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Abstract. To study the intracellular transport of newly
synthesized sphingolipids in epithelial cells we have
used a fluorescent ceramide analog, N-6[7-nitro-2,1,3-
benzoxadiazol-4-yl] aminocaproyl sphingosine (C6-
NBD-ceramide; Lipsky, N. G., and R. E. Pagano,
1983, Proc. Natl. Acad. Sci. USA, 80:2608-2612) as a
probe. This ceramide was readily taken up by filter-
grown Madin-Darby canine kidney (MDCK) cells
from liposomes at 0°C. After penetration into the cell,
the fluorescent probe accumulated in the Golgi area at
temperatures between 0 and 20°C. Chemical analysis
showed that C6-NBD-ceramide was being converted
into C6-NBD-sphingomyelin and C6-NBD-glucosyl-
ceramide. An analysis of the fluorescence pattern after
1 h at 20°C by means of a confocal scanning laser
fluorescence microscope revealed that the fluorescent
marker most likely concentrated in the Golgi complex
itself. Little fluorescence was observed at the plasma
membrane. Raising the temperature to 37°C for 1 h
resulted in intense plasma membrane staining and a
loss of fluorescence from the Golgi complex. Addition
of BSA to the apical medium cleared the fluorescence
from the apical but not from the basolateral plasma

membrane domain. The basolateral fluorescence could
be depleted only by adding BSA to the basal side of a
monolayer of MDCK cells grown on polycarbonate
filters. We conclude that the fluorescent sphingomyelin
and glucosylceramide were delivered from the Golgi
complex to the plasma membrane where they accumu-
lated in the external leaflet of the membrane bilayer.
The results also demonstrated that the fatty acyl la-
beled lipids were unable to pass the tight junctions in
either direction.

Quantitation of the amount of NBD-lipids delivered
to the apical and the basolateral plasma membranes
during incubation for 1 h at 37°C showed that the C6-
NBD-glucosylceramide was two- to fourfold enriched
on the apical as compared to the basolateral side,
while C6-NBD-sphingomyelin was about equally dis-
tributed. Since the surface area of the apical plasma
membrane is much smaller than that of the basolateral
membrane, both lipids achieved a higher concentration
on the apical surface. Altogether, our results suggest
that the NBD-lipids are sorted in MDCK cells in a
way similar to their natural counterparts.

1985a, b) introduced the fluorescent ceramide ana-

log, N-6[7-nitro-2,1,3-benzoxadiazol-4-yl] aminocap-
royl sphingosine (C6-NBD-ceramide)' to study intracellular
transport of sphingolipids. This ceramide partitions into tis-
sue culture cells at 2°C and becomes trapped in the Golgi
complex upon conversion to C6-NBD-sphingomyelin and
N-6[7-nitro-2,1,3-benzoxadiazol-4-yl] aminocaproyl sphin-

IN an elegant series of papers Lipsky and Pagano (1983,
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1. Abbreviations used in this paper: C6-NBD-ceramide, N-6[7-nitro-2,1,3-
benzoxadiazol-4-yl] aminocaproyl sphingosine; C6-NBD-galactosylceramide,
N-6[7-nitro-2,1,3-benzoxadiazol-4-yl} aminocaproyl sphingosine galacto-
side; C6-NBD-glucosylceramide, N-6[7-nitro-2,1,3-benzoxadiazol-4-yl]
aminocaproyl sphingosine glucoside.
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gosine glucoside (C6-NBD-glucosylceramide) at 37°C. These
products then move to the plasma membrane from where
they can be depleted by means of a “back exchange” reaction
with unlabeled liposomes. In the present paper we have made
use of these findings to study the sorting of lipids to the apical
and basolateral membranes in epithelial cells.

Epithelial cells generally perform vectorial functions,
which are reflected in the organization of their plasma mem-
brane into an apical and a basolateral domain with unique
lipid and protein compositions (see Rodriguez-Boulan, 1983;
Simons and Fuller, 1985). The border between the domains
is formed by the tight junction or zonula occludens, a struc-
ture that encircles the apex of each cell and links the individ-
ual cells together into epithelial monolayers. This tight junc-
tion is thought to prevent the intermixing of membrane
components by forming a diffusion barrier in the plane of the
membrane (Diamond, 1977; Simons and Fuller, 1985). We
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have recently provided evidence that the tight junction main-
tains the difference in lipid composition between the two do-
mains by acting as a fence in the exoplasmic but not in the
cytoplasmic leaflet of the plasma membrane bilayer (van
Meer and Simons, 1986). The unique lipid compositions of
the two domains can therefore be attributed to the composi-
tions of the exoplasmic leaflet of each domain.

The presence of a barrier prevents intermixing of the api-
cal and the basolateral lipids by lateral diffusion. However,
the two domains are also connected by a vesicular route (see
Mostov and Deitcher, 1986). To prevent equilibration of
lipids via this route, separation of the two sets of lipids has
to occur along the transcytotic pathway. This sorting event
must involve a lateral segregation of some lipids into that part
of the membrane which will bud into a transport vesicle, and
exclusion of others from the bud. A similar sorting event has
to occur along the biosynthetic pathway. Most lipids are syn-
thesized in the endoplasmic reticulum and the Golgi complex
(Pagano and Sleight, 1985). Newly synthesized lipids des-
tined for the apical and the basolateral plasma membrane do-
mains have to be physically separated during their transit
from the endoplasmic reticulum and the Golgi complex to
the plasma membrane. It is not known where in the trans-
cytotic pathway the sorting occurs. In the biosynthetic path-
way the frans-Golgi network (for a review see Griffiths and
Simons, 1986) is emerging as a candidate for the site for sort-
ing. Since the differences in lipid composition between the
two plasma membrane domains seem to reside in the exo-
plasmic leaflet of the plasma membrane bilayer, it is reason-
able to assume that sorting occurs in the exoplasmic, luminal
leafiet of the membrane of the trans-Golgi network to gener-
ate the differences that are observed between apical and
basolateral lipids.

Apical membranes have generally been found to be en-
riched in glycosphingolipids and sphingomyelin whereas
phosphatidylcholine is concentrated in the basolateral do-
main (for a discussion see van Meer and Simons, 1986).
Therefore the fluorescent sphingolipid C6-NBD-ceramide
should serve as an excellent probe to study sorting of lip-
ids to the apical surface in Madin-Darby canine kidney
(MDCK) cells. Our strategy was to accumulate fluorescent
analogs of the lipids in the Golgi complex using the observa-
tion that low temperature blocks traffic of membrane proteins
from the Golgi complex to both the apical and the basolateral
plasma membranes (Matlin and Simons, 1983; Pfeiffer et al.,
1985). Upon release of the temperature “block” the cell sur-
face appearance of the fluorescent lipids could be monitored
both by confocal scanning laser fluorescence microscopy
(Cox, 1984, Wijnaendts-van-Resandt et al., 1985) and through
quantitative back exchange (Lipsky and Pagano, 19854). We
report here that the fluorescent analogs, C6-NBD-glucosyl-
ceramide and C6-NBD-sphingomyelin, are recognized by
the cellular sorting machinery and seem to be sorted in a
similar way as their native counterparts.

Materials and Methods

Lipids and Liposomes

C6-NBD-ceramide, C6-NBD-glucosylceramide, N-6[7-nitro-2,1,3-benz-
oxadiazol-4-y[] sphingosine galactoside (C6-NBD-galactosylceramide},
and C6-NBD-sphingomyelin were synthesized from 6[7-nitro-2,1,3-benzox-
adiazol-4-yl] aminocaproic acid (Molecular Probes, Inc., Junction City,
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OR) and sphingosine, I-B-p-galactosyl-sphingosine, I-B-p-glucosyl-sphin-
gosine, and sphingosylphosphoryl-choline, respectively (Sigma Chemical
Co., St. Louis, MO), as described {Kishimoto, 1975). The products were
quantitated spectrophotometrically in 2 fluorimeter (MPF-44A; Perkin-
Elmer Corp., Norwalk, CT) with an excitation wavelength of 470 nm and
emission measured at 535 nm, by comparison to a known amount of C6-
NBD-phosphatidylethanolamine, Phospholipids were quantitated by a
phosphate determination according to Rouser et al. (1970).

