostaining were per-
formed for structural characterization. A
panel of specific antibodies was employed for
the immunochemical analysis of GM3, GM1b-
type, neolacto-series, and GM1-type gan-
gliosides in the brain, liver, lungs, muscle,
spleen, and thymus.

Ganglioside-deri6ed sialic acids from differ-
ent tissues of control and TNFRp55 knockout
mice.—Sialic acid profiles showed consider-
able differences in the absolute amounts of
lipid-bound sialic acids within each group of
animals, depending on the tissue of origin.
Comparing the sialic acid concentrations from
various tissues of TNFRp55−/− or control
TNFRp55+/− animals, quantitative and
qualitative differences in sialic acid concentra-
tions and Neu5Ac/Neu5Gc ratios were also
observed between the same tissues of homo-
and heterozygous mice (Table 2). HPLC runs
of DMB derivatives of sialic acids released
from lung and thymus gangliosides are shown
as an example in Fig. 1. The most prominent
difference in sialic acid concentrations was a
strong decrease in the absolute amount of
sialic acids (Neu5Ac+Neu5Gc) in the lungs
and thymus of homozygous animals (1.41 and
0.3 ng/mg wet weight, respectively) compared
with heterozygous animals (7.18 and 2.05 ng/
mg wet weight, respectively). Furthermore,
relevant changes in Neu5Ac/Neu5Gc ratios
were found in lungs, muscle, spleen, and thy-
mus (Fig. 2). The decrease in the total sialic

acid concentration in the lungs and thymus of
homozygous animals (Fig. 2, upper panel, Ac
and Af, respectively) compared with het-
erozygous animals (Fig. 2, upper panel, Bc
and Bf, respectively) correlated with a relative
decrease of Neu5Gc versus Neu5Ac in ho-
mozygous (Fig. 2, lower panel, Ac and Af,
respectively) compared with heterozygous
mice (Fig. 2, lower panel, Bc and Bf, respec-
tively; Table 2). On the other hand, an in-
crease in ganglioside-derived Neu5Ac was
observed in the brain of homozygous (Fig. 2,
upper panel, Aa) compared with heterozygous
animals (Fig. 2, upper panel, Ba). As a first
step to attributing these differences to changes
in the ganglioside expression, we performed
resorcinol TLC stains.

Resorcinol staining of gangliosides from dif-
ferent tissues of control and TNFRp55 knock-
out mice.—Resorcinol-stained thin-layer
chromatograms of gangliosides from different
tissues of TNFRp55−/− and control
TNFRp55+/− mice are shown in Fig. 3(A)
and (B), respectively. Due to the different
concentrations in respective organs, gan-
glioside amounts corresponding to 10 mg
(brain; Fig. 3, lanes a), 40 mg (liver, spleen,
and thymus; Fig. 3, lanes b, e, and f, respec-
tively) and 60 mg wet weight (lung and mus-
cle; Fig. 3, lanes c and d, respectively) were
applied. Purified GM3(Neu5Gc) substituted
with C24- and C16-fatty acid (upper and lower
band, respectively; Fig. 3, lanes g); ganglioside
preparations from the human brain (Fig. 3,
lanes h) and granulocytes (Fig. 3, lanes i) were
used as references. Neolacto-series monosialo-
gangliosides from human granulocytes chro-
matograph as double bands on HPTLC plates
according to their ceramide C24- and C16-fatty
acids (upper and lower bands, respectively
[30]). The most obvious difference in the gan-
glioside expression between the control and
knockout mice was a dominant GM3 triple

Table 1
Total wet weights of tissues obtained from mice homozygous (−/−) or heterozygous (+/−) for the TNFRp55 gene knockout a

Liver Lungs Muscle SpleenStrain ThymusBrain

0.671TNFRp55−/− 4.203 1.46313.768 1.378 0.554
TNFRp55+/− 4.198 0.6440.7891.5411.48314.472

a Wet weights of tissues obtained from 10 male mice are given in grams.
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Table 2
Lipid-bound sialic acid concentrations in tissues from mice homozygous (−/−) or heterozygous (+/−) for the TNFRp55 gene
knockout

Neu5Ac b S.D. c (%) Neu5Gc bTissue S.D. c (%)Sign a Total d (ng/mg) S.D. c (%)

(ng/mg) (%) (ng/mg) %

Aa Brain (−/−) 277.73 100.0 8.6 0.00 0.0 277.73 8.6
Brain (+/−)Ba 188.19 100.0 2.6 0.00 0.0 188.19 2.6

0.71 8.2 1.6 7.86Liver (−/−) 91.8Ab 5.4 8.57 5.1
Liver (+/−)Bb 0.29 3.0 10.8 9.22 97.0 4.6 9.51 4.8
Lung (−/−)Ac 1.12 79.3 0.3 0.29 20.7 3.2 1.41 0.9

