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Sphingomyelin is a major lipid of the mammalian cell
surface. The view that sphingomyelin, after synthesis in the
Golgi lumen, reaches the outer leaflet of the plasma
membrane on the inside of carrier vesicles has been chal-
lenged by inconsistencies in the results of transport studies.
To investigate whether an alternative pathway to the cell
surface exists for sphingomyelin, brefeldin A and mitotic
cells were used to block vesicular traffic between the Golgi
complex and the plasma membrane. Exogenous sphin-
gomyelinase was applied in the cold to assay for the
presence of sphingomyelin on the surface of CHO cells.
Newly synthesized radiolabeled sphingomyelin was found
to equilibrate with cell surface sphingomyelin within 1.5
hours at 37°C. Brefeldin A and mitosis inhibited this
transport but, surprisingly, not the surface appearance of

the short-chain sphingomyelin analog N-6[7-nitro-
2,1,3-benzoxadiazol-4-yl]aminohexanoyl(C6-NBD)-sphin-
gomyelin as assayed by depletion of this lipid in the
medium by the scavenger albumin. Transport of C6-NBD-
sphingomyelin in the presence of brefeldin A was blocked
by cyclosporin A and PSC 833, inhibitors of the multidrug
resistance P-glycoprotein. The same was observed in
HepG2 and HeLa cells, and for short-chain glucosyl-
ceramide, which demonstrates the general nature of the
transporter-dependent sphingolipid translocation across
the plasma membrane.
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SUMMARY
INTRODUCTION

Sphingomyelin (SM) is a major lipid in the plasma membrane
of mammalian cells. Besides a structural function as a bilayer-
stabilizing lipid, it fulfils an important role as the precursor for
the lipid second messenger ceramide in the so-called ‘sphin-
gomyelin cycle’ (Hannun and Obeid, 1995; Kolesnick and
Fuks, 1995). Concerning the cellular organization of SM, the
prevailing view over the last decade has been that SM is essen-
tially limited to the exoplasmic leaflet of the Golgi, the plasma
membrane and endosomes, that it cannot translocate towards
the cytosolic leaflet, and that it can therefore only be trans-
ported between organelles on the inside of carrier vesicles
(Koval and Pagano, 1991). Indeed, data on endocytosis and
recycling of SM analogs suggest that exogenously inserted SM
remains exclusively oriented towards the lumen of the endo-
cytotic organelles (Kok et al., 1991; Koval and Pagano, 1991;
Mayor et al., 1993; Presley et al., 1993). However, from
studying the properties of the pool of SM that is hydrolyzed
during signal transduction it has been proposed that a signifi-
cant fraction of the plasma membrane SM is organized in its
cytosolic leaflet (Linardic and Hannun, 1994; Andrieu et al.,
1996).
SM is synthesized by the enzyme phosphatidylcholine:
ceramide cholinephosphotransferase (SM synthase) on the
lumenal side of the Golgi apparatus (Futerman et al., 1990;
Jeckel et al., 1990). Although the original studies could not
exclude the presence of a fraction of the enzyme in endosomes
(Allan and Kallen, 1994) we have found no evidence for this
in a study where we discriminated endosomes from Golgi
membranes (A. van Helvoort, unpublished). In contrast, part
of the SM synthase activity has been located on the cell surface
(Futerman et al., 1990; van Helvoort et al., 1994). Since
ceramide is synthesized in the ER, the Golgi SM synthase
seems responsible for the synthesis of new SM while the
activity on the cell surface may regulate the relative concen-
trations of the lipid second messengers ceramide and diacyl-
glycerol during signal transduction processes. 

Essentially no translocation of newly synthesized SM has
been observed from the lumenal to the cytosolic leaflet of the
Golgi membrane (Helms et al., 1990; Karrenbauer et al., 1990;
Jeckel et al., 1992). Although SM translocation has been
measured in the ER (Herrmann et al., 1990; Buton et al., 1996),
the low molar percentage of SM in the ER and in the ER-Golgi
intermediate compartment (Schweizer et al., 1994) seems to
suggest that little SM is transported along the retrograde
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pathway from Golgi to ER. Anterograde transport of SM from
the Golgi to the plasma membrane appears to be mediated by
transport vesicles from the following observations: (i) SM
analogs have been found on the inside of transport vesicles
(Kobayashi et al., 1992; Babia et al., 1994). (ii) Transport of
the SM analog C6-NBD-SM to the cell surface of epithelial
cells was inhibited by the microtubule-depolymerizing drug
nocodazole to the same extent as transport of proteins (van
Meer and van ’t Hof, 1993). (iii) In mitotic cells, where
vesicular traffic from the Golgi is blocked (Warren et al.,
1995), the SM analog C6-NBD-SM no longer reached the
outside of the plasma membrane (Kobayashi and Pagano,
1989). (iv) In the presence of brefeldin A (BFA), where no
vesicular traffic between Golgi and plasma membrane occurs
(Klausner et al., 1992), SM transport was to a large extent
inhibited as measured by cell fractionation (Warnock et al.,
1994), by a sphingomyelinase (SMase) assay (Kallen et al.,
1993), and by the reduced release of a watersoluble SM analog
(Brüning et al., 1992). Remarkably, in contrast with these
findings, BFA did not inhibit transport to the cell surface of
[3H]choline-labeled SM in primary hepatocytes (Shiao and
Vance, 1993) nor of C6-NBD-SM in HepG2 cells (van Meer
and van ’t Hof, 1993).

