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Abstract

Membrane vesicles were prepared from rabbit skeletal muscle, separated by sucrose density
gradient centrifugation and characterized by their speci®c marker enzymes, ligand binding, and
ion ¯ux activities. The fractions obtained (in the order of increasing density) were sarcolemma
(SL), T-tubules (TT), sarcoplasmic reticulum (SR1 and SR2) and triads/mitochondria (Tr/M).
Their glycosphingolipid compositions were analyzed by biochemical and immunochemical meth-
ods with speci®c antibodies (TLC immunostaining) and characteristic patterns were obtained from
respective membrane fractions, expressed on a protein basis. Glucosylceramide, the main neutral
glycosphingolipid of rabbit muscle, was found in SL and TT fractions, whereas SR and Tr/M
vesicles lack this compound. Lactosylceramide was selectively recovered in the SR1 fraction.
GM3(Neu5Ac), the main ganglioside in rabbit muscle, was found to account for 64% in the SL, 13%
in the TT, 7% in the SR1, 3% in the SR2 and 13% in the Tr/M fractions. IV3Neu5Ac±nLcOse4Cer
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Abbreviations: DAPI, 4',6-diamidine-2-phenylindole-dihydrochloride; DHP, dihydropyridines; DTAF, dichloro-
triazinylamino-¯uorescein; GSL(s), glycosphingolipid(s); HPLC, high performance liquid chromatography; HPTLC, high perfor-
mance thin-layer chromatography; SL, sarcolemma; SR, sarcoplasmic reticulum; Tr/M, triads/mitochondria; TT, T-tubules. The
nomenclature of sialic acids follows the suggestions of Reuter and Schauer [1], Neu5Ac, N-acetylneuraminic acid; Neu5Gc, N-gly-
colylneuraminic acid. The designation of glycosphingolipids was performed according to the IUPAC±IUB recommendations [2]
and the nomenclature of Svennerholm [3]. Glucosylceramide or Glc�1±1Cer; lactosylceramide or LacCer, Ga1�1±4G1c�1±1Cer;
globotriaosylceramide or GbOse3Cer, Ga1�1±4Ga1�1±4Glc�1±1Cer; globoside or globotetraosylceramide or GbOse4Cer,
Ga1NAc�1±3Gal�1±4Gal�1±4Glc�1±1Cer; gangliotetraosylceramide or GgOse4Cer, Gal�1±3GalNAc�1±4Gal�1±4Glc�1±1Cer;
lacto-N-neotetraosylceramide or nLcOse4Cer, Gal�1±4GlcNAc�1±3Gal�1±4Glc�1±1Cer; lacto-N-norhexaosylceramide or nLcO-
se6Cer, Gal�1±4GlcNAc�1±3Gal�1±4GlcNAc�1±3Gal�1±4Glc�1±1Cer; GM3, II

3Neu5Ac±LacCer; GM1, II
3Neu5Ac±GgOse4Cer;

GD1a, IV
3Neu5Ac, II3Neu5Ac±GgOse4Cer; GD1b, II

3(Neu5Ac)2±GgOse4Cer; GT1b, IV
3Neu5Ac, II3(Neu5Ac)2±GgOse4Cer.
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was mostly abundant in SL and decreased in the order SL>TT, Tr/M>SR1, SR2. IV6Neu5Ac±
nLcOse4Cer was only detected in the SL and Tr/M fractions in noteworthy quantities. Ganglio-
series gangliosides GM1, GD1a, GD1b and GT1b displayed homogeneous distribution patterns in
each membrane preparation. They were expressed only in small amounts but mainly in SL, TT
and Tr/M vesicles and to less extent in SR1 and SR2 fractions. The presence of GM3(Neu5Ac) in
the SL as well as on subcellular level was con®rmed in transverse muscle cryosections by means of
indirect immuno¯uorescence microscopy. The SL was brightly stained, but considerable intracel-
lular ¯uorescence was observed as expected from the biochemical analyses. Thus, the neutral GSL
and ganglioside expression of the SL and the intracellular membraneous network is di�erent in
skeletal muscle both in terms of quantitative and qualitative GSL composition as demonstrated in
details by means of biochemical and immunochemical techniques. The modulatory functions of
GM3 and gangliosides of the neolacto- and ganglio-series towards the voltage dependent Ca2+-
channel, largely preponderant in the triads-containing Tr/M fraction, is the subject of the accom-
panying paper (J. MuÈ thing, U. Maurer, and S. Weber-SchuÈ rholz, Carbohydr. Res., 307 (1998) 147±
157). # 1998 Elsevier Science Ltd. All rights reserved
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1. Introduction