4.12 57.4 5.4 3.06Lung (+/−) 42.6Bc 4.4 7.18 4.9
0.34 44.2 19.8 0.43 55.8 5.5 0.77 11.8Ad Muscle (−/−)
0.37 78.0 4.6 0.10Muscle (+/−) 22.0Bd 9.2 0.47 5.6

Spleen (−/−)Ae 2.61 69.4 7.2 1.15 30.6 6.8 3.76 7.1
3.05 53.4 2.5 2.66 46.6 0.2Be 5.71Spleen (+/−) 1.4
0.24 79.2 19.3 0.06Thymus (−/−) 20.8Af 2.8 0.30 15.9
1.15Bf 56.2Thymus (+/−) 7.2 0.90 43.8 3.3 2.05 5.5

a The abbreviations are the same as in Figs. 1–3; A, TNFRp55−/−; B, TNFRp55+/−; a, brain; b, liver; c, lung; d, muscle;
e, spleen; f, thymus.

b ng sialic acid per mg wet weight; percentages are defined as the values against the total amount of lipid-bound sialic acids.
c Standard deviations (S.D.) as percentage of four measurements of each sialic acid.
d Total lipid-bound sialic acids (Neu5Ac+Neu5Gc), given as ng per mg wet weight.

band in the lungs of TNFRp55+/− (Fig.
3(B), lane c) compared with trace GM3-quanti-
ties in TNFRp55−/− mice (Fig. 3(A), lane
c). The separation of individual murine gan-
gliosides on HPTLC plates as triple bands,
such as observed here with GM3, is a common
feature and is due to the variation in the
ceramide portion (long- and short-chain fatty
acids) and oligosaccharide moiety (Neu5Ac
and Neu5Gc). This results in two pairs of
gangliosides, each homogeneous in their
oligosaccharide but heterogeneous in their re-
spective ceramides. These gangliosides run as
a triple band: the middle band is composed of
GM3(Neu5Ac) with a C16- and GM3(Neu5Gc)
with a C24-fatty acid, the upper band repre-
sents GM3(Neu5Ac) with a C24-fatty acid and
the lower band is GM3(Neu5Gc) with a C16-
fatty acid [31,32]. Because GM3 was the major
ganglioside in lungs of control TNFRp55+/
− mice (Fig. 3(B), lane c), the strong decrease
in Neu5Gc-substitution in TNFRp55−/−
mice could be due to a reduced GM3(Neu5Gc)
expression in homozygous animals. This was
verified by TLC immunostaining with specific
anti-GM3(Neu5Ac) and anti-GM3(Neu5Gc) an-
tibodies and is outlined in the next section. No
other conclusion concerning the structural dif-
ferences between the two groups of mice could
be drawn from the resorcinol-stained TLCs in

Fig. 3, partly because of the occurrence of
resorcinol-negative bands that covered minor
gangliosides (Fig. 3, lanes f). In the next step,
we used a panel of GSL-specific antibodies
and GM1-specific choleragenoid as detection
tools [33] to study the expression of GM3 and
GM1b-type (GM1b, GD1a, GalNAc-GM1b) gan-
gliosides, neolacto-series gangliosides
(IV3nLc4, IV6nLc4, and VI3nLc6), and GM1a-
type gangliosides (GM1, GD1a, GD1b, and GT1b)

Fig. 1. HPLC elution profiles of fluorescent DMB derivatives
of Neu5Gc (1) and Neu5Ac (2) released from lungs (c) and
thymus (f) gangliosides of TNFRp55−/− (A) and control
TNFRp55+/− mice (B). Sialic acids corresponding to 25
mg wet weight of respective organs were chromatographed.
Std, Neu5Gc and Neu5Ac standards (20 ng, each). Abbrevia-
tions are the same as in Table 2.
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Fig. 2. Ganglioside-derived sialic acid concentrations in tis-
sues of TNFRp55−/− (A) and control TNFRp55+/−
mice (B). (a) Brain; (b) liver; (c) lungs; (d) muscle; (e) spleen;
(f) thymus. Abbreviations are the same as in Table 2. 
,
Neu5Ac; 
, Neu5Gc.

does not react with any ganglio- and neolacto-
series gangliosides [32]. A quantitative com-
parison of GM3(Neu5Ac) and GM3(Neu5Gc)
expression by TLC immunostaining with re-
spective antisera is not possible due to differ-
ent binding parameters of antibodies. Because
GM3 makes up about 95% of the resorcinol
stain (Fig. 4(A), lane d) of the lungs of
TNFRp55+/− mice, the GM3(Neu5Ac)/
GM3(Neu5Gc) ratio should be almost identical
to the values for total lipid-bound sialic acids
(see Table 2). These data indicate that the
lungs of control TNFRp55+/− mice have a
high expression of terminally sialylated lacto-
sylceramide substituted with about 57%
Neu5Ac and 43% Neu5Gc, whereas the lungs
of TNFRp55−/− mice almost lack this gan-
glioside. Therefore, the difference in the total
sialic acid of 5.77 ng/mg wet weight (see Table
2 and Fig. 4(A), lanes c and d) is almost
completely due to the lactosylceramide-bound
sialic acids.