In the present study we show that transport of SM to the
surface of CHO cells is inhibited by BFA and in mitotis,
whereas transport of C6-NBD-SM continues. The latter process
is sensitive to inhibitors of the multidrug transporter P-glyco-
proteins. The results reveal an unexpected transport pathway
for short-chain SM analogs involving a multidrug transporter
activity.

MATERIALS AND METHODS

Materials 
Nocodazole, BFA, Hoechst 33258, thymidine, SMase (Staphylo-
coccus aureus), UDP-glucose, verapamil, progesterone and BSA
fraction V were purchased from Sigma (St Louis, MO). Okadaic
acid was from LC Services Corp. (Woburn, MA), cyclosporin A
from Sandoz (Nürnberg, Germany) and PSC 833 was a kind gift
from Dr D. Cohen, Sandoz (New Jersey, NJ). C6-NBD-ceramide
was from Molecular Probes (Eugene, OR). [1-14C]C6-ceramide
(0.15 MBq/µmol) was synthesized as before (van der Bijl et al.,
1996). L-[3-3H]serine (0.8 GBq/µmol) and [methyl-3H]choline
chloride (3.0 GBq/µmol) were from NEN (Boston, MA). Cell
culture plastics were obtained from Costar (Cambridge, MA) and
cell culture media were from Gibco (Paisley, UK). Chemicals and
solvents were of analytical grade and obtained from Riedel-de Haën
(Seelze, FRG).

Cell culture 
Cell monolayers were grown on plastic dishes under 5% CO2. Wild-
type Chinese hamster ovary (CHO) cells (Dr P. Rottier, Utrecht,
Netherlands) were grown on 75 cm2 plastic flasks in αMEM supple-
mented with ribo- and deoxyribonucleosides and 10% FCS; HepG2
cells in MEM with 10% FCS; HeLa cells (Dr G. Warren, London,
UK) in MEM with 5% FCS. All cells used were free of mycoplasma
contamination.

Preparation of prometaphase cells and G1 cells
Mitotic CHO cells were isolated from monolayers in 850 cm2 plastic
roller bottles. After a debris-spin prometaphase cells were accumu-
lated for 2 hours in fresh growth medium containing nocodazole (40
ng/ml; Zieve et al., 1980). Prometaphase cells were then isolated by
shaking (Klevecz, 1975). To obtain mitotic HeLa cells a 16 hour
thymidine block was followed by 9 hours without thymidine. After
a debris-spin, prometaphase cells were accumulated for 4 hours in
medium containing nocodazole and isolated as CHO cells. Mitotic
cell populations were >95% in prometaphase as determined by chro-
mosome structure. For this, cells were fixed in 1.5% paraformalde-
hyde + 1% Triton X-100 + Hoechst (0.5 µg/ml) for 0.5 hour on ice
and viewed by fluorescence microscopy.

To obtain G1 cells, prometaphase cells were washed, resuspended
in growth medium and incubated for 1 hour at 37°C to allow com-
pletion of mitosis. After this procedure cells were >90% in G1, as
determined by the presence of interphase nuclei under a fluorescence
microscope.

Drug incubations
Cells were preincubated with 1 µg BFA/ml Hanks’ balanced salt
solution without bicarbonate, 10 mM Hepes, pH 7.35 (HBSS; 1:1,000
dilution of an ethanolic stock) for 30 minutes at 37°C. The media of
subsequent incubations contained BFA. Cells were incubated with 1
µM okadaic acid (1:1,000 from DMSO) for 30 minutes at 37°C. Prein-
cubation with inhibitors of multidrug resistance (MDR) P-glycopro-
teins was for 10 minutes at 37°C. Subsequent 37°C media contained
the MDR inhibitor. Progesterone (20 µM), PSC 833 (10 µM), and
verapamil (20 µM) were diluted from ethanolic stocks. Cyclosporin
A (10 µM) was diluted from a 42 mM solution in poly(oxyethylene)-
40-castor oil, 33% ethanol. Control incubations were performed in
0.1% ethanol.

Cell fractionation and enzyme assays 
Crude ER/Golgi membranes were prepared (Burger et al., 1996), and
cell fractionation was carried out on a linear sucrose gradient (Strous
et al., 1993). Fractions (1 ml) were collected and stored at −20°C.
Sphingolipid synthesis was assayed in each gradient fraction by incu-
bating 250 µl for 1 hour at 10°C with 250 µl 250 mM sucrose, 10
mM Hepes, 2 mM MnCl2, 2 mM MgCl2, 2 mM UDP-Glc, 1 mM
EDTA, 10 µM C6-NBD-ceramide, pH 7.2. Lipid products were
extracted and analyzed by TLC (see below). 

