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Chapter 1
Introduction
Membrane domains and the polarized sorting of proteins and lipids:
Who, where, when and how

Sven C.D. van IJzendoorn
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Polarized cells function as a barrier between distinct extracellular environments in the body,
e.g. between the blood/underlying tissue on the one side and a lumen on the other.
Instrumental to the specific functions required at the different extracellular environments (e.g.
uptake, secretion, protection), the plasma membrane (PM) of polarized cells is divided into
distinct domains, the basolateral domain facing the blood circulation (basal) and neighboring
cells (lateral), and the apical domain lining the cavity or lumen. Each domain is characterized
by a specific composition of proteins and lipids (Fuller and Simons, 1985), whereas tight
junctional complexes prevent lateral diffusion and subsequent randomization of apical and
basolateral enriched compounds. Intracellular sorting mechanisms are imperative to secure the
polarized distribution of proteins and lipids and, in addition, to allow for redistribution of PM
molecules (plasticity of polarity). A major challenge in current cell biology concerns the
understanding of these mechanisms. Crucial towards such an understanding is i) the
identification and characterization of intracellular pathways that lead to or emanate from the
distinct PM domains, ii) the molecular mechanism(s) by which the cell sorts and targets
proteins and lipids into specific PM-directed pathways and iii) the identification of
intracellular sites where such polarized sorting is orchestrated.
Model systems to study membrane traffic in polarized epithelial cells
A variety of model systems have been developed and applied to investigate polarized
membrane trafficking. These include, among others, whole organ studies, model cell systems
and in vitro reconstituted cell-free transport assays. Of these, model cell systems are mostly
used and have proven to be very useful. Madin Darby canine kidney (MDCK) epithelial cells
provide one of the best-studied and generally adopted polarized cell systems. These cells can
be grown as a tight polarized confluent monolayer on semi-permeable filter supports (Fig. 1a)
in a relatively easy way. When grown to confluency on the filters, both the basolateral and the
apical PM domain of the cells are directly accessible for experimental manipulation. Other
cell types can also been grown and used in this way, including intestinal epithelial (Caco-2)
and colon carcinoma cells (HT-29).
The polarized phenotype of hepatocytes is more complex and differs from the above
mentioned epithelial cells in that the apical membranes of hepatocytes do not form a
continuous planar surface. Instead, the hepatocellular apical membranes delineate a vesicular
lumen, representing the bile canalicular (BC) space, which is enclosed between a pair of
adjacent cells (Fig. 1b, Chiu et al., 1990; Sormunen et al., 1993; Zaal et al., 1994). For the
study of membrane flow in hepatocytes, the hepatoma-derived cell line HepG2 has been
proven to be a suitable and attractive model system (reviewed in Zegers and Hoekstra, 1998).
HepG2 cells, when cultured under specific conditions of growth, regain their polarized
phenotype, i.e. form apical, BC membranes, in a time-dependent manner. Similar to that of
other epithelial polarized cells, the apical BC membrane of HepG2 cells is enriched in
microvilli and separated from the basolateral PM by functional tight junctional complexes
(Fig. 1b). It is thought that this separation is restricted to compounds in the exoplasmic leaflet
only.
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Figure 1. Model systems for polarized cells. (a) Filter-grown epithelial cells such as MDCK cells. (b) Hepatic
HepG2 cells. The left photomicrograph shows a phase contrast image of two adjacent HepG2 cells with a BC in
between (arrow). In the fluorescence photomicrograph on the right two adjacent HepG2 cells (with labeled
nuclei), stained with an antibody against the tight junctional protein ZO-1 (arrow) are shown. TJ: tight junction.
BC: bile canaliculus.

Intracellular sorting pathways
Intracellular sorting connected with PM homeostasis and biogenesis can occur in trans-Golgi
network (TGN)-to-PM and transcytotic routes. For the polarized targeting of newly
synthesized proteins and lipids, cells may employ either the direct route from the TGN to
either PM domain or an indirect route, involving initial delivery to one PM domain and
subsequent transcytosis to the opposite domain. The routes that will be predominantly taken
for polarized delivery of a specific molecule depends on the cell type (Zegers and Hoekstra,
1998) and, in addition, may be dictated by specific conditions, such as degree of cell polarity
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(Zurzolo et al., 1992). The TGN is well known to harbor several sorting mechanisms that
govern the inclusion or exclusion into apically or basolaterally directed routes (Traub and
Kornfeld, 1997), and much attention has been given to sorting in the direct, biosynthetic route.
In addition, extensive, non-Golgi-mediated, transcellular movement of PM components
occurs, either constitutive or regulated, in all polarized cells (Mostov and Cardone, 1995).
Hence, it is readily envisioned that major polarized sorting events must also occur during
transcytosis, presumably in endosomal compartments. Interestingly, sorting of molecules into
cognate apical- and basolateral-type pathways, emanating from either the TGN (Yoshimori et
al., 1996; de Vries et al., 1998) or endosomes (Mayor et al., 1998), also occurs in nonepithelial cells. This implies that highly regulated intracellular machineries must exist that
connect the different vesicle populations (i.e. apical vs. basolateral, TGN- vs. endosomederived) to the various transport routes that lead to different target PM domains.
Subcellular compartments in polarized transport pathways
An important step towards understanding the mechanisms of polarized sorting and targeting is
the identification of traffic stations along the different traffic pathways where proteins and
lipids are sorted and targeted to their preferred PM domains. In the biosynthetic pathway, the
Golgi apparatus, and the TGN in particular, is a well-established organelle from which
distinct apical and basolateral directed carrier vesicles bud, and thus appears a crucial
compartment for polarized sorting and targeting. Experimental approaches combining pulsechase incubations and subcellular fractionation have suggested that some proteins pass
through post-TGN endosomal compartments prior to delivery to the PM (Ali and Evans,
1990; Leitinger et al., 1995; Sariola et al., 1995; Futter et al., 1995; Kipp et al., 1998).
Unfortunately, the mapping of post-TGN compartments via which molecules pass en route to
either PM domain in living cells has been difficult, mainly because of a lack of experimental
designs to follow the fate of newly synthesized molecules. However, sphingolipid transport
can be conveniently monitored by the application of fluorescently (C6-NBD) labeled ceramide
(Cer), which is metabolized to fluorescent sphingomyelin (SM) and glucosylceramide
(GlcCer) in the Golgi (Lipsky and Pagano, 1983). SM and GlcCer analogs are then delivered
to preferential PM domains (Simons and van Meer, 1988). Furthermore, the recent
introduction of green fluorescent protein (GFP)-tagged proteins may prove to be a useful tool
to monitor protein transport in living cells. Indeed, using GFP-tagged proteins some
characteristics of biosynthetic protein carriers have been reported in non-polarized cells
(Toomre et al., 1998; Hirschberg et al., 1998). In non-polarized COS cells, post-Golgi carriers
containing GFP-tagged vesicular stomatitis virus glycoprotein (VSVG) protein were reported
to fuse directly with the PM without intersecting with other membrane transport pathways in
these cells (Hirschberg et al. 1998), suggesting that the TGN is the sole compartment where
molecules are sorted in the biosynthetic transport pathways. However, in multinucleated
myotubes, present during early myogenic differentiation, VSVG protein was targeted to
peripheral vesicles where it co-localized with the regulatable glucose transporter (Rahkila et
al., 1998), the latter being processed along the endocytic route (Wei et al., 1998). In addition,
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time-lapse confocal microscopy in polarized hepatic cells suggested transit of GFP-mdr1
protein through sub-apical compartments in the TGN-to-apical PM pathway (Kipp et al.,
1998). These data raise intriguing questions as to the function of distinct post-TGN
compartments in polarized transport, and how they relate to other polarized (endo/transcytotic) traffic routes.
In comparison to the biosynthetic pathway, the intracellular compartments that
comprise the endocytotic and transcytotic pathways have been characterized in considerable
detail by electron and fluorescence microscopy, using internalized gold-, HRP- or
fluorophore-labeled receptor ligands, fluid phase markers and/or lipids. These studies have
revealed that basolateral to apical transcytosis involves an early passage through the
basolateral early ‘sorting’ endosome (BEE). Here, transcytosing and recycling PM
components are sorted from those that are destined for the degradative late endosomallysosomal pathway (Mellman, 1996; Mukherjee et al., 1997; Clague, 1998). Transcytosing
proteins such as receptor-bound IgA (Apodaca et al., 1994; Barosso and Sztul, 1994), and (a
part of) recycling PM receptors (Apodaca et al., 1994; Futter et al., 1998; Gibson et al., 1998)
are then transferred to endosomal compartments that are typically oriented towards the apical
PM domain (Apodaca et al., 1994; Barosso and Sztul, 1994). These compartments, termed
sub-apical compartments (SAC; van IJzendoorn and Hoekstra, 1999), are accessible for
proteins derived from both PM domains (Apodaca et al., 1994; Hughson and Hopkins, 1995;
Knight et al., 1996; Odorizzi et al., 1996; Futter et al., 1998; Gibson et al., 1998). From the
SAC, basolateral PM proteins such as the transferrin receptor (TfR) are targeted to the
basolateral surface (Odorizzi et al., 1996; Futter et al. 1998; Gibson et al., 1998). Apical
proteins are transported from the SAC to the apical surface, which may involve sub-apical
intermediate compartments or apical recycling endosomes (ARE) (Gibson et al., 1998;
Hemery et al., 1996; Brown et al., submitted). Hence, the SAC provides some highly
interesting characteristics with respect to the processing of domain-specific PM proteins.
Interestingly, endosomal compartments that are located in very close proximity of the apical
PM have been described in a variety of polarized cells and have been implicated in the
polarized, i.e. apical recruitment of molecules in a stimulus-dependent manner. Although
many molecules may pass through the same subcellular compartments (e.g. BEE, SAC)
during transcellular flow, individual transfer between such common compartments might
involve distinct carrier vesicles (Schell et al., 1992). Sorting of molecules that display the
same preferential target membrane not only adds an additional level of complexity, but also
underscores the central role of the BEE and SAC. The compartments that are proposed to be
involved in the different polarized sorting pathways are schematically depicted in figure 2.
Imperative to a correct analysis of the function of the distinct subcellular
compartments and their inter-compartmental communication in the process of polarized
trafficking, is the accurate definition of their boundaries. The characteristic kinetic properties
that the different endosomes display with respect to the passage of molecules are helpful for
such distinction. In addition, the use of different members of the small GTPase rab family,
well-known modulators of specific intracellular traffic routes (Novick and Zerial, 1997) and
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polarized sorting (Zacchi et al., 1998; Hunziker and Peters, 1998), in combination with
specific polarized transport markers, may prove to be a powerful tool and pave the way to
identify transport route-specific and transport routes-connecting compartments. In other
words, to understand how and to what extent the different sorting pathways cooperate to
secure cell polarity.
APICAL
AEE

?
ARE (?)

SAC

=
?

ENDOSOME

BEE

TGN

Figure 2. Schematic illustration of
the compartments that may comprise
the
endo-/transcytotic
pathway
(squares) and the biosynthetic
pathway (ovals) in polarized cells.
Note that the arrows only show
directions and might represent
multiple pathways. {AEE: apical
early endosome, BEE: basolateral
early endosome, SAC: sub-apical
compartment, ARE: apical recycling
endosome,
TGN:
trans-Golgi
network.}