Small unilamellar liposomes were freshly prepared for each experiment
from 435 nmol egg phosphatidy] choline (Sigma Chemical Co.) and 65
nmol C6-NBD-ceramide by octylglucoside dialysis (van Meer et al., 1985)
in a final volume of 1 mi PBS (Dulbecco’s formulation) and sonication by
a probe sonicator at 70 W for 10 min in ice and under nitrogen. For some
experiments 10° dpm of difl-“C]palmitoy! phosphatidylcholine (112 Ci/
mol; Amersham International, Amersham, United Kingdom) was incorpo-
rated into the liposomes as a tracer. Radioactivity was determined as de-
scribed (van Meer et al., 1985). Before use the liposomes were diluted 1:2.5
(vol/vol) with Hanks’ balanced salt solution (HBSS). Unlabeled liposomes
consisting of egg phosphatidylcholine were prepared in the same way and
used without dilution.

Lipid Analysis

Cellular lipids were extracted (Bligh and Dyer, 1959) and separated by two-
dimensional high performance thin layer chromatography (HPTLC) as de-
scribed (van Meer and Simons, 1982). The solvents used gave a clean sepa-
ration of the fluorescent analogs of ceramide, free fatty acid, monoglycosyl
ceramide, and sphingomyelin, In addition, C6-NBD-monoglycosyl cer-
amide was well separated from other fluorescent components of the cell cul-
ture media. In cell extracts C6-NBD-sphingomyelin ran as two partially
overlapping spots. This appeared to be due to the underlying cellular sphin-
gomyelin since pure C6-NBD-sphingomyelin ran as a single spot and addi-
tion of cellular lipids resulted in the double spot pattern. The reason for this
is not clear. It is not due to fatty acid heterogeneity (Karlsson ¢t al., 1973}
because C6-NBD-sphingomyelin has C6-NBD-aminocaproic acid as its
unique fatty acyl chain.

The C6-NBD-monoglycosylceramide was identified as C6-NBD-glu-
cosylceramide by comparing its mobility on high performance thin layer
plates with C6-NBD-galactosylceramide and C6-NBD-glucosylceramide
standards. For this purpose lipids were run on borate impregnated or un-
treated thin layer plates (Kean, 1966) by a one-dimensional development in
CHC1L/CH;0H/14 M NH,OH (65:35:5 vol/vol). For borate impregnation,
a thin layer plate was sprayed with 50 ml of methanol containing 1.25 g boric
acid. On treated and untreated plates the retention factors for the ghucosyl-
ceramide (and the unknown monoglycosylceramide) were 2.4 and 1.4 times
the retention factor of galactosylceramide, respectively. C6-NBD-glucosyl-
ceramide was the only NBD-glycolipid found in MDCK I and MDCK 1 cells.

Afier thin layer chromatography, fluorescent spots were scraped from the
plate and extracted from the silica in 3.5 ml of a mixwre of CHCly/
CH,OH/H,0; 1:2.2:1. After pelleting the silica for 10 min at 1,500 g,
the fluorescence intensity of the supernatant was determined as described
above., The background values in such experiments were the following.
When a cell extract was run on an HPTLC plate in the absence of NBD-
lipids and when the ceramide spot was scraped from the plate, extracted,
and measured, the value was equivalent to 2.8 + 0.2 (n = 5) pmol NBD-
lipid; for a glucosylceramide spot or sphingomyelin spot this was 08 + 0.2
pmol. In the extract of 2.6 ml of HBSS the values were 2.3 + 0.8 and
0.8 + 0.3 pmol, respectively. HBSS without phenol red was used as an incu-
bation medium in all experiments since phenol red and complete medium
with or without serum gave rise to fluorescent spots on HPTLC plates, mak-
ing the identification and quantitation of the NBD-lipids more difficult.

Cell Culture and Incubation Conditions

MDCK strain H cells were grown as 3-d-old monolayers on 0.45-pm pore
size nitrocellulose acetate filters (Millipore filters; HATF 02500; Millipore
SA, Molsheim, France) mounted in mini-Marbrook chambers (Hendley En-
gineering, Essex, UK) as described in detail (Matlin and Simons, 1984), or
as 4-d-old monolayers on (.4-jum pore size premounted polycarbonate filters
{Transwell; Costar, Cambridge, MA). In the latter case the basolateral growth
medium was replaced by fresh growth medium on day 3. A monolayer of
MDCK II cells on Millipore filters (3.14 ¢cm?) contained 3.2 X 10° cells
(Hansson et al., 1986). Monolayers of MDCK T and MDCK I on Transwells
(4.5 cm?) contained (15 £ 0O X 1P (n = D and Q4 £ 0D X W (n =
3) cells, respectively. MDCK I cells grown on Millipore filters incorporated
smal! amounts of C6-NBD-ceramide, and they were not used in the present
study.
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Monolayers on 20-mm-diam (Millipore) or 24.5-mm-diam (Transwell)
filters were washed twice with HBSS and incubated for 30 min at 0 or 10°C
with 500 (Miilipore) or 750 ul (Transwell) of C6-NBD-ceramide containing
liposomes (26 nmol C6-NBD-ceramide/ml) on the apical side. After
removal of the liposome suspension and two washes with HBSS, individual
incubations were continued as described under Results. The applied amount
of liposomes was saturating. The uptake of C6-NBD-ceramide by the cells
did not increase when higher concentrations were used.

Unless indicated, the filters remained mounted in the chambers during
all incubations. The mounted filters were situated in the wells of a 6-well
plate (Nunc, Algade, Denmark; Falcon Labware, Oxnard, CA; or in case
of the polycarbonate filters, Costar) containing 4 or 2.6 ml of HBSS, respec-
tively, while 1 mi of HBSS was present on the apical side of each filter. For
incubations at 0°C the 6-well plates were modified so that the bottom of the
wells rested directly on a metal plate on jce.

For back exchange (Lipsky and Pagano, 1985a) of NBD-lipids present
on the cell surface a solution of 8.2% BSA (fraction V; Sigma Chemical
Co.) in HBSS was added to the apical (1 ml) or basal (4 or 2.6 m! for Milli-
pore or Transwell filters, respectively} side of the filter. Back exchange was
performed during the 20°C incubation, during the 37°C incubation, or after
the 37°C incubation at 0°C, as described in Results. When performed st 0°C
the cells were incubated with BSA two times for 30 min. The first incubation
released 87% of the C6-NBD-sphingomyelin and C6-NBD-glucosylcer-
amide available for exchange, and the second incubation released a further
8%. During a subsequent incubation with media containing BSA or unla-
beled liposomes, depletion increased by <5%. The addition of nonfluores-
cent liposomes to the BSA solution did not result in increased depletion,
In experiments where cells were incubated with BSA at 37°C for shorter
times than 20 min, this incubation was followed by a second one with BSA
for 30 min at 0°C to complete the back exchange.

Fluorescence Microscopy

Conventional Fluorescence Microscopy. For screening purposes, cells on
filters were viewed through a Zeiss photomicroscope I (Oberkochen, Fed-
eral Republic of Germany) by epifluorescence. A 40X water immersion ob-
jective was used to study living cells (van Meer and Simons, 1986).

Confocal Scanning Laser Microscopy. The resolution of the conven-
tional fluorescence microscope along the optical axis is not sufficient to dis-
criminate between the Golgi and the apical plasma membrane. Therefore,
we applied a confocal scanning laser fluorescence microscope (Wijnaendts-
van-Resandt et al., 1985). This microscope possesses true depth discrimina-
tion properties since only fluorescent light emitted in the plane of focus is
detected. This is in contrast to a conventional fluorescence microscope,
where light emitted by fluorophores outside the focal plane shows up as a
diffuse background.