Sphingolipid transport assay 
For kinetic transport studies, delivery of short-chain lipid analogs to
the cell surface was assayed as by van Meer and van ’t Hof (1993).
Short-chain ceramide ([14C]C6- or C6-NBD-ceramide) was incor-
porated into the cell for 1 hour at 10°C from BSA-complexes (5-10
µM short-chain ceramide in 1 ml HBSS+BSA; 1% w/v) to allow
accumulation of short-chain glucosylceramide (GlcCer) and SM.
This was followed by 2 hours at 10°C in HBSS+BSA to wash out
residual ceramide and to remove any short-chain SM that had been
synthesized on the cell surface. Subsequent delivery of the newly
synthesized short-chain lipids to the outer leaflet of the plasma
membrane at 37°C was routinely assayed up to 1 hour by continu-
ous depletion by HBSS+BSA. Each transport incubation was
followed by a 30 minute 10°C wash with HBSS+BSA. In other
transport studies cells were incubated with 5 µM C6-NBD-ceramide
in 1 ml HBSS+BSA for 1 hour at 37°C, followed by a 30 minute
10°C wash with HBSS+BSA. 

Delivery of natural SM to the cell surface was assayed according
to the method of Shiao and Vance (1993). Cellular SM was labeled
at 37°C for 1-4 hours with 75 KBq [3H]serine/ml HBSS or 370 KBq
[3H]choline/ml HBSS, during which period transport of the newly
synthesized radiolabeled lipids can occur. Subsequently, the cells
were incubated for 1 hour at 15°C with or without 1 U exogenous
SMase/ml HBSS. The percentage of [3H]SM that is hydrolyzable,
100×(1–{[3H]SMSMase-treated/[3H]SMmock-treated}) is used as a measure
of [3H]SM transport to the cell surface. The distribution of unlabeled
SM was determined using a phosphate determination (Rouser et al.,
1970).
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Lipid analysis 
Lipids were extracted from media and cells as before (van der Bijl et
al., 1996). After two-dimensional separation (I: chloroform/methanol/
25% ammonia {65:35:5 v/v}; II: chloroform/acetone/methanol/acetic
acid/water {50:20:10:10:5 v/v}) on silica-60 TLC plates, lipid spots
were visualized by I2 vapor for unlabeled lipids, UV light for C6-
NBD-lipids, or by autoradiography for radiolabeled lipids. Lipid spots
were scraped and quantitated by phosphate determination, fluor-
escence spectrophotometry (Kontron, Switzerland), or liquid scintil-
lation counting (Packard, IL) as described by van der Bijl et al. (1996).

RESULTS

SM-synthase and ceramide glucosyltransferase are
Golgi enzymes in CHO cells
The bulk of both the SM-synthase and the ceramide glucosyl-
transferase (CGlcT) have been found to cofractionate with
Golgi markers in rat liver and human liver-derived HepG2 cells
(Futerman et al., 1990; Jeckel et al., 1990, 1992; Futerman and
Pagano, 1991). When a postnuclear supernatant of CHO cells
was fractionated on a linear 0.7-1.5 M sucrose gradient, the
activities of both enzymes colocalized (Fig. 1) at the density
of the protein galactosyltransferase (not shown). The localiza-
tion in the Golgi was confirmed by pretreating the cells with
Fig. 1. Localization of SM synthase and ceramide
glucosyltransferase (CGlcT) activities on sucrose gradients. A post
nuclear supernatant from control, BFA-treated and mitotic CHO cells
was fractionated on a linear 0.7-1.5 M sucrose density gradient.
Fractions collected from the bottom (fraction 1) to the top (fraction
11) were assayed for the enzyme activities as in Materials and
Methods. Data are the average of 3 experiments and are expressed as
a percentage of total enzyme activity in the gradient. The absolute
SM synthase activity in the homogenate of the BFA-treated cells was
1.9±0.3 times that of the control homogenate and in the mitotic
homogenate 0.7±0.1 times control. CGlcT activity was equal
between the three. 
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BFA. In most cells this treatment leads to fusion of the Golgi
with the ER (Klausner et al., 1992) shifting Golgi enzymes to
the density of the ER (Strous et al., 1993). Indeed, BFA redis-
tributed both enzyme activities to higher density (Fig. 1).
Complete redistribution was observed after 5 minutes incuba-
tion with BFA. The redistribution of the Golgi enzymes to the
ER was readily reversible: 30 minutes after removal of the drug
at 37°C both enzymes had resumed the profiles of control cells
(not shown). 

BFA treatment increased the activity of SM synthase, but
not that of CGlcT, roughly twofold (Fig. 1, legend), which has
been attributed to a higher concentration of the substrate phos-
phatidylcholine in a merged ER-Golgi compartment (Brüning
et al., 1992; Hatch and Vance, 1992; Kallen et al., 1993). To
address fusion of the SM-synthase compartment with the ER
directly, we tested whether after BFA treatment the sphin-
golipid precursor ceramide, synthesized in the ER (Mandon et
al., 1992), could reach the SM synthase by diffusion through
a continuous membrane. When control cells were incubated
with [3H]serine at 10°C where no vesicular traffic occurs, no
[3H]SM was formed from [3H]ceramide (Fig. 2, left panel).
However, after treatment of the cells with BFA [3H]ceramide
was efficiently converted to [3H]SM (Fig. 2, right panel),
implying free lipid diffusion and, therefore, membrane conti-
nuity between ER and Golgi. 