Fig. 3. Resorcinol staining of gangliosides from various tis-
sues of TNFRp55−/− (A) and control TNFRp55+/−
mice (B). Ganglioside amounts corresponding to 10 mg
(brain, lanes a), 40 mg (liver, lanes b), 60 mg (lungs and
muscle, lanes c and d, respectively) and 40 mg wet weight
(spleen and thymus, lanes e and f, respectively) were chro-
matographed together with 3 mg GM3(Neu5Gc) (lanes g), 20
mg human brain (lanes h) and 10 mg human granulocyte
reference gangliosides (lanes i). Crosses indicate resorcinol
negative bands. Abbreviations are the same as in Table 2.

in various tissues of TNFRp55−/− and
TNFRp55+/− mice.

TLC immunostaining of GM3(Neu5Ac) and
GM3(Neu5Gc) in lungs of control and TNFRp55
knockout mice.—TLC overlay analysis of the
GM3 composition in the lungs of TNFRp55+
/− animals revealed the dominance of C24-
fatty acid-substituted GM3(Neu5Ac) and
GM3(Neu5Gc) in the upper and middle band,
respectively, whereas only small amounts of
GM3(Neu5Ac) and GM3(Neu5Gc) with C16-
fatty acid were detectable in the middle and
lower band, respectively. An anti-
GM3(Neu5Gc) TLC overlay assay of the gan-
glioside fraction from TNFRp55−/− and
TNFRp55+/− animals is shown in Fig. 4(B)
(lanes c and d, respectively; compare with
resorcinol-stained TLC in Fig. 4(A)) together
with the reference stain of GM3(Neu5Gc) from
a mouse hybridoma (Fig. 4(B), lane e). Brain
gangliosides from both mouse strains (Fig.
4(B), lanes a and b) and human granulocyte
gangliosides (Fig. 4(B), lane f) did not stain
with this antibody, indicating high specificity
of the anti-GM3(Neu5Gc) antibody, which
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Fig. 4. Resorcinol stain (A) and anti-GM3(Neu5Gc) TLC
immunostain (B) of ganglioside fractions from the brain and
lungs of TNFRp55−/− and control TNFRp55+/− mice.
Panel A shows chromatograms of ganglioside amounts corre-
sponding to 10 mg brain (TNFRp55−/− , lane a, and
TNFRp55+/− , lane b) and 60 mg lung wet weight
(TNFRp55−/− , lane c, and TNFRp55+/− , lane d),
whereas for TLC immunostaining (panel B) one third of
ganglioside quantities were applied in the same order. In both
panels 3 mg of GM3(Neu5Gc) (lanes e) and 10 mg of human
granulocyte gangliosides (lanes f) were used as references.

substituted and lack Neu5Gc-containing gan-
gliosides [40], whereas YAC-1 cells are
characterized by high expression of Neu5Gc-
substituted GM1b-type gangliosides [39,41].
TLC overlay analysis of GM1b and GD1a in the
lungs, spleen, and thymus of the TNFRp55−
/− strain is shown in Fig. 5(B) (lanes a, b,
and c, respectively) in comparison to YAC-1
and MDAY-D2 cell lines (Fig. 5(B), lanes d
and e, respectively), together with the corre-
sponding resorcinol stain (Fig. 5(A)). GM1b

was not present in the lungs (Fig. 5(B), lane a)
and only trace quantities were detected in the
spleen and thymus of TNFRp55−/− mice
(Fig. 5(B), lanes b and c, respectively), sepa-
rating at positions I (=GM1b(Neu5Ac) with
C24-fatty acid) and II (=GM1b(Neu5Ac) with
C16-fatty acid) of YAC-1 and MDAY-D2 ref-
erence gangliosides (see Table 3). In contrast,
both GM1b-species were abundant in the lungs,
spleen, and thymus of control TNFRp55+/
− animals (Fig. 5(C), lanes a, b, and c,
respectively). Two additional bands appeared
in the ganglioside fraction of the thymus that
chromatographed on the level of gangliosides
VII (=GD1a(Neu5Ac, Neu5Ac) with C24-fatty
acid) and VIII (=GD1a(Neu5Ac, Neu5Ac)
with C16-fatty acid) of reference MDAY-D2
gangliosides. Both types of mice showed equal
amounts of a GM1b-positive band in the brain
(data not shown), known to be a minor con-
stituent in the mammalian brain [36,42]. These
results clearly indicate the strong downregula-
tion of terminally sialylated GM1b ganglioside
in the lungs, spleen, and thymus, and of GD1a
in the thymus of TNFRp55−/− mice.