The configuration of the confocal scanning laser fluorescence micro-
scope has been described in detail elsewhere (Marsman et al., 1983; Stelzer
and Wijnaendts-van-Resandt, 1986). The instrument was used in the epi-
fluorescence set up. The fiuorophores in the sample were excited with
the dark blue line (476 nm) of an argon ion laser. A dichroic LLSG Corion
filter and parts of a Ploemopak (Ernst Leitz, Wetzlar, FRG) allowed only
the fluorescent light emitted by the NBD-groups (A > 520 nm) to enter
the detector pinhole (=200 um diam) and the photomultiplier (R 647;
Hamamatsu Phototonics K. K., Hamamatsu City, Japan). The microscope
was equipped with a Zeiss Axiomat ultrafluar 125 X /1.25 Glyc objec-
tive, corrected for infinity, and the distance between lens and pinhole was
1,100 mm. The entrance aperture of the objective lens has a diameter of
4 mm. The diameter of the source pinhole was =100 pm. It is important
to realize that the optical path of the microscope remains fixed while the
specimen is moved through the volume of the light spot, the size of which
is diffraction limited. Electronic equipment drives the scanning movement
in either a borizontal x/y- or a vertical x/z-plane, while a computer (VME-
based 68000 microcomputer; Eltec, Mainz, FRG) monitors both the posi-
tion of the light spot and the intensity detected by the photomultiplier. The
intensity and the number of readings per picture element, pixel, are accumu-
lated as a function of the position in the object. Due to the way the scan
is performed, every pixel is read several times, on the average 16 times. The
pixel values in the final image represent the mean of those 16 readings. Dur-
ing the scanning, the specimen is illuminated only as long as the fluorescent
light is monitored. For this purpose the laser beam is switched on and off
by means of an acousto-optic modulator. This deflection mechanism is cou-
pled to the scanning movement.

Sample Preparation. Before microscopy monolayers of MDCK cells on
Millipore filters were incubated according to one of the protocols described
above and in the text. The filter was subsequently taken out of the holder
and transferred to a petri dish on an ice-cold metal plate containing HBSS.
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An 3-mm-diam piece was cut out from the filter with a punch. This piece
of filter was placed in the center of a 22 X 22 mm? coverslip and a drop
of HBSS was applied to its apical surface. A small drop of dried nailpolish
on each corner of the coverslip served as a spacer. A 20 X 20 mm® cover-
slip was mounted atop of the spacers and the coverslips were sealed using
nailpolish. The coverslip sandwich was subsequently mounted onto the ta-
ble of the confocal scanning laser fluorescence microscope. This procedure
made it possible to obtain the first images within 2 min after the sample had
been removed from the ice-cold plate. Samples were viewed at temperatures
below 20°C, no longer than 15 min after mounting.

Optical Sections. A first specimen was used to align the microscope and
discarded. A fast scan in the x/y-plane with 256 lines/image, 70 lines/s and
a field size of 174 X 174 pm?® was then used to obtain an overview, to find
the right areas and to move into the plane of interest. Images of horizontal
optical sections were recorded in the x/y-plane with 1024 lines/image and
40 lines/s. The information of a set of four lines was combined to yield one
row of pixels, resulting in the standard image of 256 x 256 pixels. Focal
series were recorded after defining the x/y-planes for the first and last image
and the number of images in the series. The decrease in intensity caused
while recording a series was determined by recording a second image in one
of the x/y-planes and was found to be <10% of the total intensity in each
plane of a series of 16 images at intervals along the z-axis of 1.2 um, For
vertical optical sections (Wijnaendts-van-Resandt et al., 1985) a scan was
performed in the x/z-plane with 512 lines/image and 40 lines/s. Lines were
scanned paralle] to the x-axis and again a set of four lines was combined
to one row of pixels. In this case an image was obtained with 256 pixels
in the x direction and 128 pixels in the z direction. Due to the microscope
set up this image covered, at the magnification used, a field size of 76 um
in the x direction and 54 pm in the z direction. In the pictures of vertical
sections shown in Figs. 2, 3, and 5 the scale along the z-axis has been nor-
malized to that along the x-axis.

Images and Pictures. The high voltage supply of the photomuitiplier
tubes and the gain of the subsequent amplifier circuit had to be adapted o
the available amount of light. Great care was taken that the analog-to-digital
converter was operated in a correct range. As a consequence the intensity
covered a window of ~220 of the possible 256 grey levels. Images were
stored in the computer. Pictures of the images were taken from a black and
white monitor (FV 17; Knott Electr., Hoenschaftlarn, FRG) operated in in-
terlace mode. A Minolta X-300 camera was attached to the monitor through
an Oscillophot M32A and an Oscillo-Quinon 5.6/55 mm lens. All pictures
were recorded on 50 ASA Ilford Pan F film.

Quantitation. The amount of fluorophore was determined as a function
of its localization in one of four categories: the apical plasma membrane,
the basolateral plasma membrane, the Golgi area, and the cytosol. This was
done by investigating six different cells in a focal series. Every pixel in a
box covering the cell in all focal planes was classified as not belonging to
this cell or as belonging to one of the categories mentioned above. The num-
ber of pixels and the sum of the intensities were recorded for each of the
four categories and each plane. The division between the apical and
basolateral plasma membrane was made arbitrarily as the plane in which
the Golgi area was first detected when moving basal from the apical cell sur-
face. In addition, the integrated intensity for the lateral membrane was
divided by a factor of two, since this structure is formed by the lateral wem-
branes of two neighboring cells in each case. The intensity ratios between
different compartments varied by only 15% among the six different cells
studied.

It has to be realized that the fluorescent signal registered by the micro-
scope is the sum of the signals of the various NBD-containing lipids, since
the microscope is unable to distinguish between single molecules. A limita-
tion when using the microscope for quantitation is that at high concentra-
tions of the fluorescent probe at a certain location, the relation between the
signal of the microscope and the concentration of fluorescence may not be
linear due to selfguenching. The concentration of flucrescent lipid in heav-
ily labeled membranes may therefore be underestimated in microscopic
images.

Information Content of an Image Obtained by Confocal Scanning La-
ser Microscopy. Every image obtained by the confocal scanning laser mi-
croscope consists of 256 X 256 = 65,536 pixels, each capable of storing
256 grey levels. The intensity is linear with the pixel value. The lateral reso-
lution in this configuration is <200 nm. With a field size of 76 X 76 pum®
used for a typical picture, every pixel covers an area of 0.3 X 0.3 um®.
The information in each pixel is therefore not influenced by the neighboring
pixels. The resolution along the optical axis, defined as the distance from
the fluorophore at which the intensity drops to 50% of its maximal value,
is ~1 pm (Wijnaendts-van-Resandt et al., 1985). Images recorded in an x/z-
plane therefore show “overlapping” information, while images recorded in
a focal series at intervals of 1.2 pm along the z-axis display independent in-
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formation. Pictures of images obtained with the microscope necessarily lose
the quantitative information, since it is not possible to print the 255 possible
grey levels of such an image in the 40 grey tones of a photographic print.
Such a picture therefore is the consequence of a selection of grey tones (and
thereby contrast) by the photographer’s eye.

Materials

Cell culture media were obtained from Gibco (Glasgow, UK). Chemicals
and solvents were of analytical grade and obtained from Merck (Darmstadt,
FRG).

Results

Cellular Uptake and Metabolic Conversion
of C6-NBD-Ceramide

The aim of the initial experiments was to define the condi-
tions under which MDCK cells would incorporate C6-NBD-
ceramide and metabolize it to fluorescent glycolipid and
sphingomyelin in the Golgi complex (Lipsky and Pagano,
1983, 1985a, b). To facilitate studies of transport to the
plasma membrane we attempted to synchronize the delivery
by accumulating the fluorescent lipids in the Golgi complex.
Such an accumulation has been achieved for viral glycopro-
teins in MDCK cells by incubation of the cells at a reduced
temperature of 20°C (Matlin and Simons, 1983). We there-
fore had the cells incorporate C6-NBD-ceramide from lipo-
somes at 0°C to prevent endocytosis, washed away the lipo-
somes, and continued the incubation for various times at
20°C before protein traffic to the cell surface was allowed to
resume by warming to 37°C. In subsequent experiments
10°C was chosen instead of 0°C to increase the uptake of C6-
NBD-ceramide by the cells.

Monolayers of MDCK 1I cells on Millipore filters were in-
cubated with liposomes containing C6-NBD-ceramide on
the apical side for 30 min at O or 10°C. The amount of C6-

Table 1. Cell-associated C6-NBD-Ceramide*

NBD-ceramide that was incorporated by the cells was then
quantitated by measuring the specific C6-NBD-ceramide up-
take (Table I). Clearly more of the C6-NBD-ceramide be-
came cell associated than of the liposome marker *C-phos-
phatidylcholine. We conclude that this represented uptake of
C6-NBD-ceramide into the cell by an exchange mechanism.
After washing away the liposomes, the cells were further in-
cubated at 20°C. During this incubation about half of the C6-
NBD-ceramide was lost from the cells. This was accounted
for by a release of liposomes that had been left attached to
the cells after washing (Table I). After 30 min at 10°C fol-
lowed by 1 h at 20°C, a total amount of 27 pmol NBD was
present per 10° MDCK 11 cells on Millipore filters, which is
equivalent to 1.6 X 107 fluorophores per cell. 85% of this
had been taken up specifically by an exchange mechanism,
while the remaining 15% could be accounted for by lipo-
somes adhering to the cells. Since most likely part of this
liposomal C6-NBD-ceramide partitioned into the cells dur-
ing the subsequent 20°C incubation, the actual amount of
NBD remaining at the apical cell surface in adhering lipo-
somes was probably less than this 15%.