Structures, metabolism and functions of glyco-
sphingolipids (GSLs) have been widely reviewed
[4±10]. Neutral GSLs as well as gangliosides, which
are characterized by the presence of one or more
sialic acids [11,12], are located primarily in the
external membrane of animal cells [13], but they
are also found associated with intracellular organ-
elles [14]. The predominant intracellular localiza-
tion of lactosylceramide, the major human
neutrophil neutral GSL, in granule-enriched rather
than plasma membrane fractions has been reported
[15]. Further examples are the association of glo-
boside with the secretory granules of mouse bone
marrow culture-derived mast cells [16] and the
subcellular localization of the Forssman GSL in
the Golgi complex, endosomes and lysosomes of
canine epithelial cells [17]. Chroma�n granule
membranes of bovine adrenal medulla were found
to contain a relatively higher concentration of
gangliosides than the membranes of microsomes
and mitochondria [18]. As shown for the sub-
cellular distribution and biosynthesis of rat liver
gangliosides, gangliosides synthesized in the Golgi
apparatus are transported not only to the plasma
membrane, but to the endoplasmic reticulum and
to other internal endomembranes as well [19]. Sub-
cellular fractions of rat sciatic nerve [20], rat brain
[21] and Torpedo electric organ [22] revealed clear
di�erences in ganglioside patterns. Furthermore,
formation of cytosolic ganglioside±protein com-
plexes have been determined in human ®broblasts

[23] and in guinea pig skeletal and cardiac muscle
[24]. Finally, the association of GSLs with inter-
mediate ®laments of a variety of cell types has been
well documented [25,26]. Intracellular pools of
GSLs, while quantitatively less than the plasma
membrane, may subserve important cellular func-
tions (outlined in the accompanying paper in this
issue [27]).

Although muscles together make up approxi-
mately 40% of total body weight, there have been
in the past only a few studies of the GSL expres-
sion in mammalian muscles. Several GSL struc-
tures from pig [28,29] and human skeletal muscle
[30±32] have been identi®ed, recently also con-
®rmed by means of indirect immuno¯uorescence
and TLC immunostaining techniques [33,34].
From early studies of the ganglioside composition
of rabbit skeletal muscle [35,36] it became obvious
that muscle represents the tissue with the lowest
ganglioside content of about 28.4 nmol/g wet tissue
compared to e.g. liver (293.3 nmol/g wet tissue) and
brain (2015.6 nmol/g wet tissue) (data drawn from
ref. [37]). GM3(Neu5Ac) and glucosylceramide are
the major GSLs of rabbit skeletal muscle, whereas
gangliosides of the neolacto- and ganglio-series
represent minor constituents [38,39]. However,
only scarce data is available concerning the dis-
tribution and role of GSLs in the plasma and
intracellular membranes of skeletal muscle [24,40].
Therefore, we investigated the detailed GSL com-
position of sarcolemma (SL), T-tubules (TT), sar-
coplasmic reticulum (SR) and triads/mitochondria
(Tr/M) enriched membrane preparations of rabbit
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skeletal muscle. Profound qualitative as well as
quantitative di�erences in the GSL expression
could be demonstrated for the analyzed membrane
preparations. The modulatory e�ects of muscle
speci®c gangliosides towards voltage dependent
Ca2+-channels, which are enriched in the triad
membrane fraction, will be presented in the
accompanying paper [27].

2. Results

The subcellular distribution of neutral GSLs and
gangliosides in skeletal muscle, i.e. their distribu-
tion in the SL, TT, SR1, SR2 and Tr/M membrane
fractions has not been documented so far in detail.
For this purpose, membrane vesicles were prepared
from rabbit skeletal muscle, separated by sucrose
density gradient centrifugation and characterized
by their speci®c marker enzymes, ligand binding,
and ion ¯ux activities [41]. GSLs were extracted
from whole muscle and from single membrane
vesicle preparations. Since muscle represents the
tissue with the lowest GSL content, GSL composi-
tions of respective fractions were elucidated by
means of the overlay technique [42].
Neutral GSLs and gangliosides from whole rabbit

skeletal muscle.ÐThe orcinol stained TLC of neu-
tral GSLs from whole rabbit skeletal muscle is
shown in Fig. 1A (lane b) in comparison to neu-
tral GSLs from human erythrocytes (Fig. 1A, lane
a; reference). Glucosylceramide represents the
major neutral GSL in skeletal muscle, and only