TLC immunostaining of GalNAc-GM1b in
lungs, spleen, and thymus of control and
TNFRp55 knockout mice.—The ganglioside
GalNAc-GM1b has been reported to be a
marker of mature and/or stimulated T
lymphocytes [37,43]. The high specificity of
the anti-GalNAc-GM1b antibody that does not
bind to any other ganglio- or neolacto-series
gangliosides has been described in two reports
[39,40]. It should be mentioned that this anti-
body does not discriminate between Neu5Ac-
and Neu5Gc-substituted GalNAc-GM1b, i.e., it
also binds to GalNAc-GM1b(Neu5Ac) and
GalNAc-GM1b(Neu5Gc). In the TLC overlay
assay of ganglioside extracts from the lungs,

TLC immunostaining of GM1b and GD1a in the
lungs, spleen, and thymus of control and
TNFRp55 knockout mice.—Terminally sialy-
lated ganglio-series gangliosides GM1b and
GD1a have been reported to be typical gan-
gliosides of the mouse leukocytes [34,35]. In
this study GM1b-type gangliosides were de-
tected in the brain, lungs, spleen, and thymus
of both TNFRp55−/− and TNFRp55+/
− animals, but not in the liver and muscle.
GM1b and GD1a are detectable on HPTLC
plates with an anti-GgOse4Cer antibody after
V. cholerae neuraminidase treatment, as
demonstrated in two of our previous publica-
tions [36,37]. Murine lymphoma YAC-1 and
lymphoreticular MDAY-D2 cell lines are
known to express high levels of GM1b-type
gangliosides [38–40]. Ganglioside fractions
from both cell lines were used as references
and their major gangliosides are listed in
Table 3. MDAY-D2 cells express Neu5Ac-
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spleen, and thymus of TNFRp55−/− mice
this antibody stained only a trace band of
GalNAc-GM1b in the spleen fraction (Fig.
6(A), lane b), whereas in the control
TNFRp55+/− mice a strong band was
present in the spleen fraction (Fig. 6(B), lane
b) at position III (=GalNAc-GM1b(Neu5Ac)
with C16-fatty acid and/or GalNAc-
GM1b(Neu5Gc) with C24-fatty acid) of refer-
ence YAC-1 and MDAY-D2 gangliosides (see
Table 3). Two positive GalNAc-GM1b bands
were detected in the lungs of the control
TNFRp55+/− mice at positions II and III
(Fig. 6(B), lane a), most likely GalNAc-
GM1b(Neu5Ac) with C24- and C16-fatty acid,
respectively, which were lacking in the lungs
of TNFRp55−/− mice (Fig. 6(A), lane a).
The brain, liver, and muscle of both types of
mice failed to express GalNAc-GM1b (data not
shown). Thus, GalNAc-GM1b expression is
downregulated in the lungs and spleen of
TNFRp55−/− mice.

Detection of neolacto-series gangliosides in
tissues of control and TNFRp55 knockout
mice.—Selective detection of terminally (a2-
3)-sialylated neolacto-series gangliosides
(IV3nLc4, VI3nLc6) involves immunostaining
of TLC-separated gangliosides with anti-nLc4
antibody after V. cholerae neuraminidase
treatment, whereas the visualization of
IV6nLc4 is feasible without enzyme treatment
[44,45]. The presence of lactosamine-contain-

ing gangliosides in the brain, liver, lung, mus-
cle, and spleen of both groups of mice was
demonstrated using this method. TLC im-
munostaining with the anti-nLc4 antibody af-
ter neuraminidase treatment is shown in Fig. 7
for TNFRp55−/− (Fig. 7(A), lanes a–e)
and TNFRp55+/− animals (Fig. 7(B), lanes
a–e) in comparison to reference neolacto-se-
ries gangliosides from human granulocytes
(Fig. 7(B), lane f). The most prominent differ-
ence between the two groups, in the brain
extracts, was a strong expression of an (a2-3)-
sialylated neolacto-core ganglioside (most
likely VI3nLc6) in TNFRp55−/− mice (Fig.
7(A), lane a, arrow-head) compared with an
extremely minor ganglioside in TNFRp55+/
− mice (Fig. 7(B), lane a, arrow-head). This
terminally (a2-3)-sialylated ganglioside be-
came apparent after neuraminidase treatment.
The other strongly positive band above the
arrow marks (Fig. 7(A) and (B), lanes a) was
detectable with the anti-nLc4 antibody also
without previous neuraminidase treatment in
the brains of both strains (data not shown),
thus representing an a2-6-sialylated neolacto-
series ganglioside (most probably IV6nLc4).
The lungs of both groups of mice were charac-
terized by high levels of neolacto-series gan-
gliosides, chromatographing at positions of
reference IV3nLc4 and IV6nLc4 of human
granulocytes (Fig. 7(A) and (B), lanes c). A
GSL band in the lungs of TNFRp55−/−

Table 3
Major gangliosides from murine lymphoma YAC-1 and lymphoreticular MDAY-D2 cells