In the transport experiments (below) mitotic cells were used
as a physiological control for the effects of BFA on SM
transport. During mitosis, the Golgi apparatus is fragmented
and disperses over the cytosol (Warren et al., 1995). On
sucrose gradients, a remarkable shift to the top of the gradient
was observed for both sphingolipid synthesizing enzymes in
prometaphase cells (Fig. 1). A similar shift was found after
treatment of CHO, HepG2 and HeLa cells for 0.5 hour at 37°C
with 1 µM okadaic acid (not shown), which mimics mitotic
Fig. 2. After brefeldin A-treatment [3H]ceramide reaches the SM
synthase at 10°C. CHO cells were preincubated for 30 minutes at
37°C in the presence or absence of BFA (1 µg/ml). Subsequently, the
cells were incubated with 75 KBq [3H]serine/ml for 4 hours at 10°C.
Lipids were extracted and separated on 10 cm2 TLC plates as
described in Materials and Methods. One typical experiment out of 4
is shown. Synthesis of [3H]SM was observed after BFA treatment
only. [3H]phosphatidylserine (PS) synthesis was reduced 2-fold but
[3H]phosphatidylethanolamine (PE) synthesis did not change.
Virtually no label was found in ceramide at the solvent front (not
shown; <1% of total label on either plate). Radioactivity at origin (O)
represents free [3H]serine. Bar, 1 cm.
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Golgi disassembly (Lucocq, 1992). Various ER markers
remained in the lower part of the gradient. This implies that no
membrane continuity between Golgi and ER was induced in
mitosis or by okadaic acid. In line with this, synthesis of SM
from exogenous precursors was not enhanced in either case and
no increase in [3H]SM labeling from [3H]serine at 10°C was
observed in mitotic cells (not shown).

Transport of natural SM from the Golgi to the
exoplasmic leaflet of the plasma membrane is
inhibited in the presence of brefeldin A and in
mitotic cells
To determine the contribution of the secretory pathway to the
transport of SM from its site of synthesis to the outer leaflet of
the plasma membrane, SM was radiolabeled biosynthetically
and its transport to the cell surface was measured under con-
ditions where vesicular traffic from the Golgi to the plasma
membrane is blocked. For this we chose treatment of the cells
with BFA (Klausner et al., 1992) and mitotic cells (Warren,
1993). The fraction of radiolabeled SM at the cell surface was
determined after various time-intervals by hydrolysis using
exogenous SMase (Verkleij et al., 1973), but at 15°C to prevent
lipid traffic during the SMase treatment (Shiao and Vance,
1993).

Fig. 3 shows that the relative amount of SM at the cell surface
was not altered by BFA: in both control and BFA-treated cells
just over 60% of the cellular SM was hydrolyzed. To assay the
transport of newly synthesized SM to the exoplasmic leaflet of
the plasma membrane, cells were labeled with [3H]serine,
which is incorporated in the sphingosine of SM’s ceramide
backbone, or with [3H]choline to label the headgroup. In control
cells, [3H]serine-labeled SM reached the cell surface at 37°C,
whereas transport of [3H]choline-labeled SM lagged behind.
The latter was probably due to an increasing rate of
Fig. 3. Transport of natural [3H]SM to the surface of brefeldin A-
treated CHO cells. SM at the surface of control cells (hatched bars)
and BFA-treated cells (solid bars) was quantitated with an exogenous
SMase treatment at 15°C as in Materials and Methods.
(A) Hydrolyzable SM at the cell surface as determined by SM-
phosphate. (B) The hydrolyzable pool of newly synthesized SM was
determined after a 1.5 hour labeling with [3H]serine (75 KBq/ml) at
37°C. [3H]SM synthesis was 170 Bq in control cells and 2,500 Bq
after BFA treatment. (C) [3H]SM hydrolysis after a 3 hour labeling
with [3H]choline (370 KBq/ml). [3H]SM synthesis was 170 Bq in
control cells and 680 Bq after BFA treatment. Average of 3
independent experiments (± s.d.; n=3).
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[3H]choline-SM synthesis during the incubation caused by the
large phosphatidyl-[3H]choline precursor pool (Kallen et al.,
1993). In both cases, a strong inhibition of [3H]SM transport to
the cell surface was observed. A clear inhibition of [3H]SM
transport was also observed in mitotic cells (Fig. 4). As a
control, mitotic cells were further incubated in the absence of
nocodazole for 1 hour to reach G1. In G1 cells 60% of the
[3H]SM was hydrolyzed, like in interphase cells. The addition
of nocodazole (40 ng/ml) to interphase cells did not affect
vesicular transport nor synthesis (not shown). The results
suggest that the bulk of the newly synthesized SM follows the
vesicular secretory pathway from the Golgi to the cell surface.

Transport of short-chain SM analogs from the Golgi
to the exoplasmic leaflet of the plasma membrane
continues in the presence of brefeldin A and in
mitosis
Analogs of sphingolipids carrying a short acyl chain have been
used extensively to study the synthesis and transport of sphin-
golipids (reviewed by Koval and Pagano, 1991; van der Bijl et
al., 1996). In this type of approach, a short-chain ceramide is
presented to the outside of the cell. First, it partitions into the
plasma membrane, across which it can translocate because of
the absence of a polar headgroup. From there, it can exchange
between membranes as a monomer due to its short chain. Upon
reaching the SM synthase and CGlcT in the Golgi it is
converted to short-chain SM and glucosylceramide (GlcCer).
So far, the procedure can be carried out at 10°C. Upon warming
to 37°C, transport to the cell surface can be monitored by
trapping the short-chain products as soon as they appear on the
surface using BSA as a short-chain lipid scavenger in the extra-
cellular medium.