traces of lactosylceramide were detectable in the
whole GSL extract. The resorcinol stained TLC of
gangliosides from whole rabbit skeletal muscle is
given in Fig. 1B (lane b) in comparison to ganglio-
sides from human granulocytes (Fig. 1B, lane a)
and human brain (Fig. 1B, lane c), which were
used as references throughout this study (see
below). Rabbit skeletal muscle is characterized by
the expression of GM3(Neu5Ac) and some minor
gangliosides, which chromatograph on the level of
reference neolacto-series type gangliosides from
human granulocytes (Fig. 1B).
Membrane fractions.ÐMarker enzymes, ligand

binding, and ion ¯ux activities in membrane frac-
tions from rabbit skeletal muscle are summarized
in Table 1. The SL fraction was characterized by
high Na+,K+-ATPase activity, enrichment of
C1ÿ-channel, which was detected by speci®c bind-
ing of IAA-94, and enrichment of Na+-channel,
determined by speci®c saxitoxin ligand binding
capacity, as reported by Weber-SchuÈ rholz et al.
[41]. TT-rich fractions bound [3H]PN200±110
(dihydropyridine receptors, Ca2+-channels) with
high speci®c activity. The Ca2+-channel of muscle
is predominantly localized in the triad fraction [43]
and to lesser extent in the TT fraction [44], repre-
senting a minor underlying protein constituent
within respective membrane fractions. The main
compound of the SR1 and SR2 fractions is Ca2+-
ATPase and high speci®c activity of this enzyme
identi®ed both fractions as enriched for SR. The
densest fraction (&36±40% sucrose) beared the
mitochondrial marker succinate-cytochrome c
reductase [41] and highest speci®c binding activity
for the DHP receptor ligand [3H]PN200±110
according to Imagawa et al. [43].
Neutral GSL expression in muscle membrane

vesicles.ÐGlucosylceramide (GlcCer) which repre-
sents the dominant neutral GSL of rabbit muscle
[39] was found in the SL and TT vesicles, whereas
the SR2 and Tr/M fractions lack this GSL (Fig. 2).
Lactosylceramide (LacCer) which had been detec-
ted only in trace amounts in whole homogenates of
rabbit skeletal muscle (Fig. 1A, lane b), was
selectively recovered in the SR1 fraction. Applying
neutral GSLs that corresponded to 200�g protein
of each fraction, no relevant amounts of neutral
GSLs were detected by orcinol stain in SR2 and
Tr/M vesicles (Fig. 2).
Protein, cholesterol and lipid bound sialic acid

contents of muscle membrane fractions.ÐThe pro-
tein, cholesterol and ganglioside derived sialic acid

Fig. 1. (A) Orcinol stained TLC of neutral GSLs from rabbit
skeletal muscle. Lane a: 2�g of neutral GSLs from human red
blood cells (reference); lane b: 5�g of neutral GSLs from
whole rabbit skeletal muscle. (B) Resorcinol stained TLC of
gangliosides from rabbit skeletal muscle. Lane a: 10�g of
gang1iosides from human granulocytes (reference); lane b:
5�g of gangliosides from whole rabbit skeletal muscle; lane c:
10�g of human brain gangliosides (reference). Gb3=globo-
triaosylceramide; Gb4=globotetraosylceramide; GlcCer=
glucosylceramide; nLc4=nLcOse4Cer; nLc6=nLcOse6Cer.

J. MuÈthing et al./Carbohydrate Research 307 (1998) 135±145 137



contents of muscle membrane fractions are sum-
marized in Table 2. The absolute amounts as well
as concentrations are given to stress the di�erent
composition of each membrane fraction. The low-
est protein concentration was assayed in the SL
fraction (1.8mg/mL) and highest concentrations
were found in SR2 and Tr/M fractions (17.6 and
15.9mg/mL, respectively) according to increasing
densities of respective fractions. Cholesterol con-
centrations varied from 0.3mg/mL (SL) up to
0.9mg/mL (Tr/M). Maximum sialic acid con-
centration was detected in the Tr/M (7.7�g/mL)
and lowest in the TT fraction (1.8�g/mL). To gain
more insights into the membrane architecture and
speci®c membrane assembly, the cholesterol-to-
protein ratios and lipid bound, i.e. ganglioside
derived sialic acid-to-protein ratios were calculated
for each membrane fraction. These data, estimated
on a protein basis, are shown in Fig. 3. The SL and
TT fractions are characterized by high cholesterol
values compared to ca. fourfold lower contents in

both SR fractions and Tr/M vesicles (Fig. 3A).
The ganglioside content, determined via sialic acid
quanti®cation by HPLC and also calculated on a
protein basis, was enriched in SL compared to all
the other membrane fractions (Fig. 3B). The sialic
acid pro®le revealed Neu5Ac quantities of 2.5�g in
SL, 0.5�g in TT and Tr/M each, 0.35�g in SR1
and 0.15�g in SRT2, corresponding to 1mg pro-
tein of each fraction. Thus, analyses of TT and Tr/
M probes gave ca. ®vefold lowered amounts, fol-
lowed by sevenfold and 17-fold decreases in SR1
and SR2, respectively, compared to SL. Neu5Gc
was not detected in either membrane fraction
according to previous results from whole rabbit
skeletal muscle [39].