Symbol a Sialic acidGanglioside fraction YAC-1 MDAY-D2Fatty acid

−Neu5Ac +GM224:0, 24:1−II
Neu5AcGM2 −16:0−I +

−24:0, 24:1 +0 GM1a Neu5Ac
16:0I +−Neu5AcGM1a

+ +Neu5Ac*GM1b24:0, 24:1
+Neu5Ac*GM1b16:0II +
+ +24:0, 24:1 GalNAc-GM1b Neu5Ac

24:0, 24:1 Neu5Gc + −*GM1b

+III −16:0 *GM1b Neu5Gc
++Neu5AcGalNAc-GM1b16:0

+Neu5Gc −GalNAc-GM1b24:0, 24:1
+IV −16:0 GalNAc-GM1b Neu5Gc

24:0, 24:1 GD1aV Neu5Ac − +
Neu5AcGD1a16:0VI +−

24:0, 24:1VII +*GD1a −Neu5Ac
VIII *GD1a16:0 Neu5Ac − +

a GM1b and GD1a gangliosides detectable by immunostaining with anti-GgOse4Cer antibody after V. cholerae neuraminidase
treatment are marked with asterisks; structural data drawn from Müthing et al. [39,40].
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Fig. 5. Resorcinol stain (A) and TLC immunostaining of
GM1b-type gangliosides from the lungs, spleen, and thymus of
TNFRp55−/− (B) and TNFRp55+/− mice (C). In panel
A, ganglioside amounts corresponding to 60 mg (lung, lane a)
and 40 mg wet weight (spleen and thymus, lanes b and c,
respectively) were chromatographed together with 10 mg
YAC-1 (lane d) and 10 mg MDAY-D2 gangliosides (lane e).
In panels B and C, one third of ganglioside quantities were
applied in the same order. YAC-1 and MDAY-D2 gan-
gliosides are marked with roman numerals from (−II) to
VIII and their structures are given in Table 3. Crosses indicate
resorcinol negative bands.

did not react with this antibody (data not
shown). As a general feature, the brain and
lungs of TNFRp55−/− animals were char-
acterized by an enhanced expression of an
(a2-3)-sialylated ganglioside, most likely
VI3nLc6, whereas control TNFRp55+/−
mice failed to produce relevant amounts of
this GSL.

Detection of GM1a-type gangliosides in tissues
of control and TNFRp55 knockout mice.—The
expression patterns of GM1a-type gangliosides
in tissues of mice homo- or heterozygous for
the TNFRp55 gene knockout were very simi-
lar. The extracts from the lungs, spleen, and
thymus showed triple band patterns (most
clearly for GM1a), which did not occur in the
brain, liver, or muscle fractions. These triple
bands are typical for murine lymphocytes
[46,47] due to substitution with Neu5Ac/

Fig. 6. Anti-GalNAc-GM1b TLC immunostaining of gan-
glioside fractions from the lungs, spleen, and thymus of
TNFRp55−/− (A) and control TNFRp55+/− mice (B).
In both panels ganglioside amounts corresponding to 20 mg
lung (lanes a) and 13.3 mg spleen and thymus wet weight
(lanes b and c, respectively) were chromatographed together
with 3 mg YAC-1 (lanes d) and 10 mg MDAY-D2 gangliosides
(lanes e). YAC-1 and MDAY-D2 gangliosides are marked
with roman numerals according to Table 3.

mice (Fig. 7(A), lane c, arrow-head), separat-
ing at the position VI3nLc6 of human granu-
locytes (Fig. 7(B), lane f), was considerably
reduced in the lungs of TNFRp+/− mice
(Fig. 7(B), lane c). The same was found for
the muscle (Fig. 7(A) and (B), lanes d), where
this (a2-3)-sialylated neolacto-core ganglioside
(most likely VI3nLc6) represented the major
neolacto-type ganglioside in the muscle of
TNFRp55−/− animals (Fig. 7(A), lane d).
Spleens of both groups showed low (Fig. 7,
lanes e) and the liver only trace quantities of
lacto type 2 gangliosides (Fig. 7, lanes b),
whereas the ganglioside extract of the thymus
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Fig. 7. Detection of neolacto-series gangliosides in the brain, liver, lungs, muscle, and spleen of TNFRp55−/− (A) and control
TNFRp55+/− mice (B). In both panels ganglioside amounts corresponding to 3.3 mg brain (lanes a), 13.3 mg liver (lanes b),
20 mg lung and muscle (lanes c and d, respectively), and 13.3 mg spleen wet weight (lanes e) were chromatographed together with
2.5 mg human granulocyte gangliosides (lane f). The TLC immunostain was performed with anti-nLcOse4Cer antibody after V.
cholerae neuraminidase treatment.

Neu5Gc and C24-/C16-fatty acids (data not
shown).