Transport of [14C]C6-SM to the cell surface was inhibited
significantly in the presence of BFA and in mitotic cells (Fig.
5A,B). Transport of C6-NBD-SM in mitotic cells (Fig. 6B) was
50% reduced as compared to control interphase cells (Fig. 6A).
In contrast, C6-NBD-SM transport was not inhibited by BFA,
and transport of short-chain GlcCer was hardly affected under
any condition. If BFA inhibits all vesicular traffic from the
Fig. 4. Transport of natural [3H]SM to the surface of CHO cells in
G1 and in mitosis. The hydrolyzable pool of unlabeled SM and of
newly synthesized SM was quantitated in control cells (G1-phase)
and mitotic cells as in Fig. 3 after labeling with [3H]serine (75
KBq/ml) for 2 hours at 37°C. [3H]SM synthesis was 750 Bq in G1
cells and 330 Bq in mitotic cells. Data are from 2 independent
experiments (± s.d.; n=5).
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Fig. 5. Transport of [14C]C6-SM and [14C]C6-GlcCer to the CHO
cell surface in the presence of brefeldin A and in mitosis. After
pretreatment with or without BFA (A) and preparation of cells in
mitosis and G1 (B), the cells were incubated with [14C]C6-ceramide
for 1 hour at 10°C followed by 2 hours at 10°C in HBSS+BSA.
Arrival of the short-chain lipid products [14C]C6-SM and -GlcCer at
the cell surface was assayed by BSA depletion into the medium
during a 37°C incubation in the presence or absence of BFA (A) or
nocodazole (B). Lipids were extracted from cells and media and
quantitatively analyzed, all as in Materials and Methods. Data are the
mean of 2 different experiments in duplicate (± s.d.). Synthesis per
107 cells of [14C]C6-GlcCer was 55 pmol for all 4 conditions whereas
synthesis of [14C]C6-SM was 50 pmol in control and G1 cells, 225
pmol after BFA-treatment, and 25 pmol during mitosis.
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Fig. 6. Transport of C6-NBD-SM and C6-NBD-GlcCer to the CHO
cell surface in the presence of brefeldin A and in mitosis. Cells were
incubated with C6-NBD-ceramide at 10°C as described for [14C]C6-
ceramide in Fig. 5, after which arrival of C6-NBD-SM and -GlcCer
at the cell surface was assayed by BSA depletion at 37°C. Data are
the mean of 2 different experiments in duplicate (± s.d.). Synthesis
per 107 cells of C6-NBD-GlcCer was 40 pmol for all 4 conditions
whereas synthesis of C6-NBD-SM was 25 pmol in control cells, 85
pmol in BFA-treated cells, 20 pmol in G1 cells and 14 pmol in
mitotic cells.

Fig. 7. Inhibition of endogenous SM synthesis by C6-NBD-ceramide
in CHO cells. Control cells, BFA-treated cells and mitotic cells were
labeled with 75 KBq [3H]serine for 1 hour at 37°C in the presence of
increasing concentrations of C6-NBD-ceramide in HBSS+BSA.
Values were obtained in 2 experiments and are expressed as a
percentage of the incorporation in the absence of C6-NBD-ceramide:
control, 150 Bq; BFA, 850 Bq; mitotic cells, 50 Bq.
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merged ER-Golgi compartment to the cell surface (Klausner
et al., 1992) and if no vesicular traffic occurs from the mitotic
Golgi to the plasma membrane (Warren, 1993), the short-chain
analogs that reached the cell surface under these conditions
followed a non-vesicular pathway.