BASOLATERAL
Polarized sorting mechanisms
Polarized sorting and targeting includes i) the formation of separate carrier vesicles that are
enriched in PM-specific molecules, ii) transport to the specific PM domain, and iii) the
docking and fusion of vesicles with the correct membrane domain (see Weimbs et al., 1997;
Aroeti et al., 1998; Yeaman et al., 1998 and references therein). Instrumental to the formation
of basolateral and apical vesicles is the clustering of proteins and lipids into separate domains
within the membrane of the sorting compartments. Basolateral sorting signals of most
transmembrane proteins are located in their cytoplasmic tails (Hunziker at al, 1991), which
frequently contain critical tyrosine residues that are predicted to adapt a β-turn. In addition,
the occurrence of a di-leucine motif may serve as a basolateral determinant (Matter and
Mellman, 1994; Mostov and Cardone, 1995; Aroeti et al., 1998). It has been proposed that the
β-turn is a fundamental feature for basolateral sorting (Weimbs et al., 1997). Indeed, the
basolateral signal of the polymeric immunoglobulin receptor (pIgR) lacks tyrosine or dileucine motives, but does display a β-turn. Some basolateral sorting signals, but not all,
overlap with clathrin-coated pit localization signals. Interestingly, the LDL receptor contains
both signals and each is by itself sufficient for basolateral sorting (Matter et al., 1992).
Possibly, these functional redundant basolateral signals may allow for controlled inclusion of
the protein in distinct (clathrin or non-clathrin-mediated) sorting routes. Clathrin is an
important component of the machinery that is involved in the clustering of basolateral
proteins in the plane of the lipid bilayer and/or vesicle formation of basolateral proteins
(Heilker et al., 1996; Futter et al, 1998; Le Borgne and Hoflack, 1998). Clathrin-coated
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domains are present on different cellular membranes including the TGN, the basolateral PM
(Pearse and Robinson, 1990; Matter and Mellman, 1994) and, as recently discovered,
endosomes (Stoorvogel et al., 1996; Futter et al., 1998; Okamoto et al., 1998). Hence, the
question arises as to how the clustering of proteins via their intrinsic basolateral sorting signal
relates to the different pathways (e.g. TGN-to-PM, endosome-to-PM, or TGN-to-endosometo-PM), leading to the (basolateral) target membrane. Subtle differences in the amino acid
composition surrounding the critical tyrosine residue allow discrimination between basolateral
targeting and endocytosis of the protein (Matter et al., 1994). The non-tyrosine-based
basolateral sorting signal of the TfR appears to be sufficient for basolateral sorting in both the
biosynthetic and recycling route, but is distinct from the internalization signal. Moreover,
mutations in the basolateral signal of TfR were identified that selectively impair basolateral
sorting of internalized receptor from the endocytic pathway, but do not affect basolateral
sorting of newly synthesized receptor. (Odorizzi and Trowbridge, 1997). An additional level
of regulation for the intracellular processing of basolateral proteins from different membranes
may be provided by the interaction with compartment-specific adaptor protein (AP)
complexes. Indeed, AP-1 adaptor complexes that associate with clathrin on apical endosomes
and the TGN, were reported to be immunologically distinct (Okamoto et al., 1998b). In
addition, the adaptor protein subunits may display varying affinity for distinct signals. The
specificity of binding of tyrosine-based sorting motifs to µ-chains of the adaptor complex was
shown highly sensitive to the context in which the motif lies (Stephens and Banting, 1998).
Moreover, adaptor protein subunits have been suggested to provide a mechanism for
compartment-specific inclusion of proteins in clathrin-coated vesicles (Hirst and Robinson,
1998).
The lipid environment has also been reported to influence the interaction between
adaptors and sorting signals (Rapoport et al., 1997). Moreover, different coat proteins such as
clathrin, COPI and COPII, can induce vesiculation from cargo-free acidic phospholipidcontaining liposomes (Matsuoka et al., 1998; Takei et al., 1998), thus bypassing recognition
of proteinaceous sorting signals. Interestingly, the specificity of the acidic phospholipid
requirement differs between each coat (Spang et al., 1998) and also differences in lipid head
group composition and acyl chain saturation may influence coat recruitment (Matsuoka et al.,
1998; Spang et al., 1998). The subcellular distribution of cytoplasmically orientated
phospholipids and their possible involvement in the formation of apical and/or basolateral
vesicles have not been addressed and remain to be investigated. On the other hand, the
involvement of exoplasmic orientated lipids in polarized sorting have been addressed to a fair
extent (see below).
The best-studied apical sorting signal so far is the glycosylphosphatidylinositol (GPI)
anchor which, when added luminally to proteins, suffices their apical targeting (Lisanti et al.,
1989). In addition, proteins can also be directed apically by signals in the transmembrane
domain (Kundu et al., 1996) or via N-glycosylation at the ectodomain (Matter and Mellman,
1994). Clustering of apical proteins in the plane of the lipid bilayer has been proposed to
involve their association (either direct or indirect) with glycosphingolipid- and cholesterol
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-enriched domains or ‘rafts’ in the exoplasmic leaflet of the TGN thus functioning as apical
platforms (Brown and Rose, 1989; Simons and Ikonen, 1997). A similar raft-mediated sorting
mechanism might also operate in recycling endosomes in non-polarized cells (Mayor et al.,
1998). Interestingly, these recycling endosomes are believed to be the terminal station in the
endocytic pathway prior to PM delivery and harbor machineries that can direct PM proteins to
specific PM domains (Hopkins et al., 1994). Moreover, the recycling endosomes have been
proposed to be analogous to the SAC in polarized cells (Apodaca et al., 1994; Zacchi et al.,
1998; van IJzendoorn and Hoekstra, 1999). Hence, sphingolipid-mediated sorting events,
similar as others (see above), are likely to occur in multiple subcellular compartments that
target molecules to different PM domains.
The apical raft-hypothesis has been deduced from the observation that apical proteins
and glycosphingolipids can be co-purified from detergent-insoluble (at 4°C) extracts on a
sucrose density gradient (Brown and Rose, 1989). Intriguingly, also SM is highly detergentinsoluble in the cold but, like galactosylceramide and sulfatide, is preferentially transported to
the basolateral surface (van Meer, 1993; van der Bijl et al., 1996). In addition, non-apical
proteins have also been found detergent-insoluble in the cold (Weimbs et al., 1997). These
data are difficult to reconcile with a function of rafts as exclusive apical sorting platforms.
Polarized hepatic cells target most apical proteins, including GPI-anchored 5’ nucleotidase,
first to the basolateral domain from where the proteins are subsequently targeted apically
(Bartles et al., 1989; Schell et al., 1992), but sphingolipids can be transported directly from
the TGN to the apical domain in these cells (reviewed in Zegers et al., 1998). In addition,
apical-directed transport of a GPI-anchored protein that did not include the basolateral surface
has also been reported (Ali and Evans, 1990). The hepatocyte thus raises intriguing questions
as to the extent by which apical resident proteins are sorted along the indirect route and
whether such sorting mechanism may involve basolateral sphingolipid-enriched domains, i.e.
moving to and/or from the basolateral surface. In Fisher rat thyroid (FRT) cells, GlcCer is
sorted basolaterally despite the apical sorting of some non-GPI-linked proteins (Zurzolo et al.,
1993). In concanavalin A-resistant MDCK cells, GlcCer is sorted to the apical surface,
whereas GPI-linked proteins, still detergent-insoluble, are sorted to both PM domains
(Zurzolo et al., 1994), suggesting the existence of distinct detergent-insoluble fractions.
Moreover, these results implicate that polarized sorting of GlcCer and (GPI-anchored) apical
proteins are not necessarily related. Recently, it has been demonstrated that two functionally
distinct sphingolipid domains could be separated from low-density detergent-insoluble
membrane fractions that were either enriched in SM or GlcCer (Iwabuchi et al., 1998).
Moreover, the GlcCer-, but not the SM-enriched fraction contained caveolin and a substantial
higher amount of cholesterol was present in the GlcCer-enriched fraction. Taken together with
the observed preferential targeting of GlcCer and SM to different PM domains (Simons and
van Meer, 1988), and that cholesterol depletion as well as caveolin antibody blocking
specifically interfere with apical-directed transport (Keller and Simons, 1998; Scheiffele et al.,
1998), it is tempting to suggest that distinct sphingolipid domains might be available for
sorting to distinct membrane domains. It is noteworthy that entry into detergent-insoluble
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domains per se may not be sufficient for apical targeting, as was shown for influenza virus
hemagglutinin (Lin et al., 1998). Interestingly, annexin XIIIb may be specifically involved in
the apical targeting of sphingolipid-enriched domains (Lafont et al., 1998). Additional
experimental approaches, preferably those allowing to determine direct tracking of different
sphingolipids, may be helpful to elucidate the potential existence of separate sphingolipid
domains.
Some proteins that contain a basolateral sorting signal are targeted apically when this
signal is removed or inactivated, suggesting the presence of a recessive apical signal. Whether
such apical rerouting includes incorporation into sphingolipid domains remains unclear.
Apical sorting of the membrane protein enteropeptidase was reported not to involve detergentresistant association with sphingolipid-cholesterol rafts (Zheng et al., 1999). Similar results
were found for CD3-ε, a nonglycosylated type I membrane protein (Alonso et al., 1997).
Interestingly, it has been suggested that a cytoplasmic sorting machinery may exist for apical
targeting of proteins, analogous to that described for basolaterally targeted proteins (Chuang
and Sung, 1998; Alonso et al., 1997). In this respect it is interesting to note that brefeldin A,
which interferes with functional coat complexes, was shown to inhibit SAC-to-apical
transcytosis of pIgR (Barosso and Sztul, 1994), consistent with the proposed role of clathrinAP-1-containing coats in apical recycling (Okamoto et al., 1998). AP-3 was suggested to be
involved in non-clathrin-mediated sorting of vesicle-associated membrane protein (VAMP),
but not TfR, from endosomes to produce synaptic vesicles in neuroendocrine PC12 cells
(Lichtenstein et al., 1998). Synaptic vesicle biogenesis displays features closely resembling
the formation of apical intermediate compartments from the SAC, a process that precedes
apical delivery of pIgR-IgA in MDCK cells (Gibson et al., 1998). Interestingly, in these cells,
TfR is excluded from such apical structures by clathrin-AP-1-based retrieval from the SAC
(Gibson et al., 1998).
It thus appears that a variety of signals are available that regulate the sorting of
proteins by including them into specific domains, giving rise to apically or basolaterally
targeted vesicles. Moreover, the inclusion (or exclusion) of proteins into vesicle populations
with distinct preferential PM destinations can be regulated by posttranslational modifications.
It has recently been shown that the pIgR can reach the basolateral PM irrespective of an
interaction with AP-1, and it was suggested that post-translational modification of pIgR can
modulate its recruitment into AP-1/clathrin-coated areas in the TGN, thereby regulating the
efficiency of its basolateral delivery (Orzech et al., 1999). Furthermore, phosphorylation of a
serine residue in the cytoplasmic tail of the pIgR prevents its basolateral recycling after
endocytosis. Instead, the protein is sorted in the BEE into an apical directed pathway
(Casanova et al., 1990). In developing postnatal rat retinal pigment epithelial cells, a
basolateral-to-apical switch was observed which may be the result of suppressed decoding of
specific basolateral signals (Marmorstein et al., 1998). In addition, a pIgR mutant, in which
the serine was replaced by an aspartate to mimic the phosphorylation, was already targeted
apically from the TGN in MDCK cells (Aroeti and Mostov, 1994). The formation and
composition of the subsequently formed pIgR-containing apical vesicles (insertion into
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specific lipid domains?) remains as yet unclear. In a recent study, transcytosing IgA-pIgR was
suggested to associate with rafts posttranslationally, possibly in sub-apical compartments,
prior to apical delivery (Hansen et al., 1999). This observation is supported by the notion that
the association of proteins with rafts appears to be subject to regulation, for instance by
protein palmitoylation (Arni et al., 1998; Melkonian et al., 1999), or the addition of a GPIanchor. In oligodendrocytes, which posses specialized PM domains and cognate apical- and
basolateral-type pathways (de Vries et al., 1998), GPI was added to some proteins
concomitant with the maturation of these cells (Kramer et al., 1997). That cellular chaperone
proteins may be involved to accommodate GPI-anchored proteins in a lipid raft is suggested
by the time-dependent detergent-insolubilization of GPI-anchored proteins that were
introduced into living cells (van den Berg et al., 1995). On a cautionary note, an altered
polarized PM distribution following experimental manipulation of putative sorting signals
may not necessarily be related to changes in polarized transport. This is illustrated by the
observation that the cytoplasmic domains of the α5β1 integrin are sufficient to mediate
sorting by PM domain-selective degradation and stabilization (Gut et al., 1998). These data
underscore the importance of visualizing polarized protein transport in living cells.
Given the growing number of various sorting signals that each may be decoded in a
regulated manner, it becomes rather difficult to envision how efficient polarized targeting can
be ensured on a relatively short notice with a preferable limited number of protein/lipid
clusters. This becomes even more apparent when considering that stimulation of polarized
targeting (e.g. cAMP/PKA-enhanced apical targeting of sphingolipids and proteins (Hansen
and Casanova, 1994; Roelofsen et al., 1998; Zegers and Hoekstra, 1997)) must be restricted to
a subset of all cellular molecules and, preferably, compartments. In this respect it is
noteworthy that ligand-receptor interaction at the cell surface was shown to elicit a signal
transduction response that interfered with the trafficking of the protein complex but in a
specific subcellular compartment, the SAC (Luton et al., 1998). Sequential sorting along
transport routes that include (functionally) distinct subcellular compartments might relieve
some of the ‘sorting stress’. Possibly, basolateral sorting of newly synthesized TfR may prove
to be exemplary for such hypothesis as its basolateral delivery has been postulated to be
orchestrated in the SAC (Futter et al., 1998). A challenge will be to unravel the interactions of
different domains with yet be identified molecules that may function as a bridge to the
different apical and basolateral directed transport routes.
Scope of this thesis
As outlined above, our knowledge of polarized sphingolipid transport is limited. In the work
presented in this thesis, the polarized trafficking of sphingolipids in hepatic HepG2 cells and
its regulation has been studied. By employing fluorescently tagged sphingolipid analogs, thus
enabling to follow transport of different lipids in life cells, we have revealed the existence of
bi-directional transcytotic pathways. Analogs of SM and GlcCer were found to be segregated
in the apical to basolateral transcytotic pathway, a process that does not involve the Golgi
apparatus. Thus, GlcCer displays a preferential basolateral localization, whereas SM is
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preferentially targeted to the basolateral PM domain (Chapter 2). We have next analyzed the
apical-to-basolateral transcytotic pathways in more detail by taking advantage of known
membrane flow kinetics that allow to distinguish between endosomal compartments, in
combination with other transport markers. In this way, we have pinpointed the involvement of
a non-Golgi, endosomal compartment, located subjacent to the apical bile canalicular PM,
which connects the basolateral and apical endocytic pathways. Indeed, apically derived
sphingolipids co-localized with basolaterally endocytosed IgA in sub-apical compartments
(SAC) in HepG2 that stably expressed the pIgR. It is demonstrated that sphingolipid sorting
during apical-to-basolateral transcytosis is orchestrated in the SAC, an event that appears to
be highly specific. Moreover, it is shown that transport of sphingolipids occurs by vesicular
means (Chapter 3), raising important issues as to the membrane topology of sphingolipid
sorting. We then further pursued the characteristics of the observed lipid segregation.
Evidence is provided that strongly suggests that SM and GlcCer analogs are in distinct
domains within the lumenal leaflet of the SAC. The polarized transport of these SAC-located
domains appears to be differently regulated by modulators of membrane traffic and,
interestingly, their direction of flow is subject to a molecular machinery that controls apical
PM biogenesis (Chapter 4). Indeed, rerouting of the SM analogue from the SAC to the apical
surface is dictated by the degree of HepG2 cell polarity, intracellular cAMP levels and protein
kinase A activity, and may represent a physiologically highly relevant process (Chapter 5).
Further characterization of SAC-to-apical traffic of SM and GlcCer revealed that the SAC-toapical routes employed by SM and GlcCer in polarizing cells are distinguishable. Moreover,
SAC-to-apical transfer of SM includes separate sub-apical intermediate compartments that,
unlike the SAC, are dependent on microtubules for their spatial organization, and harbor
rab11 (Chapter 6), a small GTPase that has been implicated in signal-induced apical
deposition. Finally, data are presented in chapter 7 that suggest that in addition to
transcytosing lipids, also newly synthesized sphingolipid analogs may pass through the SAC
en route to the PM in MDCK cells. The role of the SAC in the establishment and maintenance
of PM domain compositions is discussed in detail in chapter 8. Together, these studies have
revealed novel insight into (polarized) sphingolipid sorting and the subcellular compartments
involved in these events. In addition, these studies emphasize the suitability and the
uniqueness of the HepG2 cell system to investigate apical PM biogenesis.
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Segregation of sphingomyelin and glucosylceramide occurs in the
apical to basolateral transcytotic route in HepG2 cells
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Abstract
HepG2 cells are highly differentiated hepatoma cells that have retained an apical, bile canalicular (BC) plasma
membrane polarity. We investigated the dynamics of two BC-associated sphingolipids, glucosylceramide (GlcCer)
and sphingomyelin (SM). For this, the cells were labeled with fluorescent acyl chain-labeled 6-[N-(7-nitrobenz-2oxa-1,3-diazol-4-yl)amino]hexanoic acid (C6-NBD) derivatives of either GlcCer (C6-NBD-GlcCer) or SM (C6-NBDSM). The pool of the fluorescent lipid analogs present in the basolateral plasma membrane domain was subsequently
depleted and the apically located C6-NBD-lipid was chased at 37°C. By using fluorescence microscopical analysis
and a new assay that allows an accurate estimation of the fluorescent lipid pool in the apical membrane, qualitative
and quantitative insight was obtained concerning kinetics, extent and (intra)cellular sites of the redistribution of
apically located C6-NBD-GlcCer and C6-NBD-SM. It is demonstrated that both lipids display a preferential
localization, C6-NBD-GlcCer in the apical and C6-NBD-SM in the basolateral area. Such a preference is expressed
during transcytosis of both sphingolipids from the apical to the basolateral plasma membrane domain, a novel lipid
trafficking route in HepG2 cells. Whereas the vast majority of the apically derived C6-NBD-SM was rapidly transcytosed to the basolateral surface, most of the apically internalized C6-NBD-GlcCer was efficiently redirected to the
BC. The redirection of C6-NBD-GlcCer did not involve trafficking via the Golgi apparatus. Evidence is provided
which suggests the involvement of vesicular compartments, located subjacent to the apical plasma membrane.
Interestingly, the observed difference in preferential localization of C6-NBD-GlcCer and C6-NBD-SM was perturbed
by treatment of the cells with dibutyryl cAMP, a stable cAMP analogue. While the preferential apical localization of
C6-NBD-GlcCer was amplified, dibutyryl cAMP-treatment caused apically retrieved C6-NBD-SM to be processed
via a similar pathway as that of C6-NBD-GlcCer.
The data unambiguously demonstrate that segregation of GlcCer and SM occurs in the reverse transcytotic
route, i.e. during apical to basolateral transport, which results in the preferential localization of GlcCer and SM in the
apical and basolateral region of the cells, respectively. A role for non-Golgi-related, sub-apical vesicular compartments in the sorting of GlcCer and SM is proposed.

Introduction
HepG2 cells are well-polarized hepatoma cells which are regarded as a model system for
hepatocytes (Chiu et al., 1990; Sormunen et al., 1993, Zaal et al., 1994). In polarized cells, the
plasma membrane (PM) is composed of two distinct domains, the basolateral and the apical
membrane domain, of which the basolateral membranes form a continuous planar surface.
HepG2 cells differ from other polarized cells in that the apical membranes are arranged into
closed compartments located between two adjacent cells, thus representing the bile canalicular
space (BC). Such apical BC membrane domains are believed to originate from intracellular
microvilli-lined vesicles that mature under specific conditions of growth. It has been proposed
that these vesicles are vectorally transported to the cell surface where they fuse with a similar,
cell-surface located microvilli-lined vesicle of an adjacent cell (Chiu et al., 1990).
Each membrane domain has its specific protein and lipid composition. In order to
maintain such a unique composition, sorting mechanisms that regulate trafficking of molecules to
the appropriate membrane domain must be operational. From studies on intracellular membrane
traffic of proteins, a number of factors involved in the trafficking, sorting and targeting of such
molecules now emerge (Pimplikar and Simons, 1993; Mostov and Cardone, 1995). By contrast,
still little is known about lipid trafficking pathways and lipid sorting mechanisms.
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Routes of lipid transport can be conveniently monitored by using fluorescently tagged
lipids (Pagano and Sleight, 1985; Hoekstra and Kok, 1992). By this means we have previously
shown that in HepG2 cells BC membranes are a target for lipids endocytosed from the
basolateral surface (Zaal et al., 1993). Transcytosis of lipids has also been demonstrated in
polarized Madin-Darby canine kidney (MDCK) cells (van Genderen and van Meer, 1995).
However, whereas in these cells lipid transcytosis was shown to be bi-directional, in hepatic cells
only basolateral to apical transcytosis has been demonstrated thus far. In addition to transcytosis,
Golgi-derived de novo synthesized (glyco)sphingolipids are transported to both the basolateral
and apical domain in HepG2 (Zaal et al., 1993), MDCK (van Meer et al., 1987) and intestinal
epithelial (Caco-2) cells (van 't Hof and van Meer, 1990). In the latter two cell lines it was
demonstrated that newly synthesized glucosylceramide (GlcCer) and sphingomyelin (SM) were
sorted for either the apical or basolateral PM domain. A sorting model was postulated in which
the clustering of GlcCer in the lumenal leaflet of the trans Golgi network forms so-called
microdomains. Subsequently, these microdomains, relatively poor in SM, bud off, thus giving
rise to vesicles that are destined for the apical domain (van Meer and Simons, 1988). Current
evidence suggests that also glycosylphosphatidylinositol (GPI)-anchored proteins can be part of
these glycosphingolipid-enriched microdomains and, moreover, that the preferential interaction
of the GPI-anchor with these microdomains would account for their apical enrichment (Lisanti
and Rodriguez-Boulan, 1990). Although direct, i.e. non-transcytotic, targeting of some Golgiderived GPI-anchored proteins (Ali and Evans, 1990) as well as ceramide metabolites (Zaal et
al., 1993) to BC has also been demonstrated in hepatocytes, specific sorting of GlcCer and its
subsequent targeting to BC has not been demonstrated in these cells.
In the present study, evidence is presented for the existence of a transcytotic route via
which fluorescent acyl chain-labeled 6-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]hexanoic
acid (C6-NBD) derivatives of GlcCer (C6-NBD-GlcCer) and SM (C6-NBD-GlcCer) are
transported from the apical BC to the basolateral PM. Apical to basolateral transcytosis has, to
our knowledge, never been demonstrated before in hepatic cells. It is shown that in this reverse
transcytotic route C6-NBD-GlcCer and C6-NBD-SM are sorted and subsequently flow to distinct
PM domains, each lipid thus displaying a specific preference for localization. The experimental
data indicate the involvement of vesicular compartments located subjacent to the BC, regulating
trafficking and sorting in the apical to basolateral transport pathway.