The metabolic conversion of C6-NBD-ceramide into
C6-NBD-sphingomyelin and C6-NBD-glucosylceramide in
MDCK II cells is illustrated in Fig. 1. C6-NBD-sphingomy-
elin and C6-NBD-glucosylceramide were rapidly produced
in a ratio of ~v5:1 following the shift to 20°C. The production
of C6-NBD-sphingomyelin leveled off after 2 h and this was
taken as a standard incubation time. If the temperature was
raised to 37°C we noticed that some further metabolism oc-
curred resulting in an increase of C6-NBD-sphingomyelin
from 50 (Fig. 1) to 61% and of C6-NBD-glucosylceramide
from 6 to 12% after 1 h. The rates and the extent of metabo-
lism were identical on Millipore filters and on Transwells.

Since the continued conversion of C6-NBD-ceramide dur-
ing the 37°C incubation might interfere with subsequent
studies of cell surface appearance of the metabolic products,

Cell growth and
incubation conditions

Total cell-associated
C6-NBD-ceramide

Specific uptake of
C6-NBD-ceramidet

pmol/10° cells (% of added)

MDCK II cells on Millipore filters$

0.5 h, 0°C 33 (0.81)

0.5 h, 0°C + 1 h20°C 17 (0.43)

0.5 h, 10°C 58 (1.43)

0.5 h, 10°C + 1 h 20°C 27 (0.66)
MDCK 1 cells on Transwells

0.5 h, 10°C 38 (0.29)
MDCK II cells on Transwells

0.5 h, 10°C 37 (0.45)4

pmol/10° cells (% of cell associated)

13 39)
14 (82)
24 (41)
23 (85)

* MDCK monolayers were incubated with C6-NBD-ceramide containing liposomes for 30 min at 0 or 10°C as described in Materials and Methods. 13 nmol
C6-NBD-ceramide was added to 3.2 X 10° MDCK I cells on a Millipore filter and 19.5 nmol C6-NBD-ceramide to 1.5 x 10° MDCK I cells or 2.4 x 10°
MDCK II cells on Transwells. The filters were washed three times in HBSS, extracted or incubated for 1 h at 20°C in HBSS, and extracted. The extracts were
divided into two equal parts. One part was used to determine the amount of C6-NBD-lipid by fluorescence spectrophotometry. The other part of the extract was
dried under a stream of nitrogen in a scintillation vial and counted for the radioactivity of di[**C]palmitoyl phosphatidylcholine as a liposome marker. Both values
were related to the amounts present in the original liposomes.

t Specific uptake represents the total amount of C6-NBD-ceramide, as quantitated by NBD fluorescence in the cells, minus the NBD fluorescence due to con-
taminating liposomes as quantitated by '*C radioactivity.

§ Three Millipore filters were used for each determination. Monolayers of MDCK II cells on Millipore filters contained 41 nmol phospholipid per 10° cells
(Hansson et al., 1986).

Il Two Transwells were used for each determination. MDCK I: 37.7 + 1.8 (n = 5) pmol/10° cells (value followed by standard deviation and number of determi-
nations in parentheses). This amount of NBD accounts for a mean number of 2.2 x 107 fluorophores per cell. MDCK II: 36.7 £ 5.2 (n = 7) pmol/10° cells,
2.1 x ¥ flucrophores per cell.
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Figure 1. Cellular synthesis of C6-NBD-sphingomyelin (0) and
C6-NBD-glucosylceramide (®) from C6-NBD-ceramide (m). Mono-
layers of MDCK II cells on Transwells were incubated with
C6-NBD-ceramide containing liposomes for 30 min at 10°C,
rinsed as described in Materials and Methods, and incubated at
20°C in HBSS. After varying time intervals two filters were cut
out of their holders, their lipids extracted, and analyzed for fluo-
rescent lipids. Each data point represents the mean of two pairs
of Transwells. The error bar indicates the difference between the
two measurements. After 1 h 100% equaled 21 pmol of NBD-lipid/
10° cells, which remained constant during further incubation.

C6-NBD-ceramide metabolism was also assayed in MDCK
I cells. Conversion was faster and more extensive in these
cells. After2 hat20°C, 62 + 5% (n = 3) of the total fluores-
cence was present as C6-NBD-sphingomyelin and 12 + 3%
(n = 3) as C6-NBD-glucosylceramide compared with 50
and 6% in MDCK 1I cells, respectively (Fig. 1). A more im-
portant difference was that the conversion of C6-NBD-cer-
amide in MDCK I cells did not continue during the following
incubation at 37°C: after 1| h 62 + 4% (n = 5) of the fluores-
cence was found in the sphingomyelinand 14 + 2% (n = 5)
in the glucosylceramide.

Intracellular Localization of C6-NBD-Sphingomyelin
and C6-NBD-Glucosylceramide

Immediately after the incubation of the cells with liposomes
containing C6-NBD-ceramide for 30 min at 0 or 10°C, a re-
ticular staining was observed in every cell with a clear
staining of the nuclear membrane (not shown; this staining
could only be clearly discriminated in cells grown on a plas-
tic support where the cells are much larger, 40 pm diam,
than when they are on Millipores, 12 pm diam). Upon fur-
ther incubation at 20°C this distribution changed drastically
into the pattern shown in Fig. 2. The pictures were taken by
a confocal scanning laser fluorescence microscope. This mi-
croscope has a resolution in the z direction of 1 um, which
is far better than the conventional fluorescence microscope
(Wijnaendts-van-Resandt et al., 1985). This true depth reso-
lution makes it possible to view horizontal optical sections
through the cells of <1 um thickness. In addition it is possible
with this microscope to obtain vertical optical sections by
recording images in an x/z-plane.

After 2 h at 20°C in HBSS most of the fluorescence accu-
mulated in structures apical to the cell nucleus. The location
in the MDCK cell and independent morphological evidence
in other cell types (Lipsky and Pagano, 1983, 19854, b) sug-
gest that this structure is the Golgi complex. In addition to
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the Golgi complex, an orthogonal network is faintly visible
in Fig. 2 b. This represents the lateral plasma membranes of
the cells. A fraction of the fluorescence was also observed
in the cytoplasm, surrounding a dark spot near the base of
the cell, the nucleus.

Production of C6-NBD-sphingomyelin also occurred at
10°C. After 3.5 h at 10°C, 34 % of the NBD-fluorescence was
present in this form. Since vesicular traffic in the cell is un-
likely to proceed at this temperature (Dunn et al., 1980;
Saraste and Kuismanen, 1984), it was important to find out
where the C6-NBD-sphingomyelin would be localized under
these conditions. Fig. 3 shows that fluorescence accumulated
in the Golgi region. Fluorescence was also observed in the
cytoplasm, while the nucleus was clearly devoid of fluores-
cence. Therefore production of sphingomyelin probably oc-
curred in the Golgi complex (see Discussion).

Delivery of C6-NBD-Sphingomyelin and
C6-NBD-Glucosyiceramide at the Cell Surface

The distribution of the NBD fluorescence in the cell after

Figure 2. Localization of NBD fluorophores in the Golgi region
of MDCK cells after 2 h at 20°C. Monolayers of MDCK II cells
on Millipore filters were incubated with C6-NBD-ceramide con-
taining liposomes for 30 min at 10°C as described in Materials
and Methods. The cells were then incubated at 20°C for 2 h in
HBSS after which they were viewed in a confocal scanning laser
microscope. (a) Vertical optical section through the cell monolay-
er, generated as described under Materials and Methods. It has a
thickness of <200 nm, the lateral resolution of the microscope.
The arrow indicates the height at which the horizontal section (b)
was taken. (b) Horizontal optical section 1 pm thick through the
cell monolayer. The arrowheads indicate the plane of the vertical
section (a). Bar, 10 pm.
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Figure 3. At 10°C NBD fluorescence concentrates in the Golgi
area of the cell. MDCK 1I cells on Millipore filters were incubated
at 10°C with C6-NBD-ceramide containing liposomes. After 30
min the liposomes were removed and the incubation continued at
10°C for 3.5 h in HBSS. At this time 34% of the C6-NBD-cera-
mide had been converted to C6-NBD-sphingomyelin. (a) Vertical
optical section (as in Fig. 2 a) through a monolayer of cells. The
arrows indicate the approximate location at which the horizontal
sections b and ¢ were taken, as in Fig. 2. The dark spots in ¢ show
that the nuclei do not contain fluorescence. Bar, 10 pm.