GM3 expression in muscle membrane vesicles.Ð
GM3(Neu5Ac) is well known to be the pre-
dominant ganglioside in rabbit skeletal muscle [36]
[38] [39]. Quanti®cation of resorcinol stained bands
by TLC scanning resulted in GM3(Neu5Ac) dis-
tribution of about 64% in the SL, 13% in the TT,
7% in the SR1, 3% in the SR2 and 13% in the Tr/
M fractions. These results corresponded exactly to
the HPLC analysis of ganglioside derived Neu5Ac
shown in Fig. 3B. Overall approximately two
thirds of GM3 were found in the SL whereas the
considerable amount of about one third was
detected on subcellular level.

Distributions of neolacto-series gangliosides in
muscle membrane fractions.ÐThe procedure for
selective detection of terminally �2±6 and �2±3
sialylated neolacto-series gangliosides involves
immunostaining of separated gangliosides with an
anti-nLcOse4Cer antibody without V. cholerae
neuraminidase treatment and after enzyme incuba-
tion, respectively [45]. GM3(Neu5Ac) and the neo-
lacto-series gangliosides IV3Neu5Ac-nLcOse4Cer,
IV6Neu5Ac-nLcOse4Cer, and VI3Neu5Ac-nLcOse6
Cer from human granulocytes (for structures see
Table 1 in the accompanying paper by MuÈ thing

Table 1
Summary of marker enzymes, ligand binding, and ion ¯ux activities in membrane fractions from rabbit skeletal muscle a

Sucrose (%) Membrane vesicles Major enrichment b Enzyme activities Ligand binding

0±14 SL SL Na+, K+±ATPase IAA-94, saxitoxin
14±25 SL/TT/SR TT Ð (PN200-110)
25±28 SR SR1 Ca2+±ATPase Ð
28±35 TT/SR SR2 Ca2+±ATPase Ð
36±40 Tr/SR/M Tr/M c Succinate-cytochrome c reductase PN200-110

aData drawn from Weber-SchuÈ rholz et al. [41].
bAbbreviations used throughout the text.
c Abundant triad structures, identi®ed by electron microscopy.

Fig. 2. Distribution of neutral glycosphingolipids in SL, TT,
SR and Tr/M membranes from rabbit skeletal muscle. Neutral
GSLs corresponding to 200�g protein of each membrane
fraction were chromatographed and stained with orcinol; 2�g
of neutral GSLs from human red blood cells were used as
reference (Ref.). Gb3=globotriaosylceramide; Gb4=globo-
tetraosylceramide; GlcCer=glucosylceramide; LacCer=lacto-
sylceramide.
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et al. [27] served as references [46,47]. Each gan-
glioside migrates as a double band due to sub-
stitution with C24-fatty acid (upper band) and a
C16-fatty acid (lower band). After incubation of
human granulocyte gangliosides with V. cholerae
neuraminidase on a plasticized silica gel HPTLC
plate, IV3Neu5Ac±nLcOse4Cer and VI3Neu5Ac±
nLcOse6Cer as well as IV6Neu5Ac±nLcOse4Cer
were detected by immunostaining with the anti-
nLcOse4Cer antibody (Fig. 4A, reference). On the
other hand, the overlay assay without neuraminidase
treatment showed two positive IV6Neu5Ac±nLcOse4-
Cer bands (Fig. 4B, reference). The steric hin-
drance of sialic acid bound at position 3 to the
terminal galactose prevents binding of the antibody
to the masked Ga1�1±4GlcNAc-sequence, whereas

sialylation at position 6 to the terminal galactose
does not impair recognition [45]. The two immu-
nostained bands above GM3 (Fig. 4) represent
contaminations of nLcOse4Cer within the gan-
glioside fraction as explained in a previous paper
[39].

The presence of lactosamine-containing ganglio-
sides in muscle membrane vesicles was revealed by
this method and considerable di�erences in the
distribution of neolacto-series gangliosides to the
single membrane fractions could be observed:
IV3Neu5Ac±nLcOse4Cer was mainly found in the
SL and its distribution to the other membranes

Fig. 3. Cholesterol-to-protein (A) and lipid bound sialic acid-
to-protein ratios (B) for SL, TT, SR and Tr/M membranes
from rabbit skeletal muscle.