Materials and Methods
D-sphingosine, sphingosylphosphorylsphingosine, 1-ß-D-glucosylsphingosine, bovine serum albumin (BSA) and
monensin were obtained from Sigma Chemical Co., St. Louis, MO/ USA. 6-[N-(7-nitrobenz-2-oxa-1,3-diazol-4yl)amino]hexanoic acid (C6-NBD) was from Molecular Probes, Eugene, OR/ USA. Na2S2O4 (sodiumdithionite) was
obtained from Merck, Darmstadt/ Germany. Dibutyryl cyclic AMP (db-cAMP) was purchased from Boehringer
Mannheim, Mannheim/ Germany. DMEM was from GIBCO BRL (Life Technologies, Paisley/ Scotland and foetal
calf serum (FCS) was bought from BioWhittaker, Verviers/ Belgium. All other chemicals were of analytical grade.
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Cell Culture
HepG2 cells were grown in DMEM with 4500 mg of glucose per liter, supplemented with 10% FCS and antibiotics.
Media were changed every other day. For experiments, cells were plated in plastic culture flasks or, for microscopy,
onto glass coverslips at low density (± 20% of surface occupied). In all experiments, cells were used 3 days after
plating. At this time, the cells had reached an optimal ratio of polarity versus density, i.e. a maximal ratio of BC/cells.
Synthesis of C6-NBD-Labeled Sphingolipids
C6-NBD-glucosylceramide, C6-NBD-sphingomyelin and C6-NBD-ceramide were synthesized from C6-NBD and 1ß-D-glucosylsphingosine, sphingosylphosphorylcholine and D-sphingosine, respectively, as described elsewhere
(Kishimoto, 1975; Babia et al., 1994). The C6-NBD-lipids were quantified spectrophotometrically in an SLM fluorometer at excitation and emission wavelengths of 465 nm and 530 nm, respectively.
Incubation of Fluorescent Lipids with Cells
C6-NBD-Cer. Cells, grown on glass coverslips, were washed three times with a phosphate-buffered saline solution
(PBS). C6-NBD-Cer was dried under N2, redissolved in absolute ethanol and injected into Hank's balanced salt
solution (HBSS, final concentration ethanol, 0.5% v/v) under vigorous vortexing. The cells were incubated with 4
µM C 6-NBD-Cer under a CO2-containing, humidified atmosphere at 37°C for 30 min. Then, cells were washed thrice
with PBS to remove non-internalized probe, and further incubated at 37°C for 1 h. To allow microscopical
examination of fluorescently-labeled intracellular structures, the basolateral PM pool of fluorescent lipids was
removed by incubating the cells in 5% (w/v) BSA-containing HBSS at 4°C for 2 x 30 min (back exchange).
Subsequently, cells were washed three times with ice-cold HBSS and examined microscopically using an Olympus
Provis AX70 microscope.
C6-NBD-GlcCer and C6-NBD-SM. Cells, grown on glass coverslips, were washed three times with PBS and incubated with 4 µM C 6-NBD-GlcCer or C6-NBD-SM at 37°C (lipid dispersion was prepared as described above). After 30
min, the cells were washed with ice-cold PBS and the basolateral PM pool of C6-NBD-lipid was removed by back
exchange at 4°C for 2 x 30 min, using 5% BSA-containing HBSS. Subsequently, cells were washed with ice-cold
HBSS and examined microscopically. In some experiments, cells were, subsequent to the back exchange and a PBS
wash, rewarmed to 37°C and further incubated (chased) in HBSS at 37°C for various time intervals. In some
experiments, the cells were chased at 37°C in HBSS, supplemented with 5% BSA. Note that during a 90 min
incubation at 37°C in HBSS in the presence of BSA, only 0.7% of the total BSA fraction was taken up by the cells,
as determined by measuring cellular uptake of rhodamine B isothiocyanate (RITC)-labeled BSA (which was added
as a tracer to the BSA-medium; 0.5% of the non-labeled BSA). Hence, these data exclude a potential interference of
the cellular lipid pool with a lipid-analog fraction that might have re-entered the cells after back exchange. Following
all final incubations, cells were washed with ice-cold HBSS and examined microscopically. For confocal laser
scanning microscopy a TCS Leica (Heidelberg, Germany) apparatus equipped with a argon/krypton laser coupled to
a Leitz DM IRB inverted microscope was used. Images were converted to tagged-information-file format and printed
on a Fujix P3000 printer.
To determine whether metabolic conversion of C6-NBD-GlcCer or C6-NBD-SM occurred during the
incubations, cells, grown in culture flasks, were washed thrice in PBS and incubated with 4 µM of either C 6-NBDlipid at 37°C for 30 min. Following a subsequent back exchange procedure, cells were rewarmed and further
incubated at 37°C for 90 min. After gently scraping the cells with a rubber 'policeman', cells and incubation media
were extracted according to the method of Bligh and Dyer (1959). The lipids were analyzed by thin layer
chromatography, using CHCl3/methanol/NH4OH/H2O (35:15:2:0.5, v/v/v/v) as running solvent. Lipid amounts were
quantified by scraping the spots from the TLC plates, followed by vigorous shaking in 1% (v/v) TX-100 in H2O for
60 min. After removal of silica particles by centrifugation, NBD-fluorescence was measured as described above.
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Quantification of Fluorescent BC Labeling with C6-NBD-SM or C6-NBD-GlcCer
Fluorescent BC labeling was quantified by the use of two different approaches: 1) determination of the percentage
NBD-positive BC and 2) calculation of BC-associated NBD-fluorescence. To determine the percentage of BC
labeled with C6-NBD-lipid, BC were first identified by phase contrast illumination, and then classified as being
NBD-positive or NBD-negative under epifluorescence illumination using a filter set for blue excitation (BP 470490/LP515). BC were only classified as being NBD-positive when labeled microvilli could be observed (cf. Figs. 1
and 2B). Quantitative determination of BC-associated C6-NBD-lipid was performed by using the capacity of
sodiumdithionite to rapidly reduce NBD-fluorescence in the lumen and/or lumenal leaflet of the BC (see Results).
For this, cells were grown in plastic 25 cm2 culture flasks, and labeled with the fluorescent lipid analogs as described
above. To determine the amount of BC-associated lipid, the cells were first subjected to a BSA/HBSS back exchange
procedure, as described above, to remove the basolateral PM pool of C6-NBD-lipid. Note that BSA has no access to
the BC domain (see Results). By contrast, we observed that the irreversible NBD-quencher sodiumdithionite
(McIntyre and Sleight, 1991) does acquire access to this membrane domain. Hence after a BSA-back exchange, the
cells were subsequently incubated with 30 mM sodium dithionite in HBSS (diluted from a stock solution of 1 M
dithionite in 1 M Tris-buffer, pH 10) at 4°C for 7 min. As a control, cells were incubated in HBSS in the absence of
sodiumdithionite at 4°C for 7 min. After extensively washing (15 times with HBSS), cells were scraped, lipid was
extracted and fluorescence was measured as described above. The amount of C6-NBD-lipid (expressed as pmol/mg
protein) that was associated with BC was calculated from the following equation:
NBD-fluorescence BC = NBD-fluorescence control - NBD-fluorescence dithionite-treated
Miscellaneous Procedures
Monensin treatment. In the C6-NBD-Cer-labeling experiments, cells were pretreated with 10 µM monensin at 37°C
for 30 min. Monensin was present during the entire experiment. In the experiments in which transport of apically
derived C6-NBD-GlcCer or C6-NBD-SM was investigated, monensin was added to the back exchange medium and
was kept present in all following steps.
Db-cAMP treatment. Cells were incubated with 4 µM C 6-NBD-SM or C6-NBD-GlcCer in HBSS at 37°C for 30
min. After washing with ice-cold PBS, C6-NBD-lipid residing in the basolateral PM was back-exchanged. During the
back exchange procedure 100 µM db-cAMP was included to preincubate the cells. After the second back exchange,
cells were washed, rewarmed and further incubated at 37°C in the presence of 100 µM db-cAMP.

Results
Basolateral to Apical Transcytosis and Quantification of Apically Located C6-NBD-GlcCer
and C6-NBD-SM.
To determine the intracellular fate of BC-associated C6-NBD-GlcCer and C6-NBD-SM, HepG2
cells were first incubated with 4 µM C 6-NBD-GlcCer or C6-NBD-SM at 37°C for 30 min. After
this time interval, both lipids were found intracellularly in vesicular structures (punctate
fluorescence) and prominently labeled the BC and the basolateral PM (Fig. 1 a-d; arrowheads).
The confocal micrographs, shown in figure 2, are entirely consistent with these observations and
provide further support for the dominant localization of the lipid analogs in BC and basolateral
membranes. Note the typical 'microvilli-like' appearance of fluorescence located in a BC formed
between two adjacent cells (Fig. 2b) when scanning through the plane of focus.
After the initial incubation at 37°C, C6-NBD-GlcCer or C6-NBD-SM residing in the outer
leaflet of the basolateral PM was back exchanged by treatment of the cells with 5% BSAcontaining HBSS at 4°C for 2 x 30 min. This procedure removed all NBD-fluorescence (>96%)
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from the basolateral PM, but not from the apical membrane (cf. Zaal et al., 1993). Using either
lipid analog, 70-75% of the BC, initially identified by phase contrast (see Materials and
Methods), was scored as NBD-positive.
Because of the inaccessibility of C6-NBD-lipids residing in the lumen and/or lumenal
leaflet of BC to the lipid scavenger BSA or acceptor vesicles, the quantification of BC-associated
NBD-labeled lipid was considered as virtually impossible in this system. Recently however,
sodiumdithionite, which very slowly permeates across membranes, has been introduced as a
useful agent to specifically and irreversibly quench fluorescent NBD-lipid analogs (McIntyre and
Sleight, 1991; Pomorski et al., 1995). Here, we tested the potency of sodiumdithionite to quench
C6-NBD-GlcCer and C6-NBD-SM that was located in the lumen and/or lumenal leaflet of the
BC. For this, cells were incubated with C6-NBD-GlcCer or C6-NBD-SM to label the BC, as
described above. After a back exchange, the cells were incubated in HBSS supplemented with 30
mM sodiumdithionite at 4°C for 7 min. Subsequently, the cells were extensively (15 times)
washed with ice-cold HBSS to remove the sodiumdithionite. Fluorescence microscopical
analysis revealed a complete elimination of BC-associated fluorescence (Fig. 1 e-h; arrowheads).
Presumably due to its slow membrane-permeating properties, sodiumdithionite did not
significantly interfere with intracellularly located fluorescence, as reflected by an unchanged
appearance of intracellular punctate fluorescence. However, these results do indicate that
sodiumdithionite is apparently able to pass the tight junctions in HepG2 cells and, consequently,
reaches the BC in a paracellular manner. Hence, by comparing NBD-fluorescence in cells before
and after treatment with sodiumdithionite, the amount of BC-associated C6-NBD-GlcCer and C6NBD-SM could be calculated (see Materials and Methods). We thus determined that in cells,
labeled with C6-NBD-GlcCer or C6-NBD-SM as described above, 40.2 ± 5.0 % of the total pool
of cell-associated fluorescence was associated with BC (see below). This implies that sorting of
either lipid during the early (30 min) transcytotic events does not take place, i.e. both lipids seem
to follow the bulk flow in the transcytotic pathway.
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Figure 1. Labeling of HepG2 cells with exogenously administered C6-NBD-GlcCer and C6-NBD-SM. Cells were
labeled with 4 µM C 6-NBD-GlcCer or C6-NBD-SM at 37°C for 30 min. Both lipid analogues were present in the BC
(arrowheads), the basolateral PM and intracellular vesicles (b: C6-NBD-GlcCer; d: C6-NBD-SM) (a,c: phase contrast
to b,d). The cells incubated as in (a) and (c) were subsequently subjected to a back exchange procedure at 4°C to
remove the basolateral PM pool of lipid analogues. Then, cells were incubated in HBSS, supplemented with 30 mM
sodiumdithionite at 4°C for 7 min. After the incubation, cells were washed 15 times with ice-cold HBSS to remove
the sodiumdithionite. Note that after sodiumdithionite treatment C6-NBD-GlcCer (f: phase contrast to e) nor C6NBD-SM (h: phase contrast to g) were detectable in the BC (arrowheads). Bar, 15 µM.

After reaching the BC membrane, the question arises whether the observed lipid distribution
reflects a steady state distribution or that a redistribution may occur, governed by a preferential
residence of either lipid in the apical area. The next experiments were undertaken to address this
issue.

Figure 2. Confocal laser scanning microscopy of
C6-NBD-GlcCer-labeled HepG2 cells. Cells, plated
onto glass coverslips, were labeled with 4 µM C 6NBD-GlcCer at 37°C for 30 min. In a, a side view
confocal image was taken with the plane of focus
set in the center of the BC. In b, the cells were
scanned from the top (1) to the bottom (9) of the
BC. Prints were taken from optical sections of 0.5
µm thickness.

Apically Derived C6-NBD-GlcCer and C6-NBD-SM are Preferentially Located at Different
Plasma Membrane Domains.
After labeling the cells (30 min, 37°C) with either C6-NBD-GlcCer or C6-NBD-SM and a subse
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quent depletion of the C6-NBD-lipid from the basolateral PM, the cells were rewarmed to 37°C
and incubated in HBSS for 30, 60 or 90 min. Over a 90 min incubation period, the percentage of
BC labeled with C6-NBD-GlcCer, as determined by fluorescence microscopy, remained nearly
constant (Fig. 3, hatched bars). In cells labeled with C6-NBD-SM (Fig. 3, cross-hatched bars), the
percentage of fluorescently labeled BC progressively decreased from 71.5 ± 8.8% at time zero to
44.0 ± 2.4 % after 60 min, after which the number of fluorescently labeled BC remained
constant. However, although the percentage of C6-NBD-SM-labeled BC, as detected by
microscopical examination, did not further decline, the BC-associated fluorescence intensity did.
As shown in Fig. 4, after a 60 min incubation period, the amount of BC-associated C6NBD-SM was hardly detectable anymore, as revealed by using the sodiumdithionite quenching
assay. By contrast, and consistent with the microscopic observations, the amount of BCassociated C6-NBD-GlcCer slightly decreased from 40 to approximately 30% of the total pool of
cell-associated fluorescence (Fig. 4, filled symbols). Indeed, fluorescence microscopical analysis
revealed that C6-NBD-GlcCer remained mainly associated with BC and was also found in
clusters of vesicles surrounding the BC (Fig. 5a). Only a relatively faint labeling of the
basolateral PM could be observed. After 60 min, C6-NBD-SM was found to label mostly the
basolateral PM while labeling of BC was hardly distinguishable (Fig. 5 b, compare to Fig. 1 d).
Apparently, apically located C6-NBD-GlcCer and C6-NBD-SM were segregated for either the
apical or basolateral domains in HepG2 cells, respectively. Moreover, this segregation step
appears to occur subsequent to basolateral to apical transport of the lipid analogs, i.e. after
insertion of the lipid analogs in the apical membrane.
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Fig. 3. Disappearance of C6-NBD-GlcCer and
C6-NBD-SM from BC. Cells were labeled with
4 µM C 6-NBD-GlcCer or C6-NBD-SM at
37°C. After a 30 min labeling period, cells
were washed and subjected to a back
exchange procedure to remove the pool of
fluorescent lipid associated with the
basolateral PM. Then, cells were rewarmed to,
and further incubated at 37°C for 0, 30, 60 or
90 min in HBSS. At each time point the
percentage of NBD-positive BC in C6-NBDGlcCer-labeled cells (hatched bars) or C6NBD-SM-labeled cells (cross-hatched bars)
(mean ± SD of 4-6 experiments) was
determined as described in Materials and
Methods. * p<0.05.
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% of cellular NBD-fluorescence in BC

Fig. 4. BC-associated C6-NBD-GlcCer and C6-NBD-SM after a chase in HBSS. HepG2 cells were grown in plastic
25 cm2 culture flasks for 3 days. Cells were loaded with 4 µM C 6-NBD-GlcCer or C6-NBD-SM at 37°C for 30 min.
Then, C6-NBD-lipid residing at the
basolateral surface was depleted by
50
BSA and cells were subsequently
rewarmed to 37°C and further
40
incubated in HBSS for 0, 30, 60 or
90 min. After another back
exchange, the cells were incubated
30
in HBSS (control) or HBSS
supplemented with 30 mM
sodiumdithionite (treated) at 4°C for
20
7 min. The amount of BCassociated C6-NBD-GlcCer (circles)
10
or C6-NBD-SM (squares) was then
determined as described in
Materials and Methods. Data are
0
given as mean ± SD of minimal 4
0
30
60
90
experiments. * p<0.05.
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Figure 5. Trafficking of BC-derived C6-NBD-GlcCer and C6-NBD-SM. Following the labeling of cells with C6-NBDGlcCer or C6-NBD-SM as described in Materials and Methods, they were washed and subjected to a back exchange
procedure, leaving only BC and some intracellular vesicles labeled. The cells were then rewarmed to, and further
incubated at 37°C in HBSS (a, b). After incubation in HBSS for 60 min, C6-NBD-GlcCer remained mainly
associated with BC and clusters of vesicles surrounding BC (arrowhead), while only a faint labeling of the basolateral
PM was observed (a). In contrast, C6-NBD-SM mostly labeled the basolateral PM, whereas labeling of the BC was
barely detectable (b; arrowhead). Bar, 15 µM.
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Figure 6. Disappearance of C6-NBDGlcCer and C6-NBD-SM from BC after a
chase in HBSS supplemented with BSA.
Cells were labeled with 4 µM C 6-NBDGlcCer or C6-NBD-SM at 37°C. After a 30
min labeling period, cells were washed and
subjected to a back exchange procedure to
remove the pool of fluorescent lipid
associated with the basolateral PM. Then,
cells were rewarmed to, and further
incubated at 37°C for 0, 30, 60 or 90 min in
HBSS, supplemented with 5% BSA. At
each time point the percentage of NBDpositive BC in C6-NBD-GlcCer-labeled
cells (hatched bars) or C6-NBD-SM-labeled
cells (cross-hatched bars) (mean ± SD of 4-6
experiments) was determined as described
in Materials and Methods. * p<0.05.