2 h at 20°C changed rapidly when the cells were warmed
to 37°C. Most of the label was present in the apical and ba-
solateral plasma membrane after 1 h (Fig. 4). Only a small
fraction of the fluorophores remained in the Golgi area.
Hardly any fluorescence was observed in the cytoplasm. The
fluorescence patterns in Fig. 4 are composed of the total
fluorescence emitted by C6-NBD-sphingomyelin, C6-NBD-
glucosylceramide, and C6-NBD-ceramide. The biochemical
analysis of these cell monolayers showed that these three
lipids contributed 61, 12, and 27 % to the total fluorescence,
respectively (see above). To quantitate the absolute amounts
of the individual lipids that had reached the plasma mem-
brane, we used the observation by Lipsky and Pagano (1985a)

that the fluorescent lipids on the cell surface can be removed
by a back exchange reaction with unlabeled liposomes.

Adding a suspension of unlabeled liposomes to the apical
side of cell monolayers like those shown in Fig. 4 for 30 min
at 0°C caused loss of the fluorescence from the apical plasma
membrane (Fig. 5). Incubation with HBSS containing 0.2 %
BSA had an identical effect (not shown). The fluorescence
in the basolateral plasma membrane was not depleted by api-
cally added liposomes or BSA. This made it possible to
quantitate the fluorescence in the apical plasma membrane
domain separately from that in the basolateral domain. The
complementary quantitation requires a method to assay the
fluorescent lipids from the basolateral domain. Depletion
through the filter by incubation of the basal side of Millipore
filters with unlabeled liposomes or BSA was unsuccessful.
This was most likely due to the fact that the Millipore filters
are 100 pm thick (10 times thicker than a monolayer of
MDCK cells) and the “pores” are formed by the spaces in the
network of nitrocellulose acetate fibers which show high
nonspecific adsorption. We therefore tested a new type of
permeable support for cell growth, Transwells (see Materials
and Methods). These Transwells consist of premounted, “tis-
sue culture-treated” polycarbonate filters of a thickness of
only 10 pm. In addition, the pores in Transwells are channels
of a defined size.

The application of BSA to the basal side of monolayers of
MDCK cells on Transwells resulted in the complete removal
of the fluorescence from the basolateral cell surface as moni-
tored by the fluorescence microscope (not shown) and could
be used to quantitate the fluorescent lipids present in the
basolateral plasma membrane domain. The completeness
of the back exchange process was controlled for all incuba-
tion conditions used. All fulfilled the criterion that subse-
quent incubations with BSA-containing HBSS should release
<5% of additional C6-NBD-sphingomyelin or C6-NBD-glu-
cosylceramide (see Materials and Methods). For this reason
we used BSA-containing HBSS in all subsequent experiments.

C6-NBD-Sphingomyelin and C6-NBD-Glucosylceramide
Polarity in MDCK Cells

To compare the amounts of C6-NBD-sphingomyelin and C6-
NBD-glucosylceramide transported to the apical versus the
basolateral plasma membrane domain at 37°C, the transport
of the fluorescent lipid was first synchronized by an accumu-
lation of the fluorescent lipid in the Golgi area at 20°C. Dur-
ing the incubation at 20°C, BSA was present on both surfaces
of the filter to clear the plasma membrane of any products
delivered at the surface during the 20°C accumulation step.
Att = 0 the 20°C media were removed and replaced by fresh
BSA-containing HBSS prewarmed to 37°C. The apical and
basolateral media were collected at various times and the
lipids in the cells and the media were analyzed. A typical ex-
periment for MDCK I cells is shown in Fig. 6.
Immediately after the 20°C incubation, 60 + 1% of the to-
tal cellular NBD-lipids consisted of C6-NBD-sphingomyelin

Figure 4. Intracellular distribution of NBD-fluorophores in MDCK cells after release from 20°C and 1 h at 37°C. NBD-lipids were
concentrated in the Golgi area of MDCK II cells as described in the legend to Fig. 2, after which the cells were incubated for 1 h at
37°C in HBSS before being viewed in the microscope. Horizontal optical sections were recorded at 1.2-um intervals on the z-axis, from
the apical (fop left) towards the basal surface (bottom right) of the cell monolayer. For a vertical section through such a cell monolayer
see Fig. 5 a. There is a bend in the cell monolayer. Therefore the apical surface of the cells to the right comes into focus first. Bar, 10 pm.
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Figure 5. Depletion of apical fluorescence by the addition of unla-
beled liposomes to the apical cell surface does not result in a
depletion of NBD-lipids from the basolateral plasma membrane
domain. (a) Vertical optical section (as in Fig. 2 a) through a
monolayer of MDCK 1I cells treated as described in the legend to
Fig. 4. (b) Parallel monolayers of cells were further incubated
with unlabeled liposomes in HBSS on the apical surface for 30
min at 0°C (see Materials and Methods), after which they were
viewed in the microscope. Bar, 10 pm.

and 14 £+ 1% of C6-NBD-glucosylceramide while the re-
maining 26% was still present as the precursor C6-NBD-
ceramide. This ratio did not change during the 37°C incuba-
tion. In addition, no degradation of the NBD-sphingolipids
to other C6-NBD-compounds occurred since the total amount
of the three NBD-sphingolipids was constant throughout the
experiment: 25 + 2 pmol per 10° cells at 1 = 0, 20, 40, and
60 min. These numbers are about 30% lower than the amount
of NBD-lipid that was cell associated after the 10°C incuba-
tion (37 pmol/10° cells). This is due to the loss of NBD-
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Figure 6. Appearance of C6-NBD-sphingomyelin (a) and C6-
NBD-glucosylceramide (b) on the apical versus the basolateral
plasma membrane of MDCK 1 cells at 37°C. Monolayers of
MDCK I cells on Transwells were incubated with C6-NBD-cera-
mide containing liposomes for 30 min at 10°C. The incubation
was continued for 2 h at 20°C in the absence of liposomes and the
presence of 0.2% BSA in both apical and basolateral HBSS. At
t = 0 the media on both sides were replaced by fresh BSA-con-
taining HBSS prewarmed to 37°C. After different time intervals
the media and the cells were analyzed for the presence of the in-
dividual fluorescent lipids. A typical experiment is shown. Paral-
lel sets of four Transwells (2 X 2) each were used for individual
time points. Total cell-associated NBD-lipids/10¢ cells after 30
minutes at 10°C: 36.5 + 0.5 (n = 2) pmol; after the subsequent
2 h at 20°C: 24.7 + 1.0 pmol. (0O) Intracellular; (O) apical; (@)
basolateral; (A) total (sum of the three other values). Each symbol
represents the mean of two determinations, each of which was
performed on two Transwells and normalized to 10° cells. The
error bars show the difference between the two measurements.

lipids into the BSA-containing HBSS during the 20°C incu-
bation (Tables I and II).

After the shift to 37°C, both C6-NBD-sphingomyelin (Fig.
6 a) and C6-NBD-glucosylceramide (Fig. 6 b) were trans-
ported to the cell surface with a 1, of 20-30 min. About
equal amounts of C6-NBD-sphingomyelin were delivered to
the apical and basolateral plasma membrane domains. In
contrast, two times more C6-NBD-glucosylceramide was
transported to the apical than to the basolateral surface (Fig.
6 b; Table II).

The situation in MDCK 1II cells was similar but not identi-
cal to that in MDCK I cells (Fig. 7). About the same amounts
of C6-NBD-sphingomyelin and C6-NBD-glucosylceramide
were present in both cell types but in MDCK II cells, even
after a 3-h instead of the usual 2-h incubation at 20°C
(+BSA), 38 &+ 3% (n = 2) of the total NBD-lipids were still

Table II. Polar Delivery of NBD-Sphingolipids to the Plasma Membrane of MDCK Cells

during 1 h at 37°C*

Apical/basolateral*
Cell strain C6-NBD-sphingomyelin C6-NBD-glucosylceramide
MDCK 1 1.07 £ 0.19 (n = 8) 2.10 £ 0.68 (n = 8)
MDCK 11 0.87 £ 0.22 (n = 25) 2.58 + 0.66 (n = 14)

* Cells were incubated as described in the legends to Figs. 6 and 7.