Fig. 4. Distribution of neolacto-series gangliosides in SL, TT,
SR and Tr/M membranes from rabbit skeletal muscle. Chro-
matographed gangliosides were immunostained on TLC plates
with anti-nLcOse4Cer polyclonal antibody after (A) and with-
out (B) preceding V. cholerae neuraminidase treatment.
Gangliosides corresponding to 40�g (A) and 80�g (B) protein
of each membrane fraction were applied. 5�g (A) and 2�g (B)
of neolacto-series gangliosides from human granulocytes were
used as references (Ref.). nLc4=nLcOse4Cer; nLc6=nLcOse6-
Cer.

Table 2
Protein, cholesterol and sialic acid contents of membrane fractions from rabbit skeletal muscle

Membrane fraction Volume Protein Cholesterol Sialic acid

(mL) (mg) (mg/mL) (mg) (mg/mL) (�g) (�g/mL)

SL 2.3 4.2 1.8 0.7 0.3 10.4 4.5
TT 2.1 7.4 3.5 1.3 0.6 3.7 1.8
SR1 2.8 34.9 12.4 1.2 0.4 10.0 3.6
SR2 3.1 54.7 17.6 1.9 0.6 8.8 2.8
Tr/M 12.3 195.3 15.9 10.6 0.9 95.1 7.7
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decreased in the order SL>TT, Tr/M>SR1, SR2
(Fig. 4A). IV6Neu5Ac±nLcOse4Cer was found in
the SL and Tr/M vesicles in considerable quan-
tities, whereas only trace amounts were detectable
in TT and SR fractions, also proved by TLC
immunostaining without preceding neuraminidase
treatment (Fig. 4B).
Distributions of ganglio-series gangliosides in

muscle membrane fractions.ÐGM1 can be visua-
lized on silica gel ®xed TLC plate with choler-
agenoid (=cholera toxin B subunit). Gangliosides
GD1a, GD1b and GT1b can be detected by conver-
sion with V. cholerae neuraminidase to GM1 prior
to treatment with choleragenoid according to Wu
and Ledeen [48]. The suitability of this speci®c
overlay assay is demonstrated in Fig. 5, using a
reference ganglioside mixture from human brain
(for structures see Table 2 in the accompanying
paper by MuÈ thing et al. [27]. GM1 of human brain
was detected by choleragenoid without previous
neuraminidase treatment (Fig. 5B, reference),
whereas the higher sialylated gangliosides with a
GM1-backbone were detected with it (Fig. 5A,
reference).

Ganglio-series gangliosides GM1, GD1a, GD1b

and GT1b which had been found in trace amounts
with this highly sensitive assay in whole rabbit

skeletal muscle [39], were detected in di�erent
quantities in respective membrane fractions.
Homogeneous distribution patterns were revealed
among the membrane fractions indicating major
expression of ganglio-series gangliosides GM1 and
GD1a compared to minor GT1b and GD1b

(Fig. 5A). Within the ®ve membrane samples, these
compounds were most abundant in SL and TT
vesicles and less abundant in Tr/M fractions,
followed by SR1 and SR2.

Immuno¯uorescence microscopy.ÐThe presence
of GSLs in the SL as well as on subcellular level
was proved in muscle cryosections using indirect
immuno¯uorescence microscopy. For example, the
immuno¯uorescence staining of a transverse cryo-
section of rabbit skeletal muscle with anti-
GM3(Neu5Ac) antibody is shown in Fig. 6A in
parallel with the DAPI staining of nuclear DNA in
the same ®eld (Fig. 6B). Anti-GM3(Neu5Ac)
reacted strongly with the SL of muscle ®bers as
expected from the biochemical analyses. The SL
was brightly stained expressing regular and even
distribution of immunostained GM3(Neu5Ac)
along the membrane, but intracellular ¯uorescence
was observed as well.

Fig. 5. Distribution of ganglio-series gangliosides in SL, TT,
SR and Tr/M membranes from rabbit skeletal muscle. Chro-
matographed gangliosides were stained on TLC plates with
choleragenoid after (A) and without (B) preceding V. cholerae
neuraminidase treatment. Gangliosides corresponding to
40�g (A) and 80�g (B) protein of each membrane fraction
were applied; 1�g (A) and 5�g (B) of human brain ganglio-
sides were used as references (Ref.).