To exclude the possibility that the different transport prop-
erties of C6-NBD-SM and endogenous [3H]SM in the presence
of BFA were due to a different site of synthesis, we performed
a competition experiment to show that C6-NBD-ceramide
reached the site of [3H]SM synthesis. Labeling of cellular SM
with [3H]serine decreased with increasing amounts of C6-
NBD-ceramide (Fig. 7). This was not due to inactivation of the
SM synthase by C6-NBD-ceramide as synthesis of C6-NBD-
SM, which saturated at 25 µM in the control and at 5 µM in
the BFA-treated cells, was constant up to 75 µM ceramide. The
inhibition implies that C6-NBD-ceramide efficiently reached
the site of [3H]ceramide and [3H]SM synthesis, in BFA-treated
cells the ER-Golgi compartment, where at least a fraction must
have been converted to C6-NBD-SM. Since in BFA-treated
cells all C6-NBD-SM becomes available for depletion by BSA
in the medium in prolonged incubations (not shown), C6-NBD-
SM can be transported to the cell surface in the absence of
vesicular traffic.
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Translocation of short-chain SM across the plasma
membrane in the presence of brefeldin A and in
mitosis
In the absence of vesicular traffic, the only possible pathway
for intracellular C6-NBD-lipids to reach the outer leaflet of the
plasma membrane would be translocation across the plasma
membrane. The family of the multidrug resistance P-glyco-
proteins has been found to translocate amphipathic substances
to the outside of the plasma membrane. One of these, the
mouse mdr2 or human MDR3 P-glycoprotein, has been impli-
cated in translocation of phosphatidylcholine across the bile
canalicular membrane of the hepatocyte (reviewed by Menon,
1995). Therefore, we tested the influence of a series of known
inhibitors of the multidrug transporting MDR1 P-glycoprotein
on the transport of C6-NBD-SM and -GlcCer to the cell
surface. Table 1 shows that indeed transport of C6-NBD-SM
and -GlcCer in the presence of BFA was virtually blocked by
cyclosporin A and its analog PSC 833 at concentrations where
these agents inhibit drug transport by the MDR1 P-glycopro-
tein (Boesch et al., 1991; Cardarelli et al., 1995). Verapamil
and progesterone, known to be partial inhibitors of P-glyco-
protein activity at 20 µM (Tsuruo et al., 1981; Ueda et al.,
1992), inhibited transport of both lipids by about 50%. At the
same time, C6-NBD-SM transport to the surface in the absence
of BFA was virtually unaffected by cyclosporin A (Table 1),
indicating that cyclosporin A did not interfere with the
vesicular pathway to the plasma membrane. Transport of C6-
NBD-GlcCer was inhibited to nearly the same extent in the
absence and presence of BFA (Table 1). These findings suggest
that an MDR activity in the CHO plasma membrane is respon-
sible for the translocation of C6-NBD-SM and -GlcCer over
the plasma membrane in BFA-treated cells, and that this
activity accounts for most transport of C6-NBD-GlcCer to the
surface of control cells.

Similarly, the transport of C6-NBD-GlcCer in mitotic and
G1 cells (Fig. 6B) was virtually blocked by cyclosporin A, and
affected by PSC 833 and verapamil to the same extent as in
BFA-treated and control cells, respectively (not shown). The
inhibitors reduced SM transport in mitotic cells, but less than
in BFA-treated cells where transport was reduced by up to 85%
Table 1. Transport of C6-NBD-SM and C6-NBD-GlcCer to
the cell surface in the presence of inhibitors of the

multidrug resistance P-glycoprotein
− Brefeldin A + Brefeldin A

C6- C6- C6- C6-
NBD-SM NBD-GlcCer NBD-SM NBD-GlcCer

Addition (percentage of each lipid in BSA-medium)

None 73±8 86±2 70±3 86±3
Cyclosporin A 62±3 12±2 10±1 8±3
PSC 833 59±7 29±1 14±1 21±1
Progesterone 53±1 47±2 32±0 40±1
Verapamil 66±2 49±1 34±1 44±1

Before ceramide addition, cells were incubated for 10 minutes at 37°C in
HBSS+BSA with or without 1 µg BFA/ml followed by 10 minutes at 37°C in
the absence or presence of MDR inhibitors cyclosporin A (10 µM), PSC 833
(10 µM), progesterone (20 µM), and verapamil (20 µM). After addition of the
ceramide analog synthesis and transport were quantitatively analyzed after 1
hour at 37°C by measuring the extracted lipid products from the cells and the
BSA-containing medium as in Materials and Methods. Data are the average
of 2 experiments in duplicate (± s.d.; n=4).
(Table 1). The inhibition of SM transport was underestimated
as the transport values in these experiments were not corrected
for SM synthesis on the cell surface (in contrast to the exper-
iments in Figs 5 and 6 where synthesis and transport were
studied independently). While intracellular SM synthesis was
stimulated by BFA (4-fold, see legends to Figs 5 and 6), it was
reduced in mitotic cells (2-fold) without effect on cell surface
synthesis (not shown). As a consequence, cell surface synthesis
was negligible in BFA-treated cells (≤5% of total synthesis as
measured at 10°C; van Helvoort et al., 1994, and not shown)
but constituted an appreciable fraction of SM synthesis in
mitotic cells (± 20%). The data indicate that in mitotic cells
transport of C6-NBD-GlcCer, and partly that of C6-NBD-SM,
occurred by an MDR-activity. 

Lipid translocation across the plasma membrane is
not limited to CHO cells
Also in the human liver-derived HepG2 cell line, transport of
C6-NBD-SM and -GlcCer continued in the presence of BFA.
As in CHO cells (Table 1), the transport of C6-NBD-SM in the
presence of BFA and of C6-NBD-GlcCer in the presence and
absence of BFA was sensitive to verapamil (Fig. 8). In control
cells, verapamil inhibited transport of C6-NBD-GlcCer by half
with only a minor effect on transport of C6-NBD-SM. In the
presence of BFA, verapamil reduced transport of both lipids
by more than half. This suggests that HepG2 cells possess a
translocator in the plasma membrane similar to CHO cells.