 The numbers represent the ratio between the absolute amounts of each fluorescent lipid available for back exchange from the apical and basolateral cell surfaces
after incubations of 20, 40, or 60 min at 37°C. A pair of Transwells was used for each analysis. The mean of two pairs of Transwells was taken as one independent
data point, e.g., the data of Fig. 6 contributed three data points to each column, as did the data of Fig. 7. The numbers are followed by the standard deviation

and the number of data points.
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Table III. Appearance of NBD-Sphingolipids at the Cell Surface during a 2-h 20°C Incubation*
C6-NBD-glucosylceramide?

C6-NBD-sphingomyelin¥

Apical/ Apical/
Cell strain Total cell surface basolateral Total cell surface basolateral
% %
MDCK 1§ 274 + 5.5 (0.73 + 0.43) 26.8 + 5.2 (3.7+20
MDCK II 254 + 2.5 0.69 + 0.09) 272 + 1.2 (3.8 +£ 0.9

* Monolayers of MDCK cells on Transwells were incubated for 30 min at 10°C with C6-NBD-ceramide containing liposomes. After removal of the liposomes
the monolayers were incubated at 20°C. BSA-containing HBSS was present on both the apical and the basolateral cell surface. After 2 h the apical and basolateral
HBSS and the cells were extracted and the fluorescent lipids analyzed and quantitated as described in Materials and Methods. The total amounts of the NBD-lipids
in cells plus media after the 20°C incubation were: 20 + 3 pmol C6-NBD-sphingomyelin, 4 + 1 pmol C6-NBD-glucosylceramide, and 14 + 2 pmol C6-NBD-
ceramide/10° MDCK 1 cells. For MDCK II cells these numbers were 11 + 1 pmol C6-NBD-sphingomyelin, 2.2 + 0.4 pmol C6-NBD-glucosylceramide, and
23 + 3 pmol C6-NBD-ceramide, respectively.

# Numbers represent the percentage of each C6-NBD-lipid that was recovered from the combined apical and basolateral media after the 20°C incubation. They
are followed by the standard deviation (n = 4). Two independent experiments were performed for each cell line. Two Transwells were analyzed for each data
point. The numbers in parentheses indicate the ratio of apical to basolateral fluorophore.

8 The standard deviations for these data are relatively high, probably because of the small amounts released. However, an excellent correlation existed between
the individual experiments concerning the polarity of C6-NBD-glucosylceramide polarity as compared with that of C6-NBD-sphingomyelin; C6-NBD-

glucosylceramide was 4.9 + 0.8 (n = 4) times more enriched in the apical plasma membrane than C6-NBD-sphingomyelin.
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Figure 7. Appearance of C6-NBD-sphingomyelin (a) and C6-NBD-
glucosylceramide (b and ¢) on the apical versus the basolateral
plasma membrane of MDCK 1I cells at 37°C. Incubations and anal-
yses were performed as in Fig. 6 for MDCK I cells, except for the
fact that a 3-h incubation at 20°C was chosen instead of 2 h to ac-
complish a more complete conversion of C6-NBD-ceramide to its
products. The results of a typical experiment are shown in a and
b. (c) An independent experiment in which shorter time points were
taken. After the 37°C incubation in ¢, fresh BSA-containing HBSS
was added to both sides of the cell monolayer for another 0.5 h at
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present as the C6-NBD-ceramide precursor as compared
with 26% in MDCK I cells after 2 h. The synthesis of C6-
NBD-glucosylceramide continued during the 37°C incuba-
tion. This resulted in a 50% increase in this lipid after 60 min.
After the release from 20°C C6-NBD-sphingomyelin and
C6-NBD-glucosylceramide appeared on the cell surface with
half-times of 20~30 min as in MDCK I cells. Slightly more
of the fluorescent sphingomyelin was delivered to the baso-
lateral surface, while the C6-NBD-glucosylceramide was en-
riched over twofold in the apical plasma membrane (Table
II). An experiment with short time intervals (Fig. 7 ¢)
showed that the preferential delivery of C6-NBD-glucosyl-
ceramide to the apical surface occurred immediately after
warming to 37°C. It is thus unlikely that the concentration
on the apical side was a consequence of membrane recycling
events.

As mentioned above, nearly 30% of the total C6-NBD-
lipids in MDCK I cells and even 60% in MDCK 1I cells (Fig.
7) were released from the cells during the 20°C incubation
with BSA. While in MDCK I cells about the same amounts
of the individual NBD-lipids were present, in MDCK II cells
the bulk of the released lipids was C6-NBD-ceramide. The
leakage of fluorescent sphingomyelin and glucosylceramide
to the cell surface was tested for polarity by back exchange
experiments. The transport displayed equal or even higher
polarity at 20°C than the transport at 37°C (Tables I and III).

0°C to achieve complete back exchange. After the experiment api-
cal media and basolateral media were pooled separately and ana-
lyzed. Since the overall fluorescence in this experiment was slightly
higher than in that shown in a and b, the scale of ¢ was adapted to
facilitate a comparison between the experiments. (a and b) To-
tal cell-associated NBD-lipids/10¢ cells after 30 min at 10°C:
390 £+ 0.1 (n = 2) pmol; after the subsequent 3 h at 20°C: 16.2
1+ 0.2 (n = 2) pmol. At 20°C mainly C6-NBD-ceramide was
lost into the BSA-containing HBSS: 18.8 pmol. (m) Intracellular;
(0) apical; (@) basolateral; (a) total (sum of the three other val-
ues). Each symbol represents the mean of two determinations,
each of which was performed on two Transwells and normalized
to 105 cells. The error bars show the difference between the two
measurements.
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Morphometric data concerning the relative surface areas
of the apical and basolateral plasma membrane domains are
available for MDCK cells grown on Millipore filters (von
Bonsdorff et al., 1985) but not for MDCK cells on Trans-
wells. For this reason we also tried to quantitate the delivery
of the C6-NBD-lipids to the cell surface of MDCK celis on
Millipore filters. The BSA-depletion assay could not be used
because it was not possible to clear the basolateral cell sur-
face of NBD-lipids (see above). Instead, we used the confo-
cal laser scanning microscope as described in Materials and
Methods. In short, each pixel in the pictures of Fig. 4 (each
panel is composed of roughly 256 X 96 pixels) has a relative
intensity value between O and 255. By assigning each of the
pixels to one of the four categories, basolateral plasma mem-
brane, apical plasma membrane, Golgi area, and cytoplasm,
and integrating the fluorescence values of those pixels, the
following data were obtained. After the 37°C incubation,
77% of the fluorescent lipids were present in the plasma
membrane, 10% in the Golgi area, and 13% in the cyto-
plasm. The ratio of apical to basolateral fluorescence was
0.64. At the same time, biochemical quantitation showed that
74 + 3% (n = 4) of the NBD fluorescence was present as
C6-NBD-sphingomyelin plus C6-NBD-glucosylceramide,
and that depletion by BSA from the apical surface resulted
in a release of 32 + 2% (n = 4) of the total cellular C6-
NBD-sphingomyelin after 1 h at 37°C. These numbers are
very similar to the situation on Transwells, where 73% of the
total NBD was present as C6-NBD-sphingomyelin and C6-
NBD-glucosylceramide. On Transwells 77 and 73% of these
lipids, respectively, were present in the plasma membrane
and 35% of the C6-NBD-sphingomyelin could be depleted
from the apical cell surface (Fig. 7).

C6-NBD-Sphingomyelin and C6-NBD-Glucosylceramide
Do Not Diffuse between the Two Plasma
Membrane Domains

Fig. 5 shows that removal of C6-NBD-lipids from the apical
cell surface did not result in their depletion from the baso-
lateral cell surface. This indicates that the C6-NBD-lipids
are unable to diffuse from the basolateral to the apical cell
surface. The complementary experiment, where the basolat-
eral membrane was depleted of fluorescent lipids and the
apical membrane monitored, was more difficult to interpret.

Although by eye no decrease in apical fluorescence was ob-
served, a quantitative test was necessary to test if there was
a change in the amount of NBD-lipids on the apical sur-
face, or not. A biochemical assay was used to resolve this
question.