Fig. 6. Immuno¯uorescence staining of a transverse cryosec-
tion of rabbit skeletal muscle with anti-GM3(Neu5Ac) anti-
body. Fluorescence micrograph (A) and DAPI staining (B) of
the same ®eld. Original magni®cation �400. Bar=50�m.
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3. Discussion

Most of our current knowledge on GSL bio-
synthesis and degradation has been emerged from
metabolic studies in liver and neuronal tissue
[7,49]. Serine palmitoyltransferase, 3-dehydro-
sphinganine reductase and sphinganine N-acetyl-
transferase are involved in the ®rst steps of
sphingolipid biosynthesis [50]. The localization of
these enzymes was con®rmed in mouse and rat
liver, facing the cytosolic side of the endoplasmic
reticulum [51,52]. The biosynthesis of GlcCer has
been localized at the cytosolic surface of Golgi
subfractions of various cell types [53]. The
sequence of biosynthetic steps of sphingolipid and
GSL biosynthesis is presumed to be accompanied
by intracellular movement of the stepwise-growing
molecules most likely by vesicle-bound membrane
¯ow from the endoplasmic reticulum through the
Golgi cisternae to the plasma membrane. Some
evidence was provided from rat liver investigations
that glucosyltransferase and galactosyltransferase-
2, leading to glucosyl- and lactosylceramide,
respectively, face the cytoplasmic side of the Golgi
apparatus, whereas sialyltransferase-1, responsible
for GM3-biosynthesis, and the other late acting
enzymes face the luminal side [54]. On the other
hand, transbilayer movement of monohexosyl
sphingolipids has been proposed [55] to be required
for higher GSL biosynthesis, i.e. glucosylceramide
translocates from the cytosolic to the luminal lea¯et
of the Golgi membrane [56] where the conversion
of glucosyl- into lactosylceramide by galactosyl-
transferase-2 takes place [55].
Concerning these early steps in sphingolipid and

GSL biosynthesis, very little is known about the
glycosyl- and sialyltransferases in mammalian
skeletal muscle. The GSL biosynthesis has been
studied with rat and mouse myoblast cell lines,
which form multinucleated myotubes in vitro,
resembling normal muscle syncytia [57,58]. Their
results implicated, that the biosynthesis of GSLs
is tightly regulated during myogenesis in vitro
and suggests a role for membrane gangliosides
in muscle cell di�erentiation. With respect to our
data of the subcellular distribution of neutral
GSLs, the expression of GlcCer in the SL and TT
fractions and its absence in the SR1, SR2 and Tr/
M vesicles as well as the speci®c enrichment of
LacCer in the SR1 preparation suggest a compart-
mentation of glucosyltransferase and galactosyl-
transferase-2, membrane tra�c or a speci®c sorting

mechanism in rabbit skeletal muscle, however,
speculative at this stage of research. Moreover,
the selective enrichment of lactosylceramide, the
substrate of sialyltransferase-1 generating the
predominant ganglioside GM3, supports the
hypothesis of membraneous movement along
the biosynthesis of GSLs. These data also indicate
di�erent subcellular localization of glucosyl-,
galactosyl- and sialyltransferase. Studies on the
glycoconjugate metabolism in developing rabbit
skeletal muscle membranes [59] revealed a strong
decrease in sialyltransferase-1 activity during
development from neonatal to adult stage in sar-
coplasmic reticulum in comparison to sarcolemma,
being in good agreement with our ®ndings of pre-
ponderance of GM3 in the SL fraction. Thus, major
biosynthesis of GM3 in skeletal muscle is pre-
sumably located in the sarcolemma, i.e. in the
plasma membrane of myotubes.

GM3 represents one of the major GSLs in extra-
neuronal tissues. Much e�ort has been spent to the
biochemical characterization of sialyltransferase-1
focussed on rat liver tissue [60±63] and the glyco-
syltransferases, which are involved in the bio-
synthesis of the asialo-, a-, b- and c-series
gangliosides [64,65]. The gangliosides GM1, GD1a,
GD1b and GT1b, characteristic for mammalian
neuronal tissue, were identi®ed as very minor con-
stituents in rabbit skeletal muscle and showed
rather quantitative than qualitative di�erences in
their subcellular distribution patterns. On the other
hand, quantitative as well as qualitative alterations
of �2±3- and �2±6-sialylated neolacto-series gan-
gliosides were observed in the muscle vesicle prep-
arations. IV3Neu5Ac±nLcOse4Cer dominated in
the SL and Tr/M fractions, accompanied by high
levels of IV6Neu5Ac±nLcOse4Cer, the latter being
almost completely absent in the TT, SR1 and SR2
vesicles. Extremely low abundancy of IV3Neu5Ac±
nLcOse4Cer was found to be characteristic for both
SR1 and SR2 preparations. From this data it
can be concluded, that �2±3- and �2±6-sialyl-
transferases may act at di�erent sites in the muscle
or that speci®c sorting mechanisms are responsible
for the subcellular restricted expression of
IV6Neu5Ac±nLcOse4Cer in the SL and Tr/M vesi-
cles. Gangliosides of the paragloboside series iso-
lated from chicken muscle have been described [66]
and the corresponding sialyltransferase, which
transfers sialic acid to the non-reducing terminus
of nLcOse4Cer and nLcOse6Cer, has been par-
tially puri®ed from the same tissue [67]. However,
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nothing is known about its subcellular localization
in muscle so far.