3. Discussion

Among all mouse organs and tissues, the
brain is characterized by gangliosides substi-
tuted exclusively with Neu5Ac; all other or-
gans and tissues contain considerable amounts
of Neu5Gc, particularly the liver, where
Neu5Gc represents the major lipid-bound
sialic acid. It is unlikely that Neu5Gc has one
specific function but it may modulate the
functions exerted by sialic acids [19]. Concern-
ing the role of CMP-Neu5Ac hydroxylase in
regulating the incorporation of Neu5Gc into
glycoconjugates, the relative levels of Neu5Gc
and Neu5Ac in the rat and mouse liver [48], as
well as in several related mouse lymphoma cell
lines, correlated with the activity of CMP-
Neu5Ac hydroxylase [49]. Using rat small-in-
testine mucosal cells, Bouhours and Bouhours
[50] showed that the increase in the
GM3(Neu5Gc) content correlated with the in-
crease in the activity of CMP-Neu5Ac hydrox-
ylase activity. From this data we can conclude
that the differences in Neu5Gc expression in
the tissues of TNFRp55−/− and control
TNFRp55+/− mice should be due to al-
tered hydroxylase activities in respective or-
gans. Among the tissues and organs analyzed
in this study, the muscle and brain of
TNFRp55−/− mice showed considerable in-
crease in the total lipid-bound sialic acids

compared with the control animals. Because
whole tissues were analyzed, further studies
are needed to determine cell-type-specific ex-
pression of gangliosides in these organs.

GM1b was detected in the spleen and thymus
and GD1a in the thymus of the control
TNFRp55+/− mice. These structures were
almost undetectable in TNFRp55−/− ani-
mals, indicating strong downregulation of ter-
minally sialylated gangliosides with a
GgOse4Cer backbone in the absence of
TNFRp55 receptor. GM1b was also found in
large quantity in the lungs of the control
TNFRp55+/− mice, whereas even trace
amounts could not be detected in
TNFRp55−/− animals. Similarity between
the GM1b expression in the lungs and
lymphoid organs is not surprising because
GM1b is known to be a typical ganglioside of
murine T cells [34,37] and macrophages
[35,51] and lungs harbour T cells and
macrophages. Thus, GM1b expression seems to
be due to the presence of these cells in the
murine lungs. GalNAc-GM1b, the elongation
product of GM1b, was found in considerable
quantities in the spleen and lungs and in mod-
erate quantity in the thymus of TNFRp55+/
− mice. This correlates with previous findings
by us and others that GalNAc-GM1b is a
marker of activated T cells and macrophages
[37,43,51]. In a similar manner to GM1b, Gal-
NAc-GM1b expression was drastically reduced
in the lungs, spleen and thymus of the
TNFRp55−/− mice, indicating that the sig-
naling via this receptor is indeed involved in
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the acquisition of the ganglioside phenotype
of lymphoid cells.

Up until now only a small amount of data
concerning neolacto-type and related gan-
gliosides in the mouse has been available.
Large amounts of terminally sialylated
nLcOse4Cer and nLcOse6Cer were detected in
both TNFRp55−/− and control TNFR-
p55+/− mice, particularly in the brain and
lungs, and to a lesser extent in the muscle and
spleen. However, nothing is known at this
time about the cell-type-specific expression of
neolacto-series gangliosides in murine organs.
Our data would indicate that signaling
through the TNFRp55 receptor is involved in
the expression of these gangliosides in the
mouse.

The ability of gangliosides to modulate
growth factor receptor signal transduction has
been intensively studied. For example, the ty-
rosine kinase activity and its signal transduc-
tion is inhibited by GM3 [52,53]. GM3 also has
immunomodulatory capacities, such as inhibi-
tion of the natural killer cell activity [54] and
induction of CD4 internalization in human
peripheral blood T lymphocytes [55]. Further-
more, GM3 and related gangliosides (GD3,
GD1a, GM2, and GM1) can suppress TNF pro-
duction in human monocytes [25]. The major
difference in the ganglioside expression among
the five tissues analyzed in our study was
almost complete absence of GM3 in the lungs
of TNFRp55−/− compared with control
TNFRp55+/− mice. GM3 is abundant in the
adult lungs and its appearance changes during
the prenatal and postnatal development
[56,57]. Its role in the lungs is unknown, but is
probably not related to the interaction with
pulmonary surfactant apoproteins [57]. The
lungs of adult TNFRp55−/− mice lack ob-
vious morphological pathology (our unpub-
lished data), but this does not exclude the
possible role of signaling through this receptor
in the lung homeostasis.