Transwells with MDCK 1I cells were incubated as de-
scribed in Fig. 7, but the BSA was present in the basolateral
media only. After 1 h at 37°C the cells were cooled to 0°C
and the media collected. Subsequently, fresh 0°C HBSS, this
time containing BSA, was applied to the apical surface. The
question was asked whether the fluorescent lipids that had
been transported to the apical surface during the 20 and 37°C
incubations would still reside there. As shown in Table IV
the expected amounts of C6-NBD-sphingomyelin and C6-
NBD-glucosylceramide were released from the apical cell
surface by the subsequent incubation with the 0°C BSA-con-
taining HBSS. About the same amount of C6-NBD-sphingo-
myelin was released into the 0°C apical HBSS as had been
released into the 20 and 37°C basolateral media. Although
the polarity of the C6-NBD-glucosylceramide was not quite
as high as in the other experiments, most of it was found in
the apical 0°C HBSS. The fluorescent lipids delivered to the
apical surface remained there and were unable to pass the
tight junction, just as the basolateral fluorescent lipids were
prevented from diffusing into the apical surface in the earlier
experiments.

Discussion

Our previous work has suggested that the tight junctions act
as a diffusion barrier which maintains the differences in lip-
id composition between the apical and basolateral plasma
membrane domains of MDCK cells (van Meer and Simons,
1986). In the present paper we have established an ex-
perimental system to study the generation of these lipid
differences in the MDCK cell. We made use of the finding
by Lipsky and Pagano (1983, 19854, b) that cells can be
manipulated to synthesize fluorescent sphingolipids, whose
natural analogs appear to be enriched in the apical membrane
of epithelial cells (see van Meer and Simons, 1986). The
transport of the newly synthesized sphingolipids to both
plasma membrane domains was then followed by quantita-
tive methods.

Table IV. Basolateral BSA Does Not Deplete Apical C6-NBD-Lipids*

Basolateral Apical
C6-NBD-lipid 20°C 37°C 0°C, 0.5 h 0°C, t h Apical/basolateralt
C6-NBD-sphingomyelin 1.54 £+ 0.048 227 £ 0.21 2.98 + 0.17 0.46 + 0.04 09
C6-NBD-glucosylceramide 0.10 £ 0.01 0.24 £ 0.03 0.48 + 0.01 007 +0 1.6

* Monolayers of MDCK 1 cells on Transwells were incubated as described in the legend to Fig. 7, except that BSA was only on the basolateral side.and was
absent from the apical media of the 20 and 37°C incubations. As in Fig. 7 the 37°C incubation was stopped after 1 h and the apical and basolateral media were
collected for lipid analysis. However, here incubation was continued for 30 min at 06°C by the addition of fresh ice-cold HBSS, which this time contained BSA
on both the apical and basolateral side of the cell monolayer. This protocol was repeated once. The apical media of the two subsequent 0°C incubations were
termed apical 0°C, 0.5 h and apical 0°C, 1 h. After the experiment, altogether 69 + 2% of the C6-NBD-sphingomyelin and 66 + 4% of the glucosylceramide
were recovered in the various media, the remainder, 3.26 and 0.46 pmol, respectively, still being present in the cells. Since the apical media of the 20 and 37°C
incubations and the 0°C basolateral media did not contain any C6-NBD-sphingomyelin or C6-NBD-glucosylceramide fluorescence they were not included in the

table.

t This column shows for each lipid the ratio of the fluorescence in the combined apical media (sum of columns 3 and 4) to the fluorescence in the combined

basolateral media (sum of columns 1 and 2).

§ The numbers, pmol per 10° MDCK II cells, represent the mean of two pairs of Transwells (4.8 X 10° cells per pair) as in Fig. 7, and are followed by the
difference of each measurement from the mean. The total amount of NBD-lipids per 10° cells in this experiment was lower than usual (18.7 + 1.1 pmol).
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Localization of the Metabolic Conversion

Upon presentation of C6-NBD-ceramide to MDCK cells at
0°C the fluorescent lipid immediately partitioned into the
various cellular membranes as was reported for fibroblasts
(Lipsky and Pagano, 1983, 19854, b). C6-NBD-ceramide
could therefore (at 0°C!) translocate across cellular mem-
branes and exchange between membranes, through both the
extra- and intracellular aqueous phase. Continued incuba-
tion at 20°C or below led to the accumulation of fluoro-
phores in the Golgi area and to a concomitant production
of C6-NBD-sphingomyelin and C6-NBD-glucosylceramide
(Fig. 1). Under these conditions little fluorescent label was
observed at the plasma membrane by microscopy (Figs. 2
and 3). Accumulation in the Golgi region was also observed
at 10°C, at which temperature transport of proteins from
the endoplasmic reticulum to the Golgi complex is blocked
(Saraste and Kuismanen, 1984; Balch et al., 1986; Fries and
Lindstrom, 1986).

Two important conclusions can be drawn from these ob-
servations. First, the majority of the fluorescent products is
synthesized in the Golgi complex. Since over 80% of the
products consisted of C6-NBD-sphingomyelin the conclu-
sion is valid for this compound only. Previous studies using
the ionophore monensin in fibroblasts have also led to the
conclusion that C6-NBD-sphingomyelin is synthesized in
the Golgi complex (Lipsky and Pagano, 19854). This con-
trasts with reports in the recent literature that natural sphin-
gomyelin is partially or exclusively synthesized at the plas-
ma membrane (Voelker and Kennedy, 1982; Marggraf et
al., 1982; van den Hill et al., 1985; Marggraf and Kanfer,
1987). The minor product, C6-NBD-glucosylceramide,
cannot be localized by microscopy. The biochemical assays
suggest that it is synthesized in a cellular compartment that
is situated along a traffic route to the plasma membrane and
located before the compartment of accumulation at 20°C in
that pathway. Since the intracellular glycosyltransferases
are preferentially located in the endoplasmic reticulum and
the Golgi complex, these organelles are the main candidates
for the site of synthesis of the glucosylceramide.

Second, since all C6-NBD-sphingolipids exchange be-
tween membranes at temperatures as low as 0°C, C6-NBD-
ceramide is probably trapped in the Golgi complex by a
metabolic conversion that is localized at the luminal surface
of the Golgi membrane. This metabolic conversion must in-
hibit flip-flop of the C6-NBD-sphingolipids. Had they been
able to move across the bilayer, both the C6-NBD-sphingo-
myelin and the C6-NBD-glucosylceramide should have been
lost from the Golgi complex and partitioned into other cellu-
lar membranes. Direct evidence for a luminal location of the
sphingolipids was obtained in the following way. When the
apical plasma membrane of MDCK cells was perforated by
shearing, the addition of BSA into the cytoplasm of the cells
did not result in a depletion of fluorescent C6-NBD-sphingo-
myelin from the Golgi complex (Simons and Virta, 1987).

C6-NBD-Sphingomyelin and C6-NBD-Glucosyiceramide
Are Delivered to Both Plasma Membrane Domains
and Are Unable to Pass the Tight Junction

The fluorescent label accumulated in both the apical and ba-
solateral plasma membrane domains immediately after the
release from 20°C (Figs. 4 and §). We noticed that the apical
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fluorescence was lost if the apical medium contained BSA
and the lost C6-NBD-sphingolipids could be recovered from
the medium (Lipsky and Pagano, 19854, b). The depletion
of the fluorescence from the apical cell surface by BSA ap-
peared complete when monitored by microscopy (Fig. 5).
Since the exchange reaction took place on the exoplasmic
surface of the plasma membrane, all C6-NBD-sphingomy-
elin and C6-NBD-glucosylceramide in this membrane must
have been present in the exoplasmic leaflet of the plasma
membrane. We can exclude the possibility that a fraction of
the C6-NBD-lipids was originally present in the cytoplasmic
leaflets of the plasma membrane and then translocated to the
outer leaflet during the exchange incubation. First, their
presence in the cytoplasmic leaflet would have allowed the
C6-NBD-sphingolipids to exchange to other intraceliular
membranes, which is not observed; under proper conditions
fluorescence was observed exclusively at the plasma mem-
brane with no fluorescent marker left in the Golgi complex.
Second, if C6-NBD-lipids were present on the cytoplasmic
side of the basolateral membrane, exchange through the cyto-
plasm and subsequent flip-flop in the apical plasma mem-
brane would have led to their depletion from the basolateral
plasma membrane domain as well. However, apical BSA
depleted the fluorescence only from the apical and not from
the basolateral surface (Fig. S).