A large body of accumulated evidence points to
the plasma membrane as the principal subcellular
locus of gangliosides (and GSLs generally). There
are, however, several indications of intracellular
pools as well, which, while quantitatively less than
the plasma membrane, may subserve important sub-
cellular functions. The modulatory functions of
GM3, neolacto- and ganglio-series gangliosides has
been proved in reconstituted Ca2+-channel contain-
ing vesicles from the Tr/M fraction. This data is pre-
sented and discussed in the accompanying paper [27].

4. Experimental

Preparation of membrane vesicles.ÐFractions of
membrane vesicles were preparaed from 380 g fresh
skeletal muscle tissue (back and hindlegs) of a spe-
ci®c pathogen free inbred rabbit (Hoechst, Frank-
furt, Germany) according to the method of
Mitchell et al. [68], modi®ed in some parts by
Weber-SchuÈ rholz et al. [41]. The fractions obtained
after sucrose density gradient centrifugation con-
tained vesicles, enriched in the following membrane
systems (in the order of increasing density): sarco-
lemma (SL), T-tubules (TT), sarcoplasmic reticu-
lum (SR), subdivided into SR1 and SR2 (containing
smaller and larger vesicles, respectively), and triads
and mitochondria (Tr/M). Membrane fractions
were monitored by the distribution of marker
enzymes, ligand binding, and ¯ux activities as
reported [41]. All the membrane characteristics are
summarized in Table 1. [3H]IAA-94 was used as
the ligand for the C1ÿ-channel and [3H]saxitoxin
for the Na+-channel. [3H]PN200±110 binds with
high speci®city to Ca2+-channels (=DHP-recep-
tors). Na+,K+-ATPase is the characteristic
enzyme for SL, Ca2+-ATPase for SR and succi-
nate±cytochrome c reductase for mitochondria.
Triads were identi®ed by use of electron micros-
copy according to Mitchell et al. [68].
Determination of protein, cholesterol and sialic

acids.ÐProtein concentration was determined
with the bicinchoninic acid method (Pierce Chemi-
cal Company, Rockford, IL, USA) according to
Smith et al. [69]. This protein assay combines the
well known reduction of Cu2+ by protein to Cu+

in alkaline medium with the cuprous (Cu+) ion
detecting property of bicinchoninic acid. Bovine
serum albumin was used as protein standard.

Total cholesterol was determined using an
enzyme/colorimetry assay according to Allain et al.
[70]. Cholesterol esterase, cholesterol oxidase and
peroxidase enzyme cascade ®nally generate a qui-
noneimine dye, which is photometrically quanti®ed
at 500 nm.

Lipid bound sialic acids (Neu5Ac and Neu5Gc)
were determined as their ¯uorescent derivatives by
HPLC, essentially as described by Hara et al. [71].
Sialic acids were released from gangliosides with
25mM H2SO4 (2.5 h, 80 �C) and then converted
with 1,2-diamino-4,5-methylenedioxybenzene (DMB,
Sigma, Deisenhofen, Germany) into their ¯uor-
escent derivatives. Reference Neu5Ac was from
Biomol (Hamburg, Germany) and Neu5Gc from
Sigma. Isocratic HPLC was performed using an
RP18 column (250�4.6mm, ODS 5�m; Beckman,
MuÈ nchen, Germany) as the stationary phase and
acetonitrile/methanol/water (7:9:110) as the mobile
phase with a ¯ow rate of 1.2mL/min. The deriva-
tives were detected with a ¯uorometer, operating at
an excitation wavelength of 373 nm and an emis-
sion wavelength of 448 nm.

Isolation of GSLs from whole rabbit skeletal
muscle and muscle membrane preparations.Ð
Whole skeletal muscles were homogenized with an
Ultraturrax (TP 18/10; Janke & Kunkel, Staufen,
Germany) after grinding with a mincing machine
and 100 g were used for GSL extraction. GSLs
were extracted from whole skeletal muscle and the
single membrane fractions with chloroform/
methanol (2:1), (1:2) and chloroform/methanol/
water (30:60:8), each by vol. Chloroform and
methanol of analytical grade (Merck, Darmstadt,
Germany) were distilled before use. Gangliosides
and neutral GSLs were separated according to
standard procedures [72] by anion exchange chro-
matography on DEAE±Sepharose (Pharmacia
Fine Chemicals, Freiburg, Germany) and further
puri®ed by adsorption chromatography on Iatro-
beads 6RS-8060 (Macherey & Nagel, DuÈ ren, Ger-
many) according to Ueno et al. [73]. Whole
gangliosides were eluted with chloroform/methanol
(1:2, by vol.). The neutral GSL-containing fraction
was applied to a silica gel 60 column (Merck) and
whole neutral GSLs were eluted with chloroform/
methanol (40:60). The ®nal puri®cation of GSLs
was performed by Florisil chromatography as their
peracetylated derivatives [74].