GSLs have been implicated in the immune
cell circulation and/or localization of cells in
lymphoid organs [15]. TNF can influence the
activity of sialyltransferases in endothelial
cells in vitro, which subsequently changes cell
attachment and migration [58]. With this in
mind, our in vivo data indicate that TNF-reg-

ulated expression of gangliosides during devel-
opment may play a role in directing the
homing and morphological compartmentaliza-
tion of lymphoid organs, resulting in a typical
phenotype of TNFRp55-deficient mice [2,4,5].
Considering the recent advances in under-
standing the biosynthesis of gangliosides (re-
viewed by Lloyd and Furukawa [59]), an in
vivo approach, such as the one used in our
study, may be a suitable model for studying
the role of gangliosides in cell functions, and
gene-disruption approaches may demonstrate
novel functions of gangliosides both in health
and disease.

4. Experimental

Animals.—Mice lacking the gene for the
tumor necrosis factor receptor p55 were origi-
nally generated by Pfeffer et al. [2]. They were
bred onto C57BL/6 background and kept un-
der standard housing conditions (laboratory
rodent chow and water ad libitum and 12 h
light–dark cycle) at the Animal Facility of the
Rijeka University School of Medicine (Rijeka,
Croatia). Mice used in the study were either
homozygous (TNFRp55−/− ) or het-
erozygous (TNFRp55+/− ) for the
TNFRp55 gene knockout. For the study,
males aged 10 weeks were killed by cervical
dislocation under CO2 anesthesia, the tissues
were dissected out and stored at −20 °C until
GSL extraction.

Isolation of GSLs from tissues.—Brains, liv-
ers, lungs, thigh muscle, spleens, and thymi
were dissected from 10 animals of each group.
Identical tissues were pooled, minced with a
scalpel, suspended in distilled water in a 1:2
ratio (w/v), homogenized for 10 min with a
dispersing tool (Polytron PT1200C, Kinemat-
ica AG, Littau/Luzern, Switzerland), and iso-
lated according to standard procedures [60].
Chloroform and MeOH of analytical grade
(E. Merck, Darmstadt, Germany) were dis-
tilled before use. Briefly, GSLs were extracted
with a 2:1 mixture of CHCl3–MeOH, 1:1
CHCl3–MeOH, and 1:2 CHCl3–MeOH (10-
fold volumes of the tissue wet weight) for 30
min with sonication. The combined extracts
were evaporated, resuspended in a 30:60:8
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mixture of CHCl3–MeOH–water, and gan-
gliosides were isolated by anion-exchange
chromatography on DEAE-Sepharose CL-6B
(Pharmacia Fine Chemicals, Freiburg, Ger-
many) as reported previously [34]. The gan-
glioside fraction was incubated for 1 h at
37 °C in aq 1 N NaOH to saponify phospho-
lipids, followed by neutralization with HOAc
and dialysis. Gangliosides were further
purified by adsorption chromatography on
Iatrobeads 6RS-8060 (Macherey-Nagel,
Düren, Germany) as described by Ueno et al.
[61].

After column chromatography purifica-
tions, final ganglioside fractions were adjusted
to defined volumes of 2:1 CHCl3–MeOH cor-
responding to 4 mg wet weight per mL for the
liver and 2 mg wet weight per mL for all other
tissues.

Thin-layer chromatography and reference
gangliosides.—Gangliosides were separated
on Silica Gel 60 precoated high-performance
thin-layer chromatography plates (HPTLC-
plates, size 10×10 cm, thickness 0.2 mm, E.
Merck; Art. No. 5633) using a 120:85:20 mix-
ture of CHCl3–MeOH–water (each by vol.)
with 2 mM CaCl2, and visualized with resor-
cinol [62].

A ganglioside mixture composed of
GM3(Neu5Ac), IV3Neu5Ac-nLcOse4Cer (IV3n-
Lc4), IV6Neu5Ac-nLcOse4Cer (IV6nLc4), and
VI3Neu5Ac-nLcOse6Cer (VI3nLc6) was iso-
lated from human granulocytes as previously
described [30,63]. GM3(Neu5Gc) was purified
from a mouse–mouse hybridoma [32].

Gangliosides from murine T lymphoma
YAC-1 and lymphoreticular tumor cell line
MDAY-D2 were isolated according to estab-
lished procedures [39,40] (see Table 3). Hu-
man brain gangliosides were purchased from
Supelco Inc. (Bellefonte, PA, USA).

Determination of sialic acids.—Neu5Ac and
Neu5Gc of gangliosides were identified as
their fluorescent derivatives by HPLC essen-
tially as described by Hara et al. [64]. Sialic
acids were released from gangliosides with 25
mM H2SO4 (80 °C, 90 min) and converted
with 1,2-diamino-4,5-methylenedioxybenzene
(DMB; Sigma, Deisenhofen, Germany) into
fluorescent derivatives. Sialic acids were sepa-
rated by isocratic elution with 9:7:110

MeCN–MeOH–water (by vol.) on an RP18

column (4.6×125 mm Supersphere, 4 mm par-
ticle size, Bischoff Chromatography, Leon-
berg, Germany) with a flow rate of 1.2
mL/min. Reference Neu5Ac was from Biomol
(Hamburg, Germany; Cat. No. 01103) and
Neu5Gc from Sigma (Cat. No. G-2755).