Segregation of C6-NBD-GlcCer and C6-NBD-SM Occurs During Apical to Basolateral
Transcytosis
In order to clarify the extent to and the mechanisms by which C6-NBD-GlcCer and C6-NBD-SM
were transported from the BC to the basolateral surface, the following experiment was carried
out. After BC labeling with C6-NBD-GlcCer or C6-NBD-SM as described above, the C6-NBDlipid was chased at 37°C in HBSS, supplemented with 5% BSA to prevent re-internalization of
the C6-NBD-lipid once the analog reached the basolateral membrane (see Materials and
Methods). In a parallel experiment, the lipids were chased at 4°C. At 37°C, but not at 4°C (not
shown), the percentage of BC labeled with C6-NBD-GlcCer gradually decreased from 69.6 ±
1.0% at time zero to 68.3 ± 2.0%, 45.0 ± 4.9% and 32.6 ± 3.0% after 30, 60 and 90 min, respectively (Fig. 6). At these conditions, i.e. in the presence of BSA, the absolute amount of BCassociated C6-NBD-GlcCer was stable for 30 min after which it could no longer be detected as
probed by the sodiumdithionite quenching assay (not shown). However, in cells labeled with C6NBD-SM, the percentage of NBD-positive BC decreased much faster, i.e. from 67.5 ± 6.8% at
time zero to 42.0 ± 3% and 31.5 ± 4.1% after 30 and 60 min, respectively (Fig. 6). Prolonged
incubation for up to 90 min did not result in a further decrease of the percentage of C6-NBD-SMpositive BC, although BC-associated fluorescence intensities decreased in time. In fact, for both
lipid analogues a nearly complete loss of the overall intracellular fluorescence was observed after
90 min (not shown). The loss of intracellular fluorescence could be entirely accounted for by the
fluorescence recovered in the BSA-containing incubation medium, which is consistent with the
notion that re-entry of BSA-complexed lipid is negligible (see Materials and Methods). Since
these results were not observed at 4°C (data not shown), paracellular leakage of C6-NBD-SM or
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C6-NBD-GlcCer across the tight junctions could be excluded, and the data thus support a
vesicular nature of lipid transport in the reverse transcytotic pathway.
During the time span of our experiments, only 10 and 7 % of the total cell-associated
pools of C6-NBD-SM and C6-NBD-GlcCer, respectively, were degraded after 2 h, with C6-NBDCer as the main metabolic product, as determined by lipid extraction and HPTLC analysis (data
not shown). This implies that the observed redistribution of BC-associated C6-NBD-SM or C6NBD-GlcCer was not due to conversion of the lipids. Based on these results we conclude that
both C6-NBD-GlcCer and C6-NBD-SM can be retrieved from the apical domain after which they
can be transcytosed to the basolateral surface. Note that the entire C6-NBD-lipid content of at
least 60-70% of the BC is involved in the reverse transcytotic pathway, as these fractions for both
lipids can be efficiently removed in the presence of BSA (Fig. 3 vs. Fig. 6).
Intracellular Sites Involved in the Segregation of C6-NBD-GlcCer and C6-NBD-SM in the
Apical to Basolateral Transcytotic Route
Studies on apical endocytosis in various polarized cells have demonstrated that (i) apically
internalized membrane proteins can recycle from a tubulovesicular compartment, located
subjacent to the apical PM (Hunziker et al., 1990; Apodaca et al., 1994; Barroso and Sztul, 1994)
and (ii) transport between sub-apical compartments and the apical PM can be affected by
modulators of distinct signal transduction pathways (Barroso and Sztul, 1994; Cardone et al.,
1994; Hansen and Casanova, 1994). cAMP and stimulators of protein kinase A (PKA) which are
both members of the adenylate cyclase-cAMP-PKA signal transducing pathway, have been
shown to positively modulate apically directed transport (Brignoni et al., 1995; Pimplikar and
Simons, 1994). In order to investigate a possible role for cAMP in the segregation of C6-NBDGlcCer and C6-NBD-SM in the reverse transcytotic pathway, cells were labeled with either lipid
after which the basolateral PM pool of C6-NBD-lipid was depleted by a back exchange as
described above. During the back exchange procedure, which is carried out at 4°C, cells were
preincubated with 100 µM db-cAMP. After the back exchange, the cells were rewarmed and
further incubated in HBSS in the presence of 100 µM db-cAMP. As shown in figure 7, the
percentage of NBD-positive BC in cells labeled with C6-NBD-GlcCer remained constant for 90
min, as was the case in control cells (cf. Fig. 3). However, whereas the percentage of NBDpositive BC in cells labeled with C6-NBD-SM rapidly decreased in control cells (cf. Fig. 3), this
percentage of labeling remained virtually the same, for up to 90 min, in db-cAMP-treated cells
(Fig. 7). Although (fractions of) both lipids could still be transcytosed to the basolateral surface,
as reflected by their back exchangeability after chasing BC-associated C6-NBD-lipid in the
presence of BSA, basolateral trafficking of both lipids was severely slowed down with regard to
rate and extent (fig. 8) in comparison to the basolateral flow in non-treated cells (cf. Fig. 6).
Microscopic examination revealed that in cells, not treated with dbcAMP, fluorescently
labeled vesicles surrounding the BC were most prominently seen in cells labeled with C6-NBDGlcCer (Fig. 5). Interestingly, whereas essentially no BC-surrounding C6-NBD-SM-labeled
vesicles could be observed in non-treated cells (Fig. 5 b), such sub-apical NBD-fluorescent
vesicles were readily distinguishable in db-cAMP-treated cells (Fig. 9). Hence, db-cAMP
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favored and/or promoted apically directed trafficking of both sphingolipids.

Figure 7. Effect of db-cAMP on the trafficking
of C6-NBD-GlcCer and C6-NBD-SM from BC.
Cells were labeled with 4 µM C 6-NBD-GlcCer
or C6-NBD-SM at 37°C for 30 min. After
washing, the lipid analogues residing in the
outer leaflet of the basolateral PM were
depleted by subjecting the cells to a back
exchange procedure. During this back exchange
100 µM db-cAMP was added. Subsequently,
cells were rewarmed to 37°C and further
incubated in HBSS, supplemented with 100 µM
db-cAMP for various time intervals. At each
time point, the percentage of NBD -positive BC
was determined in C6-NBD-GlcCer-labeled
(hatched bars) and C6-NBD-SM-labeled cells
(cross-hatched bars) (mean ± SD of 4-6 experiments), as described in Materials and Methods.
*
p<0.05.
Figure 8. Effect of dbcAMP on trafficking of
BC-derived C6-NBD-GlcCer and C6-NBD-SM
in BSA-containing medium. Cells were labeled
with 4 µM C 6-NBD-GlcCer or C6-NBD-SM at
37°C for 30 min. After washing, the lipid
analogues residing in the outer leaflet of the
basolateral PM were depleted by subjecting the
cells to a back exchange procedure. During this
back exchange 100 µM db-cAMP was added.
Subsequently, cells were rewarmed to 37°C and
further incubated in HBSS, supplemented with
5% BSA, in the presence of 100 µM db-cAMP
for various time intervals. At each time point,
the percentage of NBD-positive BC was
determined in C6-NBD-GlcCer-labeled (hatched
bars) and C6-NBD-SM-labeled cells (crosshatched bars) (mean ± SD of 4-6 experiments),
as described in Materials and Methods. *
p<0.05.
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Sorting of C6-NBD-GlcCer in a Sub-apical Compartment does not Involve the Golgi
Complex
In hepatocytes, the Golgi apparatus is located near the biliary pole. The organelle is well
known as the main location for the assembly of biosynthetic products and secretory compounds
(Farquhar, 1985). It has also been shown that endocytosed lipids can be transported to the Golgi
apparatus (Schwarzmann and Sandhoff, 1990; Kok et al., 1991; Trinchera et al., 1991).
Furthermore, after synthesis from their common precursor, C6-NBD-Cer, C6-NBD-SM and C6NBD-GlcCer can be transported from the Golgi, where sorting is thought to occur, to both PM
domains via direct, non-transcytotic routes in various polarized cell lines (van Meer et al., 1987;
van 't Hof and van Meer, 1990; Zaal et al., 1993). To elucidate whether the sub-apical vesicular
structures observed in our experiments might be Golgi-related and, thus, could be involved in
governing the preferential localization of C6-NBD-GlcCer in the apical area, we performed the
following experiments. HepG2 cells were labeled with 4 µM C 6-NBD-Cer at 4°C for 30 min,
washed and incubated at 37°C for 60 min in the presence of BSA. This resulted in an intense
fluorescent labeling of the Golgi apparatus and the metabolic conversion of C6-NBD-Cer into C6NBD-GlcCer and C6-NBD-SM, as described previously (Zaal et al., 1993). C6-NBD-GlcCer and
C6-NBD-SM, produced by the de novo synthesis, labeled approximately 66 ± 4% of the BC.
However, when the cells had been pretreated with monensin (10 µM; Table I), only 17 ± 3% of
the BC was faintly labeled. Monensin is known to block vesicular transport from the Golgi
apparatus to the PM and was shown to bring about a decrease in biliary lipid secretion (Casu and
Camogliano, 1990). Since monensin treatment did not affect C6-NBD-Cer metabolism (data not
shown), our data show that monensin treatment of HepG2 cells, in agreement with results
reported by others (Lipsky and Pagano, 1985), inhibits (vesicular) lipid transport exiting from the
Golgi. In the next experiment, cells were incubated with 4 µM C 6-NBD-GlcCer at 37°C for 30
min to label BC as described above. During the back exchange procedure 10 µM monensin was
added to prevent
transport of C6-NBD-GlcCer from the Golgi to the BC in the subsequent steps. Following this
treatment, the cells were rewarmed to 37°C and incubated in the presence of 10 µM monensin
and 5% BSA for 30 and 60 min. Compared to control cells, no difference in the percentage of
labeled BC or BC-associated C6-NBD-GlcCer was observed after the various incubation times
(cf. Fig. 3). Similar results were obtained with cells that had been labeled with C6-NBD-SM (data
not shown). Hence these results demonstrate that neither sorting of apically derived C6-NBDGlcCer nor apical to basolateral transport of C6-NBD-SM involves the Golgi complex.

Fig. 9. Effect of db-cAMP on the trafficking of BC-derived C6-NBD-SM. Cells were labeled with 4 µM C 6-NBD-SM
at 37°C for 30 min, washed and subjected to a back exchange procedure. During the back exchange 100 µM dbcAMP was added. To monitor intracellular trafficking of the BC-derived lipid analog, cells were rewarmed to
37°Cand further incubated in HBSS, supplemented with 100 µM db-cAMP for 60 min. C 6-NBD-SM labeled mostly
BC and BC-surrounding vesicles (b; arrowhead) (a: phase contrast to b). Bar, 15 µM.
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Table I. Effect of monensin on BC-labeling of Golgi-derived, de novo synthesized C6-NBD-GlcCer and C6-NBD-SM

% of BC labeled with NBD-fluorescence
control
monensin (10 mM)

66 ± 4
17 ± 3*

HepG2 cells, grown on glass coverslips for 3 days, were pre-incubated in HBSS, supplemented with 10 µM
monensin at 37°C for 30 min. The cells were labeled with 4 µM C 6-NBD-Cer at 37°C for 60 min, allowing
internalization, metabolic conversion of C6-NBD-Cer into C6-NBD-GlcCer and C6-NBD-SM, and subsequent
transport of these metabolites. Subsequently, the cells were washed in HBSS and used for microscopical analysis.
The percentage of NBD-positive BC (mean ± SD of 5 experiments) was determined as described in Materials and
Methods. * p<0.0025.

Discussion
In this study, we have presented evidence for the existence of a novel, vesicular lipid trafficking
route by which (glyco)sphingolipids are transcytosed from the apical, bile canalicular domain to
the basolateral surface in HepG2 cells. Most importantly, in this apical to basolateral transcytotic
route GlcCer and SM were segregated and preferentially targeted to the apical and basolateral
PM domain, respectively. By contrast, sorting and a preferential transcytotic basolateral to apical
transport of either GlcCer or SM was not observed after initial basolateral insertion. At those
conditions, the lipids appear to follow bulk flow, similarly as observed for the flow of these
sphingolipids in polarized MDCK cells (van Genderen and van Meer, 1995). The experimental
data indicated that multiple sites were involved in governing the preferential apical localization
of C6-NBD-GlcCer, including the basolateral PM from which a rapid reflux of the lipid analogs
could occur as became apparent after initial delivery of GlcCer to the apical membrane. The
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percentage of labeled BC, as well as the amount of BC-associated C6-NBD-GlcCer, was more or
less stable during a chase in HBSS (Fig. 3). Note that in the presence of BSA (Fig. 6) the percentage of C6-NBD-GlcCer-labeled BC was, similarly, fairly constant after an initial chase of about
30 min. Subsequently, a rapid decline in the apical pool of C6-NBD-GlcCer became apparent in
the presence of the scavenger, but not in its absence. By contrast, irrespective of the presence of
BSA, the patterns obtained for the percentages of C6-NBD-SM-labeled BC were similar (Fig. 3
vs. 6). Taken together, these data indicate that C6-NBD-SM is rapidly transcytosed from the
apical to the basolateral PM, whereas reverse transcytosis of C6-NBD-GlcCer is more gradual.
Thus the latter lipid displays a tendency to reside in and near the apical domain, whereas the fate
of C6-NBD-SM reflects a basolateral preference. The data also indicate that after a prolonged
chase time (>30 min), a substantial fraction of the initial pool of apical C6-NBD-GlcCer, may
reach the basolateral membrane (Fig. 6). Evidently, as revealed by monitoring the chase in the
absence of a scavenger, this pool apparently displays a rapid reflux to the apical membrane (Fig.
3).
In case of C6-NBD-SM, the equilibrium that was established after a 60 min chase in
HBSS did show a higher percentage of NBD-positive BC compared to the percentage seen after
a chase in BSA-containing HBSS. This result indicates that also a reflux of basolateral arrived
C6-NBD-SM to BC occurred. The reflux of C6-NBD-GlcCer, however, was much more
extensive than that of C6-NBD-SM. This suggests that the basolateral PM contributes to the
distinct preferential localization of both lipids, consistent with the basolateral PM being a major
site for sorting of apical membrane proteins in hepatocytes (Bartles et al., 1987; Schell et al,
1992). Yet, the delay in basolateral delivery of apical C6-NBD-GlcCer in comparison to that of
C6-NBD-SM, as noted above, indicates that segregation of apically derived C6-NBD-GlcCer and
C6-NBD-SM had occurred before these lipids reached the basolateral PM. Hence, the data
suggest that multiple sites are involved in the distinct targeting of apically derived C6-NBDGlcCer and C6-NBD-SM to their preferential domains.
Apically derived C6-NBD-GlcCer appeared to be efficiently redirected to BC via nonGolgi-related sub-apically located vesicular compartments. Indeed, the inertness of sphingolipid
trafficking of apically derived C6-NBD-GlcCer and C6-NBD-SM towards monensin treatment
strongly supports the view that the Golgi apparatus was not involved in the intracellular
processing of the apical pool of lipids. Furthermore, a 'typical' Golgi fluorescence pattern, as
reported previously for HT29 cells (Kok et al.,1991), was never observed. Although further work
is needed, current evidence strongly suggests that the nature of the sub-apical compartment
involved very likely relates to the compartments, described as part of the basolateral to apical
transcytotic pathway (Hunziker et al., 1990; Apodaca et al., 1994; Barroso and Sztul, 1994;
Hansen and Casanova, 1994). In fact, similar sub-apical tubulovesicular compartments have also
been described in hepatocytes, and they were suggested to be involved in the transcytosis of IgA
(Geuze et al., 1984; Hoppe et al., 1985). Moreover, also in hepatocytes, elevated concentrations
of cAMP have been found to stimulate translocation of vesicles to the canalicular membrane
(Boyer and Soroka, 1995). Indeed, dbcAMP promoted apically directed trafficking of both
sphingolipids.
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Given an apical enrichment, most C6-NBD-GlcCer presumably underwent multiple
rounds of recycling between the apical membranes and these sub-apical compartments. By
contrast, C6-NBD-SM was rapidly transcytosed from the BC to the basolateral surface and
labeling of sub-apical compartments was never observed when C6-NBD-SM was chased from
BC (Fig. 5). Thus, transcytosis of C6-NBD-SM might involve a pathway, entirely different from
that of the C6-NBD-GlcCer, i.e. the analogue may bypass sub-apical compartments. However,
treatment of the cells with db-cAMP did reveal the presence of sub-apical compartments, very
reminiscent of that seen for C6-NBD-GlcCer, in which C6-NBD-SM accumulates prior to a
redirection of trafficking to the apical membrane (Fig. 8). Hence, these observations would favor
a scenario in which sub-apical compartments participate in the reverse transcytotic pathway of
both lipid analogs. Conditions where intracellular levels of cAMP are elevated (e.g., during
biogenesis of apical (bile canalicular) membranes) may then provide a signal for the targeting to
and subsequent (apical) recycling of C6-NBD-SM-labeled vesicles via sub-apical compartments.
However, when the transcytotic flow of C6-NBD-SM would entirely bypass that of C6-NBDGlcCer, the conclusion is still justified that sorting between both sphingolipids must occur, in this
case at the level of the apical membrane. Hence either scenario, as depicted in this paragraph,
clearly reveals the occurrence of sphingolipid sorting in the transcytotic pathway, a phenomenon
that has not been shown before. The novel transport route as well as conditions that affect the
flow through and sorting in this transcytotic pathway, as described in the present work, should
thus pave the way to obtain clues as to the mechanisms of sphingolipid trafficking and sorting in
polarized cells. Such work is currently in progress.
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(Glyco)sphingolipids are sorted in sub-apical compartments in
HepG2 cells: a role for non-Golgi-related intracellular sites in the
polarized distribution of (glyco)sphingolipids
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Abstract
In polarized HepG2 cells, the fluorescent sphingolipid analogues of glucosylceramide (C6-NBD-GlcCer) and
sphingomyelin (C6-NBD-SM) display a preferential localization at the apical and basolateral domain,
respectively, which is expressed during apical to basolateral transcytosis of the lipids (van IJzendoorn, S.C.D.,
M.M.P. Zegers, J.W. Kok and D. Hoekstra, J. Cell Biol. 137, 1997, 347-457). In the present study we have
identified a non-Golgi related, sub-apical compartment, SAC, in which sorting of the lipids occurs. Thus, in the
apical to basolateral transcytotic pathway both C6-NBD-GlcCer and C6-NBD-SM accumulate in SAC at 18 oC.
At this temperature, transcytosing IgA also accumulates, and colocalizes with the lipids. Upon rewarming the
cells to 37 oC, the lipids are transported from the SAC to their preferred membrane domain. Kinetic evidence is
presented which shows in a direct manner that after leaving SAC, SM disappears from the apical region of the
cell, whereas GlcCer is transferred to the apical, bile canalicular membrane. The sorting event is very specific, as
the GlcCer epimer C6-NBD-galactosylceramide, like C6-NBD-SM, is sorted in the SAC and directed to the
basolateral surface. It is demonstrated that transport of the lipids to and from SAC is accomplished by a vesicular
mechanism, and is in part microtubule-dependent. Furthermore, the sub-apical compartments in HepG2 bear
analogy to the apical recycling compartments, previously described in MDCK cells. However, in contrast to the
latter, the structural integrity of SAC does not depend on an intact microtubule system. Taken together, we have
identified a non-Golgi-related compartment, acting as a 'traffic center' in apical to basolateral trafficking and vice
versa, and directing the polarized distribution of sphingolipids in hepatic cells.