Reference GSLs.ÐA reference neutral GSL
fraction with LacCer, GbOse3Cer and GbOse4Cer
as main components was prepared from human
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erythrocytes according to standard procedures as
described above. A ganglioside mixture composed
of GM3(Neu5Ac), IV3Neu5Ac±nLcOse4Cer (=sia-
lylparagloboside), IV6Neu5Ac±nLcOse4Cer, and
VI3Neu5Ac±nLcOse6Cer was isolated from human
granulocytes [46]. Human brain gangliosides were
purchased from Supelco Inc. (Bellefonte, PA,
USA).
Thin layer chromatography.ÐGlass-backed silica

gel 60 precoated high-performance thin-layer
chromatography plates (HPTLC plates, size
10�10 cm, thickness 0.2mm, Art. 5633, Merck,
Darmstadt, Germany) were used [42]. GSLs were
applied to the plates with the automatic TLC
applicator AS 30 (Desaga, Heidelberg, Germany).
Neutral GSLs were separated in chloroform/
methanol/water (120:70:17), and gangliosides were
chromatographed in chloroform/methanol/water
(120:85:20) containing 2mM CaCl2. Neutral GSLs
were visualized with orcinol [75] and gangliosides
with resorcinol [76].
GM3(Neu5Ac) was quanti®ed by densitometry

with a CD 60 scanner (Desaga) equipped with an
IBM compatible personal computer and densito-
metric software. Intensities of bands were mea-
sured in re¯ectance mode at 580 nm with a light
beam slit of 0.1�2mm.
TLC immunostaining (overlay technique).ÐThe

immunostaining procedure was carried out
according to Magnani et al. [77] with some mod-
i®cations [78] and as described recently in detail
[42,79]. A�nity chromatography puri®ed rabbit
anti-chicken IgG antibody labeled with alkaline
phosphatase was purchased from Dianova (Ham-
burg, Germany). Bound antibodies were visualized
with 5-bromo-4-chloro-3-indolylphosphate.
Detection of neolacto-series gangliosides.ÐNeur-

aminidase treatment of neolacto-series gangliosides
with �2±3 substituted sialic acid is necessary prior
to immunostaining with the anti-nLcOse4Cer anti-
body on HPTLC plates (see above), whereas �2±6
sialylated neolacto-type gangliosides can be detec-
ted without enzyme treatment, since sialylation at
position 6 of the terminal galactose does not hinder
recognition [45]. Brie¯y, gangliosides were chro-
matographed and the silica gel ®xed plate was
incubated with 2.5mU/mL V. cholerae neur-
aminidase (EC 3.2.1.18, Behring, Marburg, Ger-
many) for 2 h at room temperature. For detection
of �2±6 sialylated neolacto-type gangliosides, the
plates were incubated with bu�er only without
enzyme. The plates were then immunostained with

the chicken anti-nLcOse4Cer antibody, followed by
incubation with the alkaline phosphatase labeled
second antibody.
Detection of GM1-type gangliosides.ÐThe

HPTLC binding assay using choleragenoid (chol-
era toxin B subunit) for speci®c detection of GM1

was developed by Magnani et al. [80], and was used
according to the modi®cations described by PoÈ rt-
ner et al. [81]. Brie¯y, gangliosides were chromato-
graphed and the silica gel ®xed HPTLC plate was
incubated with 250 ng/mL choleragenoid (Sigma,
No. C-7771). Goat anti-choleragenoid antiserum
(Calbiochem, No. 227040, Frankfurt a.M., Ger-
many) and alkaline phosphatase conjugated rabbit
anti-goat IgG antiserum (Dianova) were used for
immunostaining. To reveal the presence of GM1-
core gangliosides GD1a, GD1b, GT1b and GQ1b, the
plates were incubated with 50mU/mL V. cholerae
neuraminidase (18 h, 37 �C) prior to combined
choleragenoid-immunostaining. This technique
was originally developed by Wu and Ledeen [48].
Fluorescence microscopy.ÐThe preparation of

sections from skeletal muscle, the immunostaining
procedure and microscopic evaluation were per-
formed essentially as described by MuÈ thing et al.
[39] and CacicÂ et al. [33].
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