Antibodies and cholera toxin B subunit
(choleragenoid).—Polyclonal chicken anti-
GM3(Neu5Ac) and anti-GM3(Neu5Gc) anti-
bodies have been characterized in our
previous reports [31,32]. Rabbit anti-
GgOse4Cer antiserum used for the detection
of GM1b and GD1a has been described in earlier
publications [36,37]. Highly specific chicken
anti-GalNAc-GM1b antibody has been de-
scribed in detail elsewhere [39,40]. Chicken
anti-nLcOse4Cer antibody used for the analy-
sis of neolacto-series gangliosides has been
characterized in our earlier publications
[31,44,65]. Cholera toxin B subunit (=choler-
agenoid) specific for ganglioside GM1 was
from Sigma (No. C-7771) and goat anti-
choleragenoid antiserum from Calbiochem
(Frankfurt a.M., Germany; No. 227040).

TLC immunostaining.—Overlay technique
was carried out according to Magnani et al.
[66] with some modifications, which have been
described in two recent reviews concerning the
details of the TLC immunostaining procedure
[29,67]. All GSL-specific antibodies were used
at 1:1000 dilutions. Secondary rabbit anti-
chicken IgG, goat anti-rabbit IgG, and rabbit
anti-goat IgG antisera, all affinity chromatog-
raphy-purified and labeled with alkaline phos-
phatase (0.6 mg/mL), were purchased from
Dianova and used as 1:2000 dilutions (see
below). Briefly, the silica gel was fixed with
polyisobutylmethacrylate and unspecific
protein binding was blocked by a 15 min
incubation of the plate with solution A (PBS
supplemented with 1% bovine serum albumin
and 0.02% NaN3). The plates were then over-
layed for 1 h with anti-GSL antibodies and
unbound antibodies were removed by washing
each plate five times with solution B (0.05%
Tween 21, 0.02% NaN3 in PBS). After 1 h
incubation with secondary antibodies, diluted
1:2000 in solution A (see above), the plates
were washed again followed by two-fold rins-
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ing with glycine buffer (0.1 M glycine, 1 mM
ZnCl2, 1 mM MgCl2, pH 10.4), to remove
phosphate. Bound antibodies were visualized
with 0.05% (w/v) 5-bromo-4-chloro-3-in-
dolylphosphate (Biomol, Hamburg, Germany)
in glycine buffer.

TLC immunostaining of GM1b-type gan-
gliosides.—Terminally sialylated gangliosides
with GgOse4Cer backbone (GM1b, GD1a) were
detected as described previously [36]. After
chromatography of gangliosides and silica gel
fixation, the plate was incubated for 2 h at
37 °C with 2.5 mU/mL V. cholerae neu-
raminidase (Behring Werke AG, Marburg,
Germany) in 0.05 M sodium acetate, 9 mM
CaCl2, pH 5.5. Desialylated gangliosides were
immunostained with polyclonal anti-
GgOse4Cer antibody (see above).

TLC immunostaining of neolacto-series gan-
gliosides.—Neuraminidase treatment of neo-
lacto-series gangliosides with (a2-3)-
substituted sialic acid is necessary prior to
immunostaining with anti-nLcOse4Cer anti-
body, whereas (a2-6)-sialylated neolacto-type
gangliosides can be detected without enzyme
treatment since sialylation at the position 6 of
the terminal galactose does not hinder recog-
nition. Fixed silica gel plates were incubated
with 2.5 mU/mL V. cholerae neuraminidase
(Behring Werke AG) for 2 h at 37 °C in the
buffer described above, followed by immunos-
taining with anti-nLcOse4Cer antibody (for
details see [31,44]). Neolacto-series gan-
gliosides from human granulocytes, composed
of GM3(Neu5Ac), IV3nLc4, IV6nLc4, and
VI3nLc6 served as references [63].

TLC detection of GM1a-type gangliosides.—
The TLC binding assay using choleragenoid
for specific detection of GM1 was developed by
Magnani et al. [68] and was used according to
the modifications described in previous publi-
cations [46,69]. A fixed silica gel plate was
overlayed with 250 ng/mL choleragenoid
(Sigma) diluted in solution A for 2 h at room
temperature, followed by goat anti-choler-
agenoid (Calbiochem) and secondary rabbit
anti-goat IgG antibody incubation (both di-
luted 1:2000). Bound antibodies were visual-
ized as described above. To reveal the
presence of GD1a, GD1b, and GT1b, the plates
were incubated with 5 mU/mL V. cholerae

neuraminidase (2 h, 37 °C) in the buffer de-
scribed above, prior to combined choler-
agenoid immunostaining. This technique was
originally developed by Wu and Ledeen [70].
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[34] J. Müthing, H. Egge, B. Kniep, P.F. Mühlradt, Eur. J.
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