Also in mitotic HeLa cells, prepared in parallel to the mitotic
HeLa cells that were used to demonstrate a block in lipid
transport in the early Golgi (Collins and Warren, 1992),
transport of C6-NBD-lipids to the cell surface continued (not
Fig. 8. Inhibition of C6-NBD-SM and C6-NBD-GlcCer transport to
the surface of HepG2 cells by MDR inhibitors. Before ceramide
addition, cells were preincubated for 10 minutes at 37°C in
HBSS+BSA with or without 1 µg BFA/ml followed by a second
preincubation for 10 minutes at 37°C in the absence or presence of
verapamil (20 µM) and BFA. After addition of C6-NBD-ceramide,
synthesis and transport were analyzed after 1 hour at 37°C by
measuring the extracted lipid products from the cells and the BSA-
medium as in Materials and Methods. The picture represents a one-
dimensional separation on a 10 cm × 20 cm TLC plate (solvent II) of
the C6-NBD-lipids extracted from cells (C) and media (M) of the
different conditions. 
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shown). This suggests that all events involved in C6-NBD-lipid
transport in CHO cells also occur in HeLa cells, including
translocation across the plasma membrane.

DISCUSSION

Newly synthesized proteins and lipids reach the outside of the
cell via the vesicular secretory pathway. In addition, lipids can
in principle be delivered to the surface after translocation from
the cytosolic leaflet of the plasma membrane to the exoplas-
mic leaflet (van Helvoort and van Meer, 1995). Here, we have
inhibited the vesicular transport pathway in two ways and show
that transport of some lipid analogs to the cell surface
continued. This process was sensitive to inhibitors of the
multidrug resistance P-glycoprotein which suggests that this or
a related protein is responsible for translocating the analogs
across the plasma membrane.

Brefeldin A and SM transport to the cell surface
BFA induces fusion between cisternae of the Golgi complex
and the ER in a number of cell types (Klausner et al., 1992).
For the present study on SM transport it was important to
define the location of the SM synthase in the presence of BFA.
In CHO cells the SM synthase redistributed to the density of
ER on a sucrose density gradient (Fig. 1). More convincingly,
ceramide produced in the ER at 10°C was efficiently converted
to SM after BFA but not in control cells (Fig. 2) implying that
in BFA-treated cells SM synthase resided in a membrane con-
tinuous with the ER. In the presence of BFA newly synthe-
sized endogenous SM remained virtually inaccessible to
exogenous SMase at 37°C (Fig. 3). This confirms a similar
observation with backbone-labeled SM in BFA-treated BHK
cells (Kallen et al., 1993) and a more modest reduction in SM
transport to the CHO plasma membrane as measured by cell
fractionation (Warnock et al., 1994). Because BFA efficiently
blocks vesicular protein transport to the surface (Klausner et
al., 1992; Strous et al., 1993; Warnock et al., 1994) delivery of
natural SM to the cell surface appears to require a vesicular
transport step.

Our complementary observation that also choline-labeled
SM transport to the surface was inhibited by BFA as monitored
by SMase (Fig. 3) is in contrast with a study on hepatocytes
(Shiao and Vance, 1993). Interestingly, in liver-derived HepG2
cells SM synthase did not shift to the ER density after BFA
(van Meer and van ’t Hof, 1993) while other Golgi enzymes
did (Strous et al., 1993), and no SM was formed from newly
synthesized ceramide at 10°C (not shown). Further studies will
have to elucidate whether these differences with fibroblasts
reflect a different localization of the SM synthase in hepato-
cytes.

Like endogenous long-chain SM, SM carrying a C6-chain
reached the cell surface much more slowly in the presence of
BFA (Fig. 5A). In contrast, transport of the more water-soluble
C6-NBD-SM to the CHO cell surface was not inhibited by BFA
(Fig. 6A). The fact that MDR inhibitors prevented arrival of
C6-NBD-SM on the cell surface in the presence of BFA (Table
1), suggests that the final step in the transport was transloca-
tion across the plasma membrane by an MDR-like protein. In
a direct study, we have demonstrated that the human MDR1
and mouse mdr1a P-glycoprotein can translocate C6-NBD-SM
to the cell surface (van Helvoort et al., 1996). Apparently,
CHO cells (HepG2 and HeLa cells) express sufficient MDR
activity to translocate C6-NBD-SM. If natural SM is a substrate
for the MDR activity, the presence of this activity would
conflict with the proposed occurrence of a signaling pool of
SM on the inside of the plasma membrane.

To reach the translocator in the plasma membrane C6-NBD-
SM must first have translocated from the lumen of the BFA-
induced ER-Golgi compartment to the cytosolic leaflet, after
which equilibration with the cytosolic leaflet of the plasma
membrane should be fast because of the short hydrophilic side-
chain. Indeed, rapid translocation of SM analogs across the ER
membrane has been reported (Herrmann et al., 1990; Buton et
al., 1996). The small contribution of the translocation pathway
to delivery of C6-NBD-SM to the surface of control cells
(Table 1) implies that very little SM translocated to the
cytosolic side of the Golgi (cf. Helms et al., 1990; Jeckel et al.,
1992; Burger et al., 1996) and that little SM was transported
back to the ER as compared to the SM flux into the antero-
grade vesicular pathway.