In the complementary experiment, C6-NBD-sphingomy-
elin and C6-NBD-glucosylceramide in the apical membrane
could not be depleted by BSA present on the basolateral cell
surface (Table IV). These findings agree with earlier work
suggesting that gangliosides cannot diffuse across the tight
junction (Spiegel et al., 1985), and with our own studies (van
Meer and Simons, 1986), which showed that the fluorescent
phospholipid N-(lissamine rhodamine-B-sulfonyl) phospha-
tidylethanolamine, having the fluorescent moiety on its po-
lar head group, did not pass the tight junction from the apical
to the basolateral cell surface when present in the exoplasmic
leaflet of the plasma membrane. When it was situated in the
cytoplasmic bilayer leaflet, the fluorescent lipid freely equi-
librated across the tight junction, as had been suggested by
work of Dragsten et al. (1981). All these results support the
conclusion that the tight junction exerts its function as a fence
for lipids in the outer half of the plasma membrane bilayer.

We conclude from these studies that both C6-NBD-sphin-
gomyelin and C6-NBD-glucosylceramide are located in the
exoplasmic, external leaflet of the plasma membrane of
MDCK cells. Our earlier data (van Meer and Simons, 1986)
suggested that phosphatidylcholine is also enriched in the
exoplasmic leaflet of the plasma membrane of MDCK cells.
In contrast, phosphatidylethanolamine was localized prefer-
entially in the cytoplasmic leaflet. Thus the three major
phospholipids in the MDCK cell plasma membrane tend to
display the same trans-bilayer asymmetry as found in the
membrane of the red blood cell (Verkleij et al., 1973), which
suggests that this asymmetry is a general property of plasma
membranes. Less is known about the precise organization of
glycolipids in membranes but the available evidence suggests
that also glycolipids are localized in the exoplasmic leaflet
of plasma membranes (Thompson and Tillack, 1985).

Lipid Sorting along the Biosynthetic Pathway

The characteristic differences in lipid composition between
apical and basolateral plasma membrane domains are an en-
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richment of glycolipids and, to a lesser extent, of sphin-
gomyelin in the apical domain while phosphatidylcholine
levels are always higher in the basolateral domain (for a dis-
cussion see van Meer and Simons, 1986). If C6-NBD-glu-
cosylceramide (and C6-NBD-sphingomyelin) would mimic
their cellular counterparts, they should be preferentially
transported to the apical cell surface following biosynthesis.
This was indeed the case.

Tables II and IIT and Figs. 6 and 7 show a preferential
delivery of C6-NBD-glucosylceramide to the apical surface.
Depending on the experiment, it was enriched two to five
times as compared with the C6-NBD-sphingomyelin. How-
ever, these values do not reflect the full extent of sorting that
takes place; the result of the sorting process is a differential
surface concentration of the individual lipids on the two
plasma membrane domains. Since the surface area of the api-
cal domain is much smaller than that of the basolateral do-
main, equal absolute amounts of a certain lipid in each do-
main would result in a higher surface concentration of that
lipid on the apical surface. The exact surface area values for
MDCK cells grown on Transwells are not available yet.
In contrast, detailed morphometric data are available for
MDCK cells grown on Millipore filters (von Bonsdorff et al.,
1985). Combining these values with the data that were ob-
tained for the polarity of the C6-NBD-lipids at the cell sur-
face of MDCK II cells grown on Millipore filters, we esti-
mated that the cell surface concentration of the fluorescent
products is >2.5 times higher on the apical plasma mem-
brane. Since most of this fluorescence is C6-NBD-sphingo-
myelin, we conclude that also this sphingolipid is enriched
in the apical plasma membrane, albeit to a lesser extent than
C6-NBD-glucosylceramide. This apical enrichment of the
fluorescent sphingolipids is not immediately clear from Fig.
5 a. The apical fluorescence per unit of plasma membrane
length seems to be equal to that at the lateral surface. One
has to realize, however, that the lateral staining is the sum
of the fluorescence of the plasma membranes of two neigh-
boring cells (and should therefore be divided by two). Fur-
thermore, it cannot be excluded that the apical fluorescence
is underestimated due to selfquenching (see Materials and
Methods).

Qur results suggest that C6-NBD-glucosylceramide and
C6-NBD-sphingomyelin were preferentially delivered to the
apical cell surface by vesicular transport from the Golgi
complex. Synthesis at the plasma membrane seems unlikely;
it is clear from the morphological studies that the appearance
of the fluorescent lipids at the plasma membrane at 37°C was
accompanied by a loss of fluorescence from the Golgi com-
plex. Moreover, in MDCK I cells (Fig. 6) no synthesis of
C6-NBD-sphingomyelin and C6-NBD-glucosylceramide
occurred during the 37°C incubation. The localization of
both fluorescent lipids in the luminal leaflet of the Golgi
membrane and the exoplasmic leaflet of the plasma mem-
brane argues that the transport of the fluorescent lipids be-
tween the two compartments occurred by means of carrier
vesicles in which the NBD-lipids were located in the luminal
bilayer leaflet. Whether those vesicles are the same ones that
carry newly synthesized apical and basolateral proteins from
the trans-Golgi to the respective surface domains remains to
be shown. At least the rates of appearance of C6-NBD-sphin-
gomyelin and C6-NBD-glucosylceramide closely resembled
those measured for an apical membrane protein, the influ-
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enza virus hemagglutinin (Matlin and Simons, 1984) and a
basolateral protein, the vesicular stomatitis virus G protein
(Pfeiffer et al., 1985) under similar experimental conditions.
In addition, the polarized leak of the fluorescent lipids to the
cell surface at 20°C (Table III) is of the same order as that
of a membrane protein (Pfeiffer et al., 1985) and that of a
secreted protein (Fries and Lindstr6m, 1986).

The enrichment at the apical surface must have been due
to direct delivery at the two surfaces and not a consequence
of plasma membrane recycling because BSA was present on
both cell surfaces throughout the experiments of Figs. 6 and
7. Sorting must therefore have occurred before the C6-NBD-
lipids reached the plasma membrane. Had this not been the
case, BSA would have trapped the lipids either apically or
basolaterally. Analogous conclusions have been drawn con-
cerning the sorting of membrane proteins in MDCK cells
(Matlin and Simons, 1984; Misek et al., 1984; Pfeiffer et al.,
1985; Caplan et al., 1986). It is also unlikely that the apical
enrichment is due to a higher rate of membrane transport to
the apical cell surface than to the basolateral surface. In that
case the apical endocytic rate should be higher than that at
the basolateral membrane in order to keep the surface areas
of the two plasma membrane domains constant. This has not
been observed. The apical and basolateral endocytic rates in
MDCK cells per unit cell surface area are about equal (von
Bonsdorff et al., 1985).

Lipid sorting involves the physical separation of two or
more types of lipids. If we assume that lipids that have to be
sorted are present in the luminal bilayer leaflet of an intracel-
lular compartment, sorting must involve the lateral segrega-
tion in this leaflet of lipids into those areas of the membrane
that will bud to form transport vesicles destined for either the
apical or the basolateral plasma membrane domain. The fac-
tors involved in this segregation process are unknown. It
should be emphasized that the lipids that are enriched in the
apical membrane have a common feature, their sphingosine
backbone, which is not present in the other membrane lipids.
Moreover, these sphingolipids, especially the glycosphin-
golipids, have a tendency to associate by hydrogen bond for-
mation to form separate domains in model lipid systems
(Pascher, 1976; Thompson et al., 1986). The domain forma-
tion during sorting may be facilitated by the conditions in the
lumen of the intracellular sorting compartment (e.g., low
pH). Evidence is accumulating that suggests that sorting be-
tween apical and basolateral membrane proteins occurs in a
late Golgi compartment, the trans-Golgi network (Griffiths
and Simons, 1986; Matlin, 1986). The rrans-Golgi network
is also a good candidate for the site where the sorting be-
tweea apical and basolateral sets of lipids occurs. It is hard
to imagine that the two sorting processes would not be re-
lated. The finding that the two fluorescent lipids that we have
used in this study, C6-NBD-sphingomyelin and C6-NBD-
glucosylceramide, possess the structural requirements to be
recognized by the cellular sorting machinery, opens new
ways to study these sorting events in more detail.
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