Introduction
The plasma membrane (PM) of polarized cells is divided into a basolateral and an apical PM
domain. Each membrane domain has its specific protein and lipid composition, an essential
feature for the polarized function of these cells. In order to generate and maintain such unique
membrane compositions, proteins and lipids have to be sorted and targeted to the appropriate PM
domains. In polarized cells apical delivery may occur via two routes, including a direct transport
from the trans-Golgi network (TGN), and an indirect pathway, in which prior to apical delivery,
newly-synthesized components are first transported from the TGN to the basolateral surface.
Subsequently, apical constituents are endocytosed, sorted into transcytotic vesicles and
transported to the apical pole of the cell. To add to the complexity of trafficking in polarized
cells, proteins and lipids from each membrane domain are continuously re-internalized, recycled
or redistributed, reflecting a dynamic equilibrium indispensable for maintaining a dynamic
membrane composition capable of adapting to different needs. As a consequence, apical (and
basolateral) components must be sorted into or excluded from vesicles with preferential targets at
various intracellular sites, each site thus contributing to the polarized distribution of PM components.
For both proteins and distinct (glyco)sphingolipids, the main intracellular sorting site for
polarized transport is believed to be the TGN. Specifically, in this compartment, several apical
proteins appear to associate with glycosphingolipid (GSL)-enriched domains (Brown and Rose,
1992), so-called GSL rafts (Simons and Ikonen, 1997). Budding of these rafts will give rise to
vesicles, with an apical destination (Simons and Wandinger-Ness, 1990). Whereas Madin-Darby
canine kidney (MDCK) cells predominantly use the direct pathway for the delivery of apical
components (Matlin and Simons, 1984; Misek et al., 1984; Pfeiffer et al., 1985; Simons and
Fuller, 1985), other polarized cells may use a combination of the direct and the indirect,
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transcytotic pathway (van ‘t Hof and van Meer, 1990; Weimbs et al., 1997). Hepatic cells are
believed to rely mainly on the indirect, transcytotic pathway for the apical delivery of newly
synthesized proteins (Bartles et al., 1987; Cariappa and Kilberg, 1992; Schell et al., 1992),
although evidence is accumulating which indicates that direct Golgi to apical transport of
proteins and lipids also occurs (Ali and Evans, 1990; Zaal et al., 1993; Zegers and Hoekstra,
1997). The overall mechanism involved in the apical flow of proteins and lipids via the indirect,
transcytotic route is still largely unclear. For example, whether GSL-rafting plays a role in this
route remains to be determined.
To study transcytosis, the polymeric immunoglobulin receptor (pIgR) and its ligand IgA
is often used as a marker of this pathway (Apodaca et al., 1991). It has thus been demonstrated
that transcytosis proceeds along routes, which constitute part of other pathways used by nontranscytosing molecules. pIgR-IgA-complexes, endocytosed from the basolateral surface, are
delivered to basolateral endosomes and reach via transcytosis sub-apical endosomal compartments, termed apical recycling compartments (ARC) in MDCK cells, prior to their delivery to
the apical PM (Apodaca et al., 1994; Barroso and Sztul, 1994). Other apical proteins such as
dipeptidyl peptidase IV and the glycosylphosphatidylinositol-anchored protein 5' nucleotidase
have been suggested to use the same transcytotic pathway as pIgR-IgA (Barr et al., 1995). As
revealed in MDCK cells, the sub-apical compartments are not only accessible to proteins with a
preference for apical localization. Also a considerable portion of the basolaterally endocytosed
transferrin receptor was found to be transported to the apical recycling compartment. However,
in contrast to the apically targeted pIgR-IgA, the transferrin receptor returns to the basolateral
surface (Apodaca et al. 1994). Hence, these data suggest a role for the sub-apical compartment in
the generation and/or maintenance of the polarized distribution of PM components.
Previous studies in MDCK (van Genderen and van Meer, 1995) and the human hepatoma
derived cell line, HepG2 (van IJzendoorn et al., 1997; Zegers and Hoekstra, 1997) revealed that
sphingolipids such as glucosylceramide (GlcCer) and sphingomyelin (SM) also use the
transcytotic pathway to traverse the cell in either direction. However, very little is known of the
mechanisms involved in transcytotic transport of lipids. In a recent study, we demonstrated that
in well-polarized HepG2 cells fluorescent acyl chain-labeled analogues of glucosylceramide (C6NBD-GlcCer) and sphingomyelin (C6-NBD-SM) are segregated in the apical to basolateral
transcytotic pathway (van IJzendoorn et al., 1997). The observed segregation event did not
involve the Golgi apparatus, hinting at the existence of another, yet unidentified subcellular
compartment where sphingolipids are sorted. In the present work we provide evidence that subapical compartments (SAC), similar to ARC as defined in MDCK cells, are also operative in
HepG2 cells. Specifically, it is demonstrated that these sub-apical compartments represent the
major intracellular site in the transcytotic pathway where GlcCer and SM are sorted and directed
to distinct PM domains.
Materials and Methods
Materials
Sphingosylphosphorylcholine, 1-ß-glucosylsphingosine, cerebroside type II, asialofetuin type I and geneticin (G-418)
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were from Sigma Chemical Co., St. Louis, MO/ USA. Albumin (from bovine serum, fraction V) was bought from
Fluka Chemie AG, Buchs/Switzerland. 6-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]hexanoic acid (C6-NBD) was
obtained from Molecular Probes, Eugene, OR/ USA. DMEM was purchased from GIBCO BRL (Life Technologies),
Paisley/ Scotland. Foetal calf serum (FCS) was bought from BioWhittaker, Verviers/ Belgium, and sodiumdithionite
(Na2S2O4) was from Merck, Darmstadt/ Germany. Nocodazole was obtained from Boehringer Mannheim,
Mannheim/Germany. PSC 833 and MK 571 were gifts from dr. E. Vellenga, University of Groningen, The
Netherlands. Texas red-labeled IgA was kindly provided by dr. Kenneth Dunn, Indiana University Medical Center,
USA. pIgR cDNA and a monoclonal antibody against pIgR was kindly provided by dr. Keith Mostov, University of
California San Francisco, USA. All other chemicals were of analytical grade.
Methods
Cell Culture
HepG2 cells were grown at 37°C under a 5% CO2-containing, humidified atmosphere in Dulbecco's modified
essential medium, supplemented with 10% heat-inactivated (at 56°C) fetal calf serum, 2 mM L-glutamine, 100
I.U./ml penicillin and 100 µg/ml streptomycin. Medium was replaced every other day. For experiments, cells were
used 3 days after plating. At this time the cells had reached an optimal ratio of polarity vs. density, i.e. number of bile
canalicular spaces (BC) vs. number of cells.
Synthesis of C6-NBD-Labeled Sphingolipids
C6-NBD-GlcCer and C6-NBD-SM were synthesized from C6-NBD and 1-ß-glucosylsphingosine and
sphingosylphosphorylcholine, respectively, as described elsewhere (Kishimoto., 1975; Babia et al., 1994). 1-ß-Dgalactosylceramide was prepared from cerebroside (type II) (Goda et al., 1987). The C6-NBD-lipids were stored at 20°C and routinely checked for purity.
Cell Labeling and Lipid Transport Assays
For microscopy, cells were plated onto glass coverslips. For biochemical analysis, cells were cultured in 25 cm2
culture flasks (Costar, Cambridge/ U.K.). After 3 days cells were washed three times with a phosphate-buffered
saline solution (PBS). C6-NBD-GlcCer or C6-NBD-SM were dried under nitrogen, redissolved in absolute ethanol
and injected into Hank's balanced salt solution (HBSS) under vigorous vortexing. The final concentration of ethanol
was kept below 0.5% (v/v). Cells were incubated with 4 µM of either lipid analogue at 37°C for 30 min (Fig. 1, step
1). In order to monitor transport of apical membrane associated lipid analogues, the basolateral pool of fluorescent
lipid analogues was depleted by incubating the cells in HBSS, supplemented with 5% (w/v) BSA at 4°C for 2 x 30
min (back exchange, Fig. 1, step 2). Then, cells were washed three times with ice-cold PBS, rewarmed to the desired
temperature, and further incubated in HBSS, with 5% (w/v) BSA (Fig. 1, step 3). The 18°C temperature block was
dictated by previous observations in MDCK cells showing that an incubation at this temperature causes a selective
inhibition of transcytotic transport, as revealed by the accumulation of the transcytotic marker pIgA-R (Apodaca et
al., 1994; Barosso and Sztul, 1994). In some experiments, NBD-fluorescence associated with BC was eliminated by
incubating the cells with 30 mM sodiumdithionite (diluted from a stock solution of 1 M Na2S2O4 in 1 M Tris, pH 10)
at 4°C for 7 min (Fig. 1, step 4). As described previously, sodiumdithionite is able to pass the tight junctional complexes in HepG2 cells (van IJzendoorn et al., 1997), whereas BSA does not affect the labeling of BC (see results; cf.
van IJzendoorn et al., 1997). Sodiumdithionite-treated cells were then washed extensively (>10 times) with ice-cold
HBSS after which transport was re-activated by rewarming and further incubating the cells in HBSS at 37°C (Fig. 1,
step 5). BSA (5% w/v) was included in the medium to prevent the lipid analogues from re-entering the cells at the
basolateral surface. Following all final incubations, cells were washed with ice-cold HBSS and kept on ice until use
(within 30 min).
To study the involvement of microtubules on transport of BC-associated lipids, nocodazole (33 µM, diluted
from a 10 mM stock solution) was added during step 2 of the incubation scheme depicted in figure 1 and kept present
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in all subsequent steps. In parallel experiments, cells were treated with 33 µM nocodazole at 4°C for 1 h after the
18°C chase of BC-associated lipid analogues (Fig. 1, step 3). Indirect immunofluorescence, using a monoclonal
antibody directed against ß-tubulin (Sigma Chemical Co., St. Louis, MO/USA), was performed to verify the
microtubule-disrupting potency of nocodazole in HepG2 cells (not shown).
In order to study the effect of PSC 833 and MK 571, which are specific inhibitors of the multidrug
resistance proteins MDR1/ P-glycoprotein and MRP1, respectively, on the different transport steps, cells were
incubated with MK 571 (25 µM) or PSC 833 (5 µg/ml) prior to step 1, with either inhibitor between step 2 and 3, or
between step 4 and 5. The concentration of PSC 833 was sufficient to completely block the excretion of rhodamine
123 into BC of HepG2 cells by MDR1/ P-glycoprotein activity (not shown).

step 1
lipid analogue

30 min 37°C

step 2
back exchange
basolateral PM

2 x 30 min
4°C

step 3

step 4

chase from BC

step 5
chase from SAC

dithionite

1 h 18°C

7 min 4°C

20 min 37°C

Figure 1. Schematic representation of the various steps of the lipid transport assays. Cells are
incubated with C6-NBD-lipids at 37°C for 30 min, causing labeling of both apical (BC) and
basolateral membranes (step 1). Subsequently, the fraction of the fluorescent lipid analogue
residing at the basolateral PM is depleted by BSA at 4°C for 2 x 30 min (step 2). The BCassociated lipid analogue is then chased into sub-apical compartments (see Results) at 18°C for 1
h in BSA-containing medium (step 3). The presence of BSA in the medium during this step will
prevent re-entry of any lipid analogue that might arrive basolaterally during the chase. Next, the
NBD-labeled lipid remaining at the BC is quenched by sodiumdithonite (step 4), after which
transport of the sub-apically-derived lipid analogue can be monitored upon rewarming and
incubating the cells at 37°C (step 5). The vertical bar in between each step represents wash
steps.

Quantification of Fluorescent BC Labeling
As a measure for transport of the lipid analogs to and from the bile canalicular (BC) membranes, the percentage of
NBD-positive BC membranes was determined as described elsewhere (van IJzendoorn et al., 1997). Briefly, BC
were first identified by phase contrast illumination, and then classified as NBD-positive or NBD-negative under
epifluorescence illumination. Furthermore, distinct pools of fluorescence are discerned, present in vesicular structures
adjacent to BC, which in this work are defined as sub-apical compartments (SAC). Together, BC and SAC thus
constitute the bile canalicular, apical pole (BCP) in HepG2 cells. Therefore, within the BCP region the localization of
the fluorescent lipid analogs will be defined as being derived from BC, SAC, or both. For this kind of quantification,
at least 50 BCP were analyzed per coverslip. All data are expressed as the mean ± SD of four independent
experiments, carried out in duplicate.
Lipid Extraction and Quantification
Lipids were extracted according to the method of Bligh and Dyer (1959) and analyzed by thin layer chromatography
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using CHCl3/methanol/NH4OH/H2O (35:15:2:0.5, v/v/v/v) as running solvent. For quantification, fluorescent lipids
were scraped from the TLC plates, followed by vigorous shaking in 1% (v/v) TX-100 in H2O for 60 min to remove
the lipids from the silica. Silica particles were then spun down and NBD fluorescence was measured spectrophotometrically in an SLM fluorometer at excitation and emission wavelengths of 465 nm and 530 nm, respectively.
Transfection of HepG2 Cells with the Polymeric Immunoglobulin Receptor
HepG2 cells were plated at low density (± 20% confluency) in medium, containing 20% foetal calf serum. Cells were
allowed to attach and spread for 24 h. The cells were then transfected with the cDNA encoding wild-type rabbit
pIgR, inserted into a pCB6 expression vector which contained a neomycin resistance marker. The synthetic pyridinium-based amphiphile SAINT-2 (a kind gift from Saint BV, Groningen, The Netherlands) was used as DNA carrier.
Preparation of small unilamellar SAINT-2/dioleylphosphatidyl ethanolamine (DOPE) vesicles and transfection was
performed as described by van der Woude et al. (1997). Cells were selected in culture media, supplemented with 600
µg/ml geneticin (G-418). Successful transfection of HepG2 cells was evidenced by indirect immunofluorescence
microscopy using a monoclonal antibody against pIgR, and by the ability of the cells to internalize Texas red-labeled
IgA (TxR-IgA) in the presence of a 100-fold excess asialofetuin (see Results). The polarity of the transfected cells
was verified by determination of the ratio BC/cells (Zegers and Hoekstra, 1997).
Internalization of Texas Red-Labeled IgA
Cells transfected with the pIgR as described above were washed and asialoglycoprotein receptors were saturated with
excess asialofetuin at 37°C for 30 min to prevent uptake of IgA via these receptors (see Results). Cells were
incubated with TxR-IgA (50 µg/ml) at 4°C for 30 min. Cells were then washed to remove non-bound TxR-IgA and
further incubated at 18°C, 37°C or a combination of both for various time intervals, depending on the experiment.
Microscopical Analysis and Image Processing
Cells were examined microscopically using a conventional Olympus Provis AX70 fluorescence microscope.
Photomicrographs were taken using Illford HP5-plus films and scanned. For confocal laser scanning microscopy a
TCS Leica (Heidelberg/Germany) apparatus equipped with a argon/krypton laser coupled to a Leitz DM IRBinverted microscope was used. All images were converted to tagged-information-file format before printing on a
Fujix P3000 printer.