Transport of GlcCer to the cell surface
After synthesis on the cytosolic surface of the Golgi, C6-NBD-
GlcCer can translocate towards the Golgi lumen (Lannert et
al., 1994; Burger et al., 1996), from where it can follow the
secretory pathway to the cell surface. This translocation across
the Golgi membrane is insensitive to MDR inhibitors (K. N. J.
Burger, personal communication). Thus the sensitivity of C6-
NBD-GlcCer transport to the MDR inhibitors (Table 1)
suggests that most of the newly synthesized C6-NBD-GlcCer
equilibrated with the inner leaflet of the plasma membrane and
subsequently translocated to the exoplasmic leaflet. Therefore,
most C6-NBD-GlcCer bypassed the Golgi lumen on its route
to the cell surface which may explain why only 1% is
converted to higher glycolipids (data not shown; van der Bijl
et al., 1996). This is different for galactosylceramide which is
synthesized in the lumen of the ER. Up to one-third of short-
chain GalCer received an additional galactose or sulfate before
reaching the cell surface (van der Bijl et al., 1996). Like C6-
NBD-SM, C6-NBD-GlcCer and [14C]C6-GlcCer were found to
be a substrate for P-glycoproteins of the MDR1 type (van
Helvoort et al., 1996). Whether endogenous GlcCer can be
translocated by P-glycoproteins and, if so, what fraction
follows the MDR pathway as compared to translocation
towards the Golgi lumen is unclear at present.

Endogenous GlcCer may have access to the cytosolic leaflet
of the plasma membrane via the cytosolic leaflet of transport
vesicles or via cytosolic transfer proteins (Sasaki, 1990). The
first mechanism may explain the faster rates of transport of C6-
GlcCer to the cell surface of control cells vs. BFA-treated and
mitotic cells (Fig. 5). Most likely, cytosolic transfer is respon-
sible for the transport of endogenous GlcCer to the plasma
membrane that was observed by cell fractionation in the
presence of BFA and at 15°C (Warnock et al., 1994), because
BFA blocks the Golgi pathway for glycosphingolipids (van
Echten et al., 1990; Young et al., 1990) and SM (Kallen et al.,
1993; Fig. 3) and because vesicular lipid transport to the cell
surface was not observed at 15°C (Helms et al., 1990). The
appearance of phosphatidylethanolamine on the cell surface in
the presence of BFA (Vance et al., 1991) can also be explained
by cytosolic transfer and translocation across the plasma
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membrane. Obviously, as an alternative for the MDR activity
one can never exclude the possibility that a specialized, non-
Golgi vesicular pathway to the plasma membrane persists in
the presence of BFA (Urbani and Simoni, 1990; van Leyen and
Wieland, 1994).

Sphingolipid transport to the mitotic cell surface
Most importantly, as was observed with BFA, transport of C6-
NBD-GlcCer to the cell surface was unchanged in mitosis.
Again, it was fully sensitive to MDR inhibitors supporting the
proposed presence of an MDR activity at the plasma
membrane. Transport of endogenous SM to the cell surface
was reduced in mitosis as compared to interphase cells (Fig. 4)
but to a lesser extent than in the presence of BFA. The appear-
ance of newly synthesized C6-SM and C6-NBD-SM on the cell
surface was reduced by 50% as compared to control interphase
cells (Figs 5, 6). All in all, the data suggest a strong reduction
in vesicular traffic of endogenous SM, C6-SM, and C6-NBD-
SM in mitotic cells, in line with the reported block in vesicular
transport through the Golgi (Collins and Warren, 1992; Warren
et al., 1995). The remaining appearance of C6-NBD-SM on the
mitotic cell surface was partly sensitive to MDR-inhibitors,
while another part was synthesized on the cell surface
(Results). The discrepancies between the present results and a
previous study where no newly synthesized C6-NBD-GlcCer
and -SM appeared on the surface of mitotic CHO cells
(Kobayashi and Pagano, 1989) would suggest that no MDR
activity and no SM synthase were present on the surface of
those CHO cells.

Lipid translocation across the plasma membrane by
an MDR activity
We have observed an MDR inhibitor-sensitive translocation of
C6-NBD-GlcCer in all cell types tested: CHO, HepG2, HeLa,
Caco-2, LLC-PK1, and MDCK cells. In the latter three cell
types the activity is limited to the apical plasma membrane
domain (K. N. J. Burger et al., unpublished observations) and
it has indeed been reported that transport of C6-NBD-SM
continued in BFA-treated Caco-2 cells, but that it now
appeared on the apical rather than the basolateral surface (van
Meer and van ’t Hof, 1993). Most epithelial cells express the
MDR1 P-glycoprotein at their apical surface and also many
tumor cells express this drug transporter. The human MDR1
P-glycoprotein in transfected cells is capable of translocating
C6-NBD-lipids (van Helvoort et al., 1996). This suggests the
MDR1 P-glycoprotein as a candidate for the translocator
activity observed in the present study. 

The finding that C6-NBD-GlcCer can be translocated across
the apical membrane of epithelial cells forces us to reconsider
the interpretation of previous transport data and broadens our
views on the mechanism of epithelial lipid sorting (Simons and
van Meer, 1988). The enrichment of GlcCer over SM on the
apical surface could be generated by selective apical translo-
cation of GlcCer vs vesicular traffic of SM to both cell
surfaces. However, one essential question remaining is
whether endogenous GlcCer can be translocated by the MDR1
P-glycoprotein. Further questions concern the substrate speci-
ficity of the lipid translocator and, last but not least, its physi-
ological function.
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