Results
Apical Membrane derived C6-NBD-GlcCer and C6-NBD-SM are delivered to Sub-Apical
Compartments
In a previous study we demonstrated that C6-NBD-GlcCer and C6-NBD-SM display a
preferential apical and basolateral localization, respectively, in HepG2 cells. This preferential
localization was established during apical to basolateral transcytosis, a novel pathway in hepatic
cells. A tentative role for non-Golgi-related sub-apical compartments in the apical recycling of
C6-NBD-GlcCer was proposed (van IJzendoorn et al., 1997). However, neither the identity of
these compartments nor their functional involvement in the apical to basolateral transcytotic
pathway of either lipid was established. To address these issues, the following experiments were
performed.
Cells were labeled with 4 µM C6-NBD-SM or C6-NBD-GlcCer at 37°C for 30 min. In
this way, more than 70% of the BC, identified by phase contrast microscopy, became labeled, the
lipid analogues thus becoming inserted into the canalicular membrane. In addition, fluorescently
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labeled vesicular structures are observed in the cytoplasm, presumably representing
compartments of the endocytic internalization pathway and transport vesicles still en route to
their target membranes. (Fig. 2a, b; cf. Fig. 2 in van IJzendoorn et al., 1997). To subsequently
monitor the fate of the apical membrane-associated lipid analogues, the basolateral pool was
depleted by incubating the cells in HBSS, supplemented with 5% BSA at 4°C for 2 x 30 min
(back exchange). The cells were then washed, rewarmed to either 18 (see Materials and
Methods) or 37°C, and further incubated in HBSS, supplemented with 5% BSA, for 60 min. At
18°C basolateral delivery of the lipid analogues, relative to that at 37 oC, was inhibited by
approximately 70 %, as calculated from the amount of C6-NBD-SM and C6-NBD-GlcCer that
Figure 2.
BC-derived C6b
a
NBD-GlcCer and
C6-NBD-SM
accumulate
in
sub-apical compartments at 18°C.
Cells were labeled
with 4 µM C6NBD-GlcCer or
C6-NBD-SM at
c
d
37°C for 30 min.
Subsequently, the
fluorescent lipid
pool
in
the
basolateral
PM
was removed by
back exchange (a:
C6-NBD-SM, b:
C6-NBD-GlcCer,
arrows pointing to
the apical BC).
f
e
Alternatively, the
cells were subsequently washed
and further incubated at 18°C
for 60 min. C6NBD-SM (c, d)
and
C6-NBDGlcCer (e, f)
labeled the bile
canalicular pole
(BCP) of the cells, i.e. BC (thin arrows) and vesicular structures located near the BC membranes (arrrowheads). In
cells that did not participate in the formation of BC some accumulation of the fluorescent lipid analogue in
juxtanuclear compartments was often seen (f, wide arrows) (c, e: phase contrast to d, f, respectively). Bar 10 µm.
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could be retrieved in the BSA-containing medium. Fluorescence microscopical analysis revealed
that upon chasing BC-associated lipid analogues at 18°C, a major part of both C6-NBD-GlcCer
and C6-NBD-SM remained localized at the bile canalicular pole (BCP) of the cells, i.e. in BC
and/or sub-apically located vesicular structures (Fig. 2 d, f; thin arrows to BC, arrowheads to
sub-apical compartments, SAC). To reveal a net directional movement of the lipid analogues in
the apical bile canalicular area, BCP labeling was distinguished into labeling of only BC, only
sub-apical compartments (SAC) or labeling of both BC and SAC. (see Materials and Methods
and Figs. 2a (BC), 2f (BC + SAC), 4b (SAC)). Such semi-quantitative analysis of labeling of the
apical region revealed that prior to the chase, more than 90% of the label detected in the BCP
region, was found to be solely associated with BC (Fig. 3A; see also labeling pattern in Fig. 2 a,
b). Thus, the prominent labeling of sub-apical structures, as revealed by accumulation of the lipid
analogues, was not observed before the chase at 18°C was started (also: cf. van IJzendoorn et al.,
1997). Following the 18°C chase, the majority (± 85%) of the C6-NBD-GlcCer or C6-NBD-SM
present in the BCP was associated with both SAC and BC (Fig. 3B; (BC + SAC) + SAC)), while
only approx.15% was due to the exclusive labeling of BC only (Fig. 3B; (BC)). Also note that,
for either lipid analogue, the percentage of labeled BCP did not change during the chase. In
conjunction with the fact that the presence of BSA in the incubation medium prevented potential
re-internalization of the lipid analogues from the basolateral surface and subsequent transport to
the sub-apical compartments, the data thus indicate that the lipid analogues were transported via
a direct, i.e. basolateral membrane-independent route from BC to sub-apical compartments.
Not all cells participate in the formation of BC (Zegers and Hoekstra, 1997). Remarkably,
however, also in cells lacking a distinct apical PM domain a significant part of the intracellular
C6-NBD-GlcCer and C6-NBD-SM fractions accumulated in juxtanuclear compartments after a
60 min incubation at 18°C (Fig. 2 f; wide arrows), but not at 37°C (data not shown).
Finally, it is important to note that in the experiments at both 18 and 37 oC, the only
fluorescent lipid analogue identified in the incubation media and cell fractions was the one that
was exogenously administered, indicating that no metabolism of either lipid had occurred during
the time span of the experiments (data not shown). Taken together, the data clearly demonstrate
that low temperature (18°C) can selectively impede apical to basolateral transcytosis of both C6NBD-GlcCer and C6-NBD-SM. The observed accumulation of the analogues in the same
subcellular compartments (SAC) located adjacent to the BC membrane, indicates that at least
early in the trafficking pathway during apical to basolateral transcytosis, both C6-NBD-GlcCer
and C6-NBD-SM pass through the same compartments, while prior to their arrival in SAC,
significant sorting, preceding their preferential rerouting to apical and basolateral region,
respectively, has not yet occurred. The latter is supported by the striking similarity in semiquantitative distribution of the two analogues (Fig. 3B).
C6-NBD-SM and C6-NBD-GlcCer Flow from Sub-Apical Compartments to Distinct PM
Domains
Since GlcCer and SM display a distinct preferential localization within the cell, we next
examined the possibility as to whether the compartments identified as SAC by accumulation of
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either lipid analogue, were functionally involved in redirecting their trafficking. Hence, to
address the issue of SAC acting as a sorting compartment, the cells were labeled with C6-NBDGlcCer or C6-NBD-SM, similarly as described above. After chasing the lipid analogues into

% of NBD-positive BCP

A

BC

BC + SAC

SAC

% of NBD-positive BCP

B

BC

BC + SAC

SAC

Figure 3. Semi-quantitative
analysis of BCP labeling:
accumulation of C6-NBD-lipid
analogues in SAC. Cells were
labeled and treated as depicted
in figure 1. A) represents the
distribution of NBD lipid in
BC and SAC after step 1 (30
min at 37°C) while the
distribution indicated in B was
obtained after a subsequent
back exchange and chase from
BC at 18°C for 60 min (step 2
and 3, figure 1). In both cases
the
percentage
C6-NBDGlcCer- and C6-NBD-SMlabeled
BCP
was
approximately 85%. Labeling
of BCP was distinguished in
either NBD-positive BC only,
a cellular BCP fraction in
which both BC and SAC were
labeled (BC + SAC), or NBDpositive SAC. Data are
expressed as percentage of the
total number of C6-NBDGlcCer- (white bars) and C6NBD-SM (hatched bars)positive BCP (minimum of 50
per coverslip, mean ± SEM) of
at
least
4
independent
experiments carried out in
duplicate.

SAC at 18 oC, NBD-fluorescence still present in the BC was irreversibly abolished by incubating
the cells with 30 mM sodiumdithionite at 4°C for 10 min (Fig. 4; see Materials and Methods).
After treatment, around 80-90 % of the identified BCP was still fluorescently labeled (Fig. 5A),
but less than 10% of the total fluorescence (C6-NBD-GlcCer or C6-NBD-SM) located in the bile
canalicular area after dithionite quenching, was due to labeling of BC (Fig. 5B and C, 0 min; for
fluorescence images compare Fig. 4b/d vs. Fig. 2b/d). Indeed, dithionite effectively abolishes
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NBD fluorescence appearing at the luminal surface of the bile canalicular space, while it does not
gain access to intracellular sites at the conditions of the treatment (van IJzendoorn et al., 1997).
Consequently, labeling with the lipid analogues was predominantly in SAC alone (Fig 4),
representing more than 80% of the NBD-positive BCP fraction (Fig 5B and C, (SAC)).
The virtually exclusive labeling of SAC in the BCP region, as accomplished by this
treatment thus allowed us, after extensive washing of the cells to remove the dithionite, to
investigate the subsequent fate of C6-NBD-GlcCer and C6-NBD-SM associated with the SAC.
To this end, transport was re-activated by rewarming and further incubating the cells in HBSS at

a

b

c

d

Figure 4. Sodiumdithionite reduces BC-associated fluorescence without getting access to SAC. Cells were labeled
with 4 µM C6-NBD-GlcCer or C6-NBD-SM at 37°C for 30 min. The fluorescent lipid analogues present in the
basolateral PM were then depleted by incubating the cells 2 x 30 min in HBBS, supplemented with 5% BSA at 4°C.
Cells were subsequently washed with PBS, rewarmed and incubated at 18° in HBSS + BSA for 1 h. When the cells
were subsequently treated with 30 mM sodiumdithionite in HBSS (diluted from a 1 M stock solution in 1M Tris/HCl,
pH 10) at 4°C for 7 min, C6-NBD-GlcCer (b; a, phase contrast to b) and C6-NBD-SM (d; c, phase contrast to d) were
absent from BC, while leaving the fluorescence in sub-apical structures unaltered (arrows). Bar 10 µm.

37°C for various time intervals. BSA was included in the medium to prevent re-internalization of
the lipid analogues from the basolateral PM and subsequent basolateral to apical transcytosis.
Over a time span of 30 min, the percentage of BCP labeled with C6-NBD-GlcCer remained fairly
constant at approximately 90%, whereas the percentage of C6-NBD-SM-labeled BCP decreased
to ± 55% after 30 min (Fig. 5A). Thus, after re-activation of transport, C6-NBD-SM, in contrast
to C6-NBD-GlcCer, disappeared from the apical membrane region. Indeed, while after a time
interval of 30 min the localization of the remaining fraction of C6-NBD-GlcCer in the BCP
compartments was about equally distributed between BC and SAC (Fig. 5B), less than 25 % of
the remaining fraction of the C6-NBD-SM fluorescence at the BCP was associated with BC.
Rather, nearly 80% was found to be associated with SAC over the entire 30 min time interval
(Fig. 5C). From these data we conclude that after re-activation of transport of the lipid analogues
from the SAC, C6-NBD-SM trafficking prefers a sub-apical to basolateral direction, while C6NBD-GlcCer recycles from the SAC to BC thus remaining in the apical region of the cell.
Hence, the results suggest that in the sub-apical vesicular structures C6-NBD-GlcCer and C6NBD-SM are sorted and flow preferentially to the apical and basolateral membrane domains,
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respectively.

Figure 5. Semi-quantitative kinetic analysis of
C6-NBD-GlcCer and C6-NBD-SM, exiting
from SAC. First, the lipid analogues were
accumulated in SAC. To this end, cells were
labeled with 4 µM C6-NBD-GlcCer or C6NBD-SM at 37°C for 30 min. Following
depletion of the fluorescent lipids from the
basolateral PM by back exchange, the cells
were subsequently incubated in HBSS+BSA
at 18°C for 60 min. To eliminate BCassociated NBD fluorescence, cells were then
treated with 30 mM sodiumdithionite at 4°C
for 7 min. After removal of the sodiumdithionite by extensive washing, the
temperature was shifted to 37°C to reactivate
transport from SAC. In A, the percentage of
BCP labeled with either lipid analogue after a
0 (i.e. prior to the chase), 10, 20 and 30 min
chase is presented. In B, the distribution of the
BCP-associated C6-NBD-GlcCer is shown,
and in C that of C6-NBD-SM fluorescence, as
determined after the indicated incubation time
at 37°C. In A, data are expressed as
percentage of total (i.e., NBD-positive +
NBD-negative) BCP (mean ± SEM) of at
least 4 independent experiments carried out in
duplicate. In B and C, data are expressed as
percentage of total NBD-positive BCP (mean
± SEM) of at least 4 independent experiments,
carried out in duplicate.
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Sorting of glycosphingolipid in SAC is highly specific
To further determine the specificity of the sorting event in the SAC, the trafficking of C6-NBDGalCer was examined. Whereas C6-NBD-GlcCer and C6-NBD-SM have entirely different head
groups (glucose vs. phosphocholine, respectively), C6-NBD-GlcCer and C6-NBD-GalCer are
epimers, i.e. they differ in the spatial orientation of only one hydroxyl moiety in the carbohydrate
head group. To label the bile canalicular membrane, the cells were labeled with C6-NBD-GalCer
at 37°C for 30 min and back exchanged (according to step 1 and 2 of Fig. 1). C6-NBD-GalCer
was found to be transcytosed to the BC with similar kinetics as those of the short chain analogues
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Figure 6. Semi-quantitative kinetic analysis of C6-NBD-GalCer, exiting from SAC. The analogue was accumulated
in Sac as follows. Cells were labeled with 4 µM C6-NBD-GalCer at 37°C for 30 min to label BC. Following
depletion of fluorescent lipids from the basolateral PM, the cells were subsequently incubated in HBSS+BSA at 18°C
for 60 min. Cells were then treated with 30 mM sodiumdithionite at 4°C for 7 min to eliminate BC-associated
fluorescence. After removal of the sodiumdithionite by extensive washing, the temperature was shifted to 37°C to
reactivate transport from SAC. In A, the percentage of BCP labeled with C6-NBD-GalCer after a 0, 10, 20 and 30
min chase is presented. In B, the distribution of the BCP-associated C6-NBD-GalCer is shown. In A and B, data are
expressed as percentage of total (i.e., NBD-positive + NBD-negative) BCP (mean ± SEM) and of total NBD-positive
BCP of at least 4 independent experiments carried out in duplicate, respectively.

of GlcCer and SM (not shown), implying bulk membrane transport. BC-associated C6-NBDGalCer (± 85% of the NBD-positive BCP was due to labeling of only BC, see Fig. 6B) was
subsequently chased at 18°C for 60 min in BSA-containing HBSS (Fig. 1, step 3). Similar to C6NBD-GlcCer and -SM, C6-NBD-GalCer was found to accumulate in SAC (not shown). Cells
were then subjected to step 4 and 5 of the incubation scheme (Fig. 1) to examine the exiting of
the lipid analogue from the sub-apical compartments. Over a time interval of 30 min the
percentage of C6-NBD-GalCer-labeled BCP decreased from 85% to 65% (Fig. 6A). Compared to
the trafficking of C6-NBD-GlcCer and C6-NBD-SM (cf. Fig. 5), C6-NBD-GalCer thus appeared
to disappear from the BCP, similarly as observed in the case of C6-NBD-SM. Consistently, as
reported previously for the latter analogue, GalCer also preferentially locates to the basolateral
membrane, as revealed by fluorescence microscopy (not shown; cf. Fig. 3 van IJzendoorn et al.,
1997). Examination of the distribution of the remaining fraction of C6-NBD-GalCer in the apical
area revealed, that the vast majority (60-70 %) of this fraction resided exclusively in sub-apical
compartments (Fig. 6B), indicative of a lack of a substantial movement of C6-NBD-GalCer
toward BC, similarly as observed for the SM-analogue, and emphasizing that like C6-NBD-SM,
the glycolipid, after exiting SAC, disappeared from the apical region of the cell. Hence, the data
indicate that C6-NBD-GalCer, like C6-NBD-SM, is preferentially targeted from the SAC to the
basolateral PM domain and, thus, appears to be sorted in this compartment from C6-NBDGlcCer.
Sorting at the luminal leaflet of SAC; Transcytotic Trafficking of C6-NBD-SM and C6NBD-GlcCer Occurs by Vesicular Means
In order to further define the exclusiveness and specificity of SAC in lipid sorting in the reverse
transcytotic pathway in HepG2 cells, it is important to establish the mechanism of trafficking of
both sphingolipids in HepG2 cells. This mechanism could involve monomeric flow or vesiclemediated transport or both. Monomeric flow could entail flip-flop mechanisms across basolateral
and apical membranes, mediated by the translocating activities (in outward direction) of MRP1
and MDR1, respectively (van Helvoort et al., 1996; Roelofsen et al., 1997). The evidence
indicates that the lipid pool, derived from the apical membrane and arriving in SAC is derived
from the exoplasmic leaflet of the apical membrane. Thus, treatment of the cells prior to the
incubation with the lipid analogues (Fig. 1 step 1) with the MDR1 inhibitor PSC 833, under
conditions that completely blocked the expulsion of the MDR substrate Rhodamine 123, did not

Sphingolipid sorting in the SAC

48

affect delivery of either lipid analogue to the lumenal leaflet of BC as judged by the ability of
sodiumdithionite to reduce the entire pool of BC-associated NBD-fluorescence (Fig. 7A; cf. van
IJzendoorn et al., 1997). This implies that the analogues reached the apical membrane by
vesicular transport, the NBD-tagged lipids residing in the inner leaflet of the vesicular
membrane. Note that NBD-fluorescence, had it been located in the cytoplasmic leaflet of the BC
membranes, in contrast to that with a lumenal orientation, would not be accessible to quenching
by sodiumdithionite under the experimental conditions (see Materials and Methods; cf. Fig. 4)).
Therefore, the presence of any NBD-fluorescence in the cytoplasmic BC leaflet due to impaired
translocator activity would have prompted us to classify such BC as NBD-positive. Identical
results were obtained when the cells had been preincubated with MK 571 (cf. Fig. 7A), a specific
inhibitor of the function of basolaterally located MRP1, which has been shown to partly overlap
with the exclusively at the BC membrane localized MDR1 (Roelofsen et al., 1997). Thus neither
MDR1 nor MRP1 were involved in the delivery of C6-NBD-GlcCer and C6-NBD-SM to the
lumenal leaflet of BC.
It is then reasonable to assume that subsequent transport from apical membrane to SAC is
vesicle-mediated, delivering the exoplasmic lipids to the inner leaflet of the SAC. Indeed, given
the capacity of the analogues to readily engage in monomeric transfer and yet, their specific
retainment in SAC at 18 oC, the data are entirely consistent with a localization that is restricted to
the inner leaflet of SAC membranes. Subsequent transport after sorting in this compartment most
likely occurred by a vesicle-mediated mechanism. This was inferred from the following
experiments. Monomeric trafficking from SAC would have resulted in a preferential delivery of

% back exchangeable C6-NBD-lipid

% NBD-pos. BC

A

SM

GlcCer
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Fig. 7. Multidrug resistance proteins, MDR1
and MRP1, do not affect C6-NBD-lipid arrival
at the PM domains. In A, cells were
preincubated with PSC 833 (5 µg/ml) at 37°C
for 30 min prior to step 1 (see Fig. 1). In the
presence of the drug, the cells were then labeled
with lipid analogues at 37°C for 30 min. The
cells were subsequently subjected to a back
exchange (step 2 of Fig. 1) and the percentage
of NBD-positive BC was determined (white
bars). Alternatively, cells were subsequently
treated with 30 mM dithionite and the
percentage of NBD-positive BC was
determined (Hatched bars). In B, cells were
incubated with either lipid analogue at 37°C for
30 min and back exchanged at 4°C for 2 x 30
min. Then, cells were rewarmed to 37°C and
incubated for 1 h in back exchange medium.
Lipids were extracted from the back exchange
media and cell fractions to determine the
percentage back exchangeable C6-NBD-lipid.
Data are expressed as mean ± SEM of at least
two independent experiments.
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C6-NBD-GlcCer to the cytoplasmic leaflet of the apical membrane and of C6-NBD-SM to the
corresponding leaflet of the basolateral membrane. The subsequent appearance at the exoplasmic
leaflet would then require translocation via MDR1 and MRP1, respectively. In order to
investigate whether any fraction of the lipid analogues that had left the apical membrane could
reach the inner leaflet of the the basolateral PM, and thus become susceptible to translocation by
MRP1, cells were first incubated according to step 1 and 2 (see Fig. 1). MK 571 was added
during step 2. The cells were then rewarmed to 37°C and further incubated in HBSS,
supplemented with BSA and MK 571 for 1 h. As shown in figure 7B, the fraction of lipid
analogues that could be back exchanged from the basolateral surface was similar to that of nontreated cells. Subsequently, we examined transport of SAC-accumulated lipids. Thus, the cells
were treated subsequent to step 4, i.e. before chasing the lipid analogues from the SAC, with
either PSC 833 or MK 571. However, in neither case did the treatment affect the preferential
trafficking of C6-NBD-GlcCer and C6-NBD-SM to the apical or basolateral PM domain,
respectively (cf. Fig. 5). Taken together, the results indicate that C6-NBD-SM and C6-NBDGlcCer were not used as a substrate for the multidrug resistance proteins at either PM domain
and therefore must have been residing in the lumenal leaflet of vesicular compartments during all
transport steps. Hence, the observed sorting of C6-NBD-SM and C6-NBD-GlcCer must have
been restricted to the lumenal leaflet of the sub-apical compartments.
Transcytosing pIgR-IgA Colocalizes with Apically Derived C6-NBD-Sphingolipids in the
Sub-Apical Compartments
In MDCK cells, sub-apical compartments [also referred to as apical recycling compartments
(ARC)] have been described that are part of the transcytotic pathway, as revealed by the
trafficking of the pIgR-IgA receptor/ligand complex, an established transcytotic marker
(Apodaca et al., 1994; Barosso and Sztul, 1994). In order to further define the identity of the
SAC through which both C6-NBD-SM and C6-NBD-GlcCer pass, the intracellular trafficking of
fluorescently labeled IgA in HepG2 was examined, and related to that of the lipid analogues.
HepG2 cells do not endogenously express the pIgR. Consistently, we were unable to detect pIgR
by indirect immunofluorescence using an anti-pIgR monoclonal antibody (not shown). However,
some internalization of Texas red-labeled IgA (TxR-IgA) was observed. Yet, this uptake could
be completely abolished by adding excess asialofetuin (not shown), indicating that in HepG2
cells IgA can presumably also become internalized by the asialoglycoprotein receptor, consistent
with previous observations (Tomana et al., 1988). We therefore stably transfected HepG2 cells
with the pIgR (see Materials and Methods), which at steady state was distributed throughout the
cytoplasm with a preference for the apical region of the cell, and monitored the internalization of
IgA in the presence of excess asialofetuin. When cells were incubated with 50 µg/ml TxR-IgA at
4°C for 30 min, washed and incubated at 37°C for short time intervals only (20 min or less), a
substantial fraction of the intracellular fluorescence could already be detected in SAC (Fig. 8a).
Prolonged incubations at 37°C (Fig. 8b), but not 18°C (Fig. 8c), resulted in a pronounced
labeling of BC, indicating that pIgR-IgA traveled through SAC before being delivered to BC.
Moreover, the delivery of sub-apically located pIgR-IgA to BC was impaired at 18°C. To
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determine whether the TxR-IgA-labeled sub-apical compartments were the same as those in
which apically derived lipid analogues were found to accumulate, i.e., SAC (see Fig. 2d, f), cells
were incubated with TxR-IgA at 4°C for 30 min, washed and incubated with C6-NBD-SM at
37°C, allowing both compounds to enter the cells. After a back exchange of the fluorescent lipid
pool associated with the basolateral PM (see Fig. 1, step 2), C6-NBD-SM was found to label
intracellular vesicular structures and BC (cf. Fig. 2 a, b; van IJzendoorn et al., 1997). Note that
pretreatment with excess asialofetuin did not affect uptake and intracellular localization of the
lipid analogue (not shown). In the same cells, TxR-IgA was detected in both BC and vesicular
structures located near the BC (Fig. 8a). The cells, thus containing intracellular pools of IgA and
sphingolipid, were subsequently incubated at 18°C for 1 h to allow apically derived lipid
analogues to accumulate in SAC as described above. Interestingly, as evidenced by confocal
laser scanning microscopy, TxR-IgA distribution displayed a substantial overlap with C6-NBDSM in the SAC (Fig. 8d-g, arrows). Similar results were obtained with C6-NBD-GlcCer and C6NBD-GalCer (not shown). Note that the data in figure 8 demonstrate a colocalization of lipid and
IgA, particularly in the prominently present SAC compartments. Some differences in localization
of lipid analogue and IgA can be readily explained by the notion that the lipid is transported from
BC to SAC, whereas IgA enters SAC, arriving from the basolateral membrane. Also, the fate of
the subsequent flow differs, SM travelling to the basolateral membrane, whereas IgA travels to
the apical membrane (see also Discussion). In conclusion, the results indicate that the sorting
compartment for simple monohexoylsphingolipids in the reverse transcytotic pathway in HepG2
cells, SAC, displays the same identity as pIgR/IgA accumulating compartments identified in
MDCK as ARC.
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Fig. 8. Transcytosing IgA and NBD-labeled sphingolipids colocalize in SAC in HepG2 cells. Asialofetuin-pretreated
cells were labeled with 50 µg/ml TxR-IgA at 4°C for 30 min, washed and incubated at 37°C for 20 min in HBSS (a).
The cells were further incubated at 37°C for another 30 min (b) or, alternatively, cooled to 18°C and further
incubated at this temperature for 60 min (c). In d-g, confocal images of the BC area, labeled with C6-NBD-lipid (d, f)
or TxR-IgA (e, g) are shown (f and g: x-z sections of d and e, respectively). Note the similarity in the shape of the
fluorescence pattern obtained for accumulating protein and lipid, adjacent to the BC (arrows). bar 5 µm.

Transport of Apically Derived C6-NBD-GlcCer and -SM to Sub-Apical Compartments But
Not Apical Endocytosis of C6-NBD-GlcCer and -SM is Affected by Nocodazole
The afore mentioned results indicate that the mechanism of sphingolipid trafficking between
apical membrane and SAC, is accomplished by vesicular transport. Many vesicular transport
events appear to require an intact microtubule network. To investigate the involvement of
microtubules in transport between the apical PM and the sub-apical compartments, cells were
incubated with C6-NBD-SM or -GlcCer at 37°C for 30 min after which the pool of fluorescent
lipid analogues in the basolateral PM was depleted with BSA (Fig. 1, step 1 and 2). During this
back exchange procedure 33 µM nocodazole was included, a concentration sufficient to disrupt
microtubules as revealed by immunofluorescence using a monoclonal antibody directed against
ß-tubulin (not shown). After extensive washing, the cells were incubated at 18°C and BCassociated lipid analogues were chased in back exchange medium (HBSS + 5% BSA),
supplemented with nocodazole for 1 h. Internalization of either lipid analogue from the apical
PM was not inhibited by nocodazole, as judged by the similarities in the decrease of the
percentage of NBD-labeled BC, when compared to non-treated cells (Tab. 1). However, whereas
in non-treated cells intensely labeled SAC were observed after a one hour chase at 18°C (Fig. 2d,
f), in nocodazole-treated cells the labeling of SAC was conspicuously absent. Rather, numerous
small vesicular structures, labeled with either C6-NBD-SM or -GlcCer, were seen, distributed
throughout the cytoplasm (Fig. 9a-d). The effect of nocodazole was reversible, and C6-NBDGlcCer- and -SM-labeled SAC appeared following a prolonged incubation in nocodazole-free
medium (Fig. 9c, f, arrows). Concomitantly, immunofluorescence experiments to visualize ßtubulin (as described above) revealed that intact microtubules reappeared during this prolonged
incubation (not shown).

Table 1. Effect of nocodazole on the dissapearance of C6-NBD-SM and C6-NBD-GlcCer from BC.

Percentage NBD-labeled BC
GlcCer
SM
Before chase
After chase
Control
+ nocodazole

100

100

61 ± 5
58 ± 2

59 ± 4
57 ± 3
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Cells were incubated with C6-NBD-GlcCer or -SM at 37°C for 30 min. The fluorescent pool of C6-NBD-lipids in the
basolateral PM was then back exchanged in the absence or presence of nocodazole. Cells were then rewarmed to and
further incubated in back exchange medium with or without nocodazole at 18°C for 1 h. The percentage of NBDpositive BC (i.e. BC alone and BC+SAC) was determined as described in Materials and Methods. The percentage of
NBD-positive BC prior to the chase was set at 100%. Data are expressed as mean ± SEM of at least two independent
experiments.
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washed and photographed. Note the absence of accumulation of C6-NBD-SM (b; a, phase contrast to b) and C6NBD-GlcCer (e; d, phase contrast to e) in the sub-apical area (for control, see figure 2). Sub-apical labeling
reappeared after a prolonged incubation in back exchange medium at 37°C for 60 min, in the absence of nocodazole
(arrows; c, C6-NBD-SM; f, C6-NBD-GlcCer). Bar 10 µm.

Previously, it was demonstrated that the organization of the sub-apical compartments (ARC) as
described in MDCK cells requires an intact microtubule network. Thus, whereas the sub-apical
compartments in control cells were concentrated in a centralized spot, they were found to be
dispersed throughout the apical cytoplasm in the nocodazole-treated cells (Apodaca et al., 1994).
To investigate whether the organization of the SAC, as shown in figures 2 (d and f) and 4, was
also dependent on intact microtubules, SAC were first pre-loaded with either lipid analogue by
chasing BC-associated lipid at 18°C for 1 h as described above. Following quenching of label in
BC with dithionite (step 4 of figure 1), the cells were incubated in nocodazole-containing HBSS
at 4°C or 18°C for 1 h. Although the microtubule organization was effectively disrupted at either
condition (see above), nocodazole did not change the appearance of labeled SAC, implying that
their appearance was indistinguishable from that in non-treated cells (Fig. 10a, b). However,
under identical experimental conditions, nocodazole was found to be effective in disrupting C6NBD-Cer-preloaded Golgi apparatus (Fig. 10c, d; Turner and Tartakoff, 1989). The results thus
indicate that rather than (early) apical endocytosis or the organization of the SAC, (a) distinct
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transport step(s) after endocytic internalization, but preceding the delivery to SAC, is dependent
on intact microtubules.
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bc
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Fig. 10. Nocodazole does not affect the spatial
organization of SAC but perturbs the organization of
the Golgi apparatus. In panel a and b, cells were labeled
with C6-NBD-GlcCer according to steps 1 to 4 of figure
1, to label SAC. In panel b, cells were subsequently
incubated with 33 µM nocodazole at 4°C for 60 min.
Note that nocodazole does not affect the appearance of
the NBD-lipid-labeled SAC. This was also the case
when the nocodazole-treatment was done at elevated
temperatures (van IJzendoorn and Hoekstra,
unpublished observations). In panel c and d, cells were
labeled with 4 µM C6-NBD-Cer at 4°C for 30 min,
washed and incubated in back exchange medium at
room temperature for 20 min. A typical Golgi
apparatus labeling pattern was obtained (c). In parallel,
such Golgi-labeled cells were subsequently treated with
33 µM nocodazole at 4°C for 60 min (d). Note the
clearly different fluorescence pattern in the nocodazoletreated cells. bar 5 µm.

Discussion
In polarized HepG2 cells, the sphingolipid analogues C6-NBD-GlcCer and C6-NBD-SM display
a preferential plasma membrane localization, the GlcCer derivative accumulating primarily at the
apical membrane, while the SM derivative prefers the basolateral membrane (van IJzendoorn et
al., 1997). The mechanism underlying this preferential distribution involves their internalization
from the apical, bile canalicular (BC) surface. For the trafficking of GlcCer, a tentative role for a
non-Golgi related compartment was proposed. In the present study, we have established the
identity of these compartments and their functional involvement in determining the distinct fate
of several sphingolipids in the apical to basolateral pathway. Furthermore, the data demonstrate
that the processing of C6-NBD-GlcCer and C6-NBD-SM in HepG2 cells is accomplished by
vesicular transport and that the preferential localization in either plasma membrane domain is not
mediated by interference of multidrug resistance proteins, which have been reported to display
the ability to translocate lipid analogues from inner to outer leaflet across plasma membranes
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(van Helvoort et al., 1997). Rather, after having reached the apical membrane by transcytosis,
following initial insertion in the basolateral membrane, the lipid analogues were transported from
the BC toward sub-apical compartments (SAC), where they accumulate at low (18 oC)
temperature, reflecting a temperature-sensitive step in the exit of the lipids from this
compartment. In figure 11, a model depicting the central involvement of SAC in apical to
basolateral transcytosis of sphingolipids in HepG2 cells is presented. In this figure, transport of
the sphingolipids from BC to SAC is represented by step 1 and 2. Transport to the SAC is
microtubule-dependent (Fig. 11, step 2) and represents a direct pathway, i.e. it does not involve
trafficking via the basolateral PM, as the presence of BSA in the incubation medium precludes
any re-uptake and subsequent trafficking of the lipids back to the apical pole. The results indicate
that SAC constitute an intrinsic part of the apical to basolateral transcytotic pathway via which
(glyco)sphingolipids traverse the cells, bearing reminiscence of a sub-apical compartment,
previously identified as apical recycling compartment (ARC) in polarized protein transport in
MDCK cells (Apodaca et al., 1994; Barosso and Sztul, 1994). However, an important distinction
between both compartments is that the structural organization of ARC depends on an intact
microtubule system, in marked contrast to SAC, the integrity of which does not depend on
microtubules. In this Golgi-unrelated compartment, lipid sorting occurs, implying that GlcCer is
recycled to the apical membrane, whereas NBD-derivatives from SM and GalCer are processed
by vesicular transport to the basolateral membrane (Fig. 11, step 3). Hence, SAC appear to play a
prominent role in maintaining lipid polarity in polarized hepatic cells.
Characteristics of the Sub-Apical Compartments
The identity of SAC as a compartment specifically associated with the transcytotic pathway in
HepG2 cells, is supported by the observation that the transcytotic marker IgA/pIgR traverses this
compartment in a temperature-dependent manner. In polarized MDCK cells, its validity as a
transcytotic marker has been demonstrated, and low temperature inhibits transcytosis of receptorbound IgA by an impaired exit of this receptor-ligand complex from structures located near the
apical PM, i.e. apical recycling compartments. Indeed, inhibitory effects of low temperature on
transcytotic transport of proteins in polarized cells, without affecting endocytosis, have been
shown before (Apodaca et al., 1994; Barosso and Sztul, 1994; Breitfeld et al., 1989; Hunziker
and Mellman, 1989; Maratos-Flier, 1987). Moreover, IgA- and transcytosing pIgR-containing
vesicular structures located subjacent the apical PM have been described in rat hepatic cells
(Geuze et al., 1994; Hoppe et al., 1985; Barr and Hubbard, 1993; Hemery et al., 1996) and in
polarized WIF-B cells (Ihrke et al., 1998). HepG2 cells are of human origin and do not express
the pIgR. Expression was accomplished however by transfection and transfected HepG2 cells
were found to internalize TxR-IgA, which was rapidly transported to the apical pole (Fig. 8a),
consistent with the anticipated fate of a transcytotic marker. Interestingly, whereas intense
labeling of BC was observed after longer incubations at 37°C (Fig. 8b), TxR-IgA was not fully
transcytosed to the apical surface at 18°C but accumulated in SAC instead. Since TxR-IgA was
observed in SAC before it appeared in the BC, the data suggest that SAC-associated TxR-IgA
originated directly from the basolateral area rather than from the apical PM from which IgA (at
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least in rat hepatocytes) can be internalized (Jones et al., 1984). This conclusion is entirely
compatible with the fate of pIgR in hepatic WIF-B cells (Ihrke et al., 1998). Importantly, apical
derived C6-NBD-lipids were found to colocalize with transcytosing TxR-IgA in the SAC (Fig. 8d
vs. e and 8f vs. g). Remarkably, in contrast to apical derived C6-NBD-lipids, which were found
to colocalize with transcytosing TxR-IgA in SAC (Fig. 8d-g), basolateral derived lipid was far
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Figure 11. The role of SAC in the
trafficking/sorting of sphingolipids in the
apical to basolateral transcytotic pathway in
HepG2 cells. C6-NBD-sphingolipids are
endocytosed from the apical, bile canalicular
plasma membrane (step 1) and transported
to SAC via a route of which at least part is
microtubule-dependent (step 2). Exit from
the SAC (step 3) appears to be temperature
dependent as it can be blocked at 18°C.
Note that the spatial organization of SAC
does not require an intact microtubule
network (see text). In the SAC, presumably
within its lumenal leaflet, the sphingolipids
are sorted, followed by vesicular transport of
C6-NBD-GlcCer, preferentially to the apical
plasma membrane domain, and of C6-NBDSM and C6-NBD-GalCer, preferentially to
the basolateral plasma membrane domain
(step 3). SAC: sub-apical compartments;
BC: bile canalicular plasma membrane, N:
nucleus; G: Golgi apparatus; TJ: tight
junctional complex.

less prominently trapped in SAC at 18°C. As demonstrated before, basolateral to apical
trafficking of the sphingolipids proceeds by bulk flow, whereas segregation is seen in the apical
to basolateral pathway (van IJzendoorn et al., 1997). The appreciation of the involvement of
SAC in apical directed bulk flow trafficking of the lipid analogues remains to be determined
therefore. The data emphasize however the involvement of SAC as a sorting compartment in the
segregation of the lipids, as occurs in the reverse pathway. Thus, the striking similarity with
respect to the intracellular (sub-apical) localization and the temperature-dependent characteristics
concerning the trafficking of IgA via these compartments supports the view, that the lipid-labeled
SAC in HepG2 cells and the ARC in MDCK cells are analogous. Ihrke et al. (1998) proposed
that SAC in hepatic WIF-B cells are mainly a one-way sorting station in the basolateral to apical
pathway, as they were unable to detect recycling resident apical proteins in similar sub-apical
compartments by biochemical means (Barr and Hubbard, 1993; Barr et al., 1995). However, our
experiments, in which we are able to directly monitor the endocytic flow of apical membrane in
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living cells, indicate that the transcytotic trafficking pathways between apical and basolateral
membranes and vice versa do appear to merge in SAC. The relationship between lipid and
protein traffic via these compartments is clearly an important issue that needs to be addressed in
future studies.
Golgi markers are excluded from the apical recycling compartments in MDCK cells, and
an (apical) endosomal nature of the compartment was proposed (Apodaca et al., 1994). Two
pieces of evidence indicate that also in HepG2 cells SAC appear to be unrelated to the Golgi
apparatus. First, while monensin inhibits sphingolipid transport from the Golgi-apparatus to BC
in HepG2 cells (van IJzendoorn et al., 1997) as well as to the PM in non-polarized cells (Lipsky
and Pagano, 1985; Kok et al., 1992), apical to basolateral transcytosis of C6-NBD-GlcCer and
C6-NBD-SM in HepG2 cells is unaffected by this treatment. Secondly, treatment of the cells with
nocodazole, a microtubule-disrupting compound, clearly affected the morphology of the Golgi
apparatus, but had no visible effect on the morphology of SAC preloaded with fluorescent lipid
analogue (Fig. 10). Intriguingly however, this very feature distinguishes SAC from ARC in
MDCK cells in that the integrity of the latter entirely depends on an intact microtubular
organization (Apodaca et al., 1994).
Interestingly, nocodazole inhibited transport of lipid analogues from BC to SAC (Fig. 9),
but not apical endocytosis (Table 1; Fig. 11, step 1 and 2). Transport of proteins and lipids from
the PM to early ‘sorting’ endosomes is typically microtubule-independent (Hunziker et al., 1990;
Kok et al., 1992; Matter et al., 1990). By contrast, transport of proteins and lipids from such early
‘sorting’ endosomes to a functionally and morphologically distinct set of endosomal
compartments located in the perinuclear region (Gruenberg and Maxfield, 1995) requires an
intact microtubule network (Hunziker at al., 1990; Kok et al., 1992; Gruenberg et al., 1989).
Moreover, the apical recycling compartment appears to share a striking homology with the
perinuclear recycling endosome, described in non-polarized cells (Zacchi et al., 1998). These
features also seem to hold for the present system, when comparing the localization of lipid
analogues and pIgR in polarized and non-polarized HepG2 cells (Fig. 2, see below). Hence, in
conjunction with its localization in the juxtanuclear/ Golgi area facing the apical PM (Gruenberg
and Maxfield, 1995), SAC thus bear reminiscence to a recycling endosomal compartment rather
than to an early sorting endosome, correlating with the pericentriolar localization of recycling
endosomes in other polarized cells (Hughson and Hopkins, 1990). Obviously, a detailed
characterization of the localization of specific markers (e.g. mannose-6-phosphate receptor;
different rab proteins etc.) will be required to obtain further insight into the exact nature of this
compartment. However, given that apical membrane derived lipid analogs and basolateral
membrane derived IgA are both delivered to SAC (Fig. 8), it would thus appear that the
compartment acts as a 'traffic center' in (reverse) transcytotic trafficking in polarized cells. Fully
compatible with this conclusion is a previous hypothesis that pathways originating from the
apical and basolateral pathways merge at a perinuclear endosomal compartment that is distinct
from early (‘sorting’) endosomes in polarized cells (Parton et al., 1989; Hughes and Hopkins,
1990).
Intriguingly, accumulation of the lipid analogues and IgA was also observed in non
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-polarized HepG2 cells, i.e. cells that had not formed an apical, biliary PM domain. This
accumulation was typically in the juxtanuclear area of the cells (Fig. 2, wide arrows), and was
abolished in nocodazole-pretreated cells (Fig. 9), similarly as observed for sphingolipid transport
from early to perinuclear endosomes in non-polarized BHK cells (Kok et al., 1992). These
observations underscore that SAC is not a unique compartment, but rather that its specific
functional features, including sorting in (reverse) transcytosis, are becoming apparent only in
polarized cells. Indeed, after submission of this manuscript, Zacchi et al. (1998) reported that
rab17, a small GTPase that has been shown to be induced upon cell polarization (Lütcke et al.,
1993), associates with both the ARC in polarized cells and the perinuclear recycling endosome
when expressed in non-polarized cells.
Sorting of Sphingolipids in Sub-Apical Compartments
After treatment with sodiumdithionite, NBD fluorescence in BC, but not in SAC, was nearly
completely eliminated (fig. 4 and 5B and C, 0 min; c.f. van IJzendoorn et al., 1997). This
approach thus allows to monitor subsequently the fate of the lipid analogs that have accumulated
into SAC (at 18°C). Indeed, after a 30 min chase at 37°C, the extent of BCP labeling with C6NBD-SM or C6-NBD-GalCer had decreased by more than 30% and 20%, respectively,
compared to that with C6-NBD-GlcCer (Fig. 5A and 6A). This indicated that C6-NBD-SM and
C6-NBD-GalCer, relatively to C6-NBD-GlcCer, were transported out of the bile canalicular
region (Fig. 5A and 6A). Indeed, whereas the fractions of both SM and GalCer that remained in
the BCP area were primarily restricted to SAC, that of GlcCer showed a different fate. Not only
did the latter lipid show a strong preference for a localization in the apical region of the cell, as
reflected by the fact that approximately 90% of the BCP remained labeled with this lipid during a
chase of at least 30 min, there was also an apparent trend of its time-dependent translocation
from SAC to the bile canaliculus (BC). Evidently, these kinetic changes in pool size and BCP
localization (SAC versus BC) are entirely consistent with the preferential localization of GlcCer
in the apical and that of SM in the basolateral region of the cell (van IJzendoorn et al., 1997).
Here, we show that GalCer also shows a distinct preference for a basolateral localization,
although less pronounced than SM. The results indicate that SAC determine the subsequent fate
of the lipid analogues, involving their flow from the sub-apical compartments to preferential PM
domains, and implying that sorting occurs in these compartments.
Presumably, segregation of the sphingolipids takes place within the lumenal leaflet of the
SAC, since inhibitors of MDR1/P-glycoprotein and MRP1, previously shown to be able to
translocate C6-NBD-lipids over the PM (van Helvoort et al., 1996), did not affect the outcome of
the experiments (Fig. 7). Hence, monomeric trafficking to the inner leaflet of either plasma
membrane, followed by outward translocation by either MDR1 or MRP1, can be excluded. Thus,
a highly specific sorting event, given the remarkable distinction that becomes apparent in the
sorting of GlcCer and its epimer, GalCer, and vesicular packaging underly the overall processing
of the lipid analogs by SAC. In this context it is interesting to mention that the calmodulin
antagonist W7 appears to have distinct effects on the trafficking of C6-NBD-GlcCer and C6-
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NBD-SM from the sub-apical compartments, thus supporting the proposed model in which
GlcCer and SM are segregated into distinct pools within the SAC membranes, which can be
separately recognized by mechanisms that regulate trafficking (S.C.D. van IJzendoorn and D.
Hoekstra, unpublished results).
In the biosynthetic pathway, apical sorting in polarized cells has mainly focussed on a
mechanism involving targeting of glycosphingolipids-enriched clusters or rafts, originating from
the trans-Golgi network (Simons and Ikonen, 1997; Weimbs et al., 1997). In addition,
glycosphingolipid-enriched rafts were also postulated to be involved in endocytotic and
transcytotic transport routes, mediated by caveolae. In the present study, we present for the first
time evidence that clearly indicates a role for a non-Golgi-related intracellular compartment in
the sorting and, consequently, polarized distribution of sphingolipids. However, the ubiquity of
this phenomenon remains to be determined, the site and extent of sorting being dependent on cell
type and nature of transport route (biosynthetic pathway, basolateral to apical membrane flow,
i.e., transcytosis, or the reverse pathway). For example, sphingolipid sorting in the transcytotic
pathway could not be demonstrated in MDCK cells (van Genderen and van Meer, 1995).
Possibly, sorting of sphingolipids in this pathway is restricted to hepatic cells, which are thought
to rely heavily on transcytosis for the correct targeting and delivery of apical proteins (Bartles et
al., 1987; Schell et al., 1992). It is yet of interest however, that in MDCK cells, C6-NBD-GlcCer
and C6-NBD-SM, endocytosed from either PM domain reach the apical recycling compartments,
where they colocalize with the IgA/pIgR complex, prior to delivery to the opposite surface (van
IJzendoorn, S.C.D., Mostov, K.E. and Hoekstra, D., manuscript in preparation). In MDCK cells,
sorting of newly synthesized sphingolipids is believed to occur predominantly in the biosynthetic
pathway and the actual sorting compartment was proposed to be the trans-Golgi network
(Simons and van Meer, 1988). Although newly synthesized C6-NBD-GlcCer and C6-NBD-SM
can be directly transported to either PM domain in HepG2 cells (Zaal et al., 1994; Zegers and
Hoekstra, 1997), sorting of sphingolipids has not been demonstrated in hepatic cells yet. Also,
the direct Golgi to apical transport pathway is poorly characterized and the intriguing question
remains as to whether SAC are part of this route in HepG2 cells. Further research is imperative
for a better understanding of the functional involvement of the SAC/ apical recycling compartments in the different polarized cell types with respect to lipid trafficking in distinct transport
routes as well as the integration of lipid and protein trafficking. Such work is currently in
progress in our laboratory. The identification in HepG2 cells of a non-Golgi-related intracellular
compartment, SAC, that is involved in the trafficking and sorting of sphingolipids and,
moreover, its similarity to the apical recycling compartment in MDCK cells (Apodaca et al.,
1994), will be of great importance to further reveal and understand mechanisms underlying the
generation and maintenance of membrane polarity.
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Abstract.
In polarized HepG2 cells, distinct sphingolipids, transported along the reverse transcytotic pathway, are sorted in
sub-apical compartments (SAC), and subsequently targeted to either apical or basolateral PM domains (van
IJzendoorn, S.C.D. and Hoekstra, D. 1998. J. Cell Biol. 142:683-696). In this study, we show that the calmodulin
antagonist trifluoperazine (TFP) inhibits apical to basolateral transcytosis of C6-NBD-sphingomyelin (SM) and glucosylceramide (GlcCer). TFP does not inhibit apical endocytosis of either lipid analogue or its subsequent
delivery to the SAC. Rather, a marked accumulation of C6-NBD-SM in the SAC was observed. By contrast,
apical recycling of C6-NBD-GlcCer via the SAC remains unaffected. Treatment of the cells with dibutyryl
cAMP resulted in a rerouting of C6-NBD-SM from the SAC to the apical surface and a concomitant
hyperpolarization of the cells. In dbcAMP-treated cells, TFP blocked SAC-to-apical transfer of both C6-NBDSM and basolaterally internalized pIgR-IgA, but not recycling of the GlcCer analogue via the SAC. These data
indicate that dbcAMP-induced SAC to apical transport of SM represents part of the basolateral to apical
transcytotic pathway, and trafficking along this pathway appears a prerequisite for stimulated apical PM
biogenesis. Interestingly, the discriminating effects of TFP and dbcAMP imply that separate domains of SM and
GlcCer exist in the SAC membrane. The fate of these domains, which can exit the SAC by at least three different
routes, is regulated by different signals, e.g. those that govern cell polarity development. The consequence of the
potential co-existence of such domains within the same compartment in terms of apical targeting, are discussed.

Introduction
Polarized cells have distinct plasma membrane (PM) domains, which are separated by tight
junctions. The apical and basolateral domain thus formed, each display a specific composition
of proteins and lipids. For the establishment and maintenance of such specific compositions,
intracellular sorting machineries are operational that secure the correct targeting and delivery
of apical and basolateral proteins and lipids. Following biosynthesis, sorting of proteins and
lipids is thought to occur in the trans-Golgi network (TGN), prior to delivery of the molecules
to the PM (Traub and Kornfeld, 1997; Matter and Mellman, 1994). In addition, in the
presence of continuous transcellular transport, an auxiliary non-Golgi compartment exists that
harbors machineries for sorting and subsequent polarized targeting of apical and basolateral
proteins and lipids in the endocytic/ transcytotic pathway. Indeed, in the latter pathway sorting
of both proteins (Apodaca et al., 1994; Odorizzi et al., 1996; Futter et al., 1998) and
(glyco)sphingolipids (van IJzendoorn et al., 1997; van IJzendoorn and Hoekstra, 1998) occurs
in a sub-apical endosomal compartment, called SAC (van IJzendoorn and Hoekstra, 1999),
which is accessible for molecules derived from either PM domain (Hughson and Hopkins,
1990; Apodaca et al., 1994; Barosso and Sztul, 1994; Knight et al., 1995; Odorizzi et al.,
1996; van IJzendoorn and Hoekstra, 1998).
The molecular mechanisms underlying these sorting events are still largely obscure.
Yet, instrumental to protein sorting appears to be their clustering, thus giving rise to domains
enriched in proteins that are destined for polarized transport. Both coat proteins, such as COP
and clathrin (Whitney et al., 1995; Heilker et al., 1996), and adaptins (Pearse and Robinson,
1990) may trigger such a clustering. In fact, clathrin lattices containing adaptins have been
identified on the SAC, and may therefore well be implicated in the regulation of polarized
trafficking (Futter et al., 1998; Okamoto et al., 1998, 1998b).
Lipids, rather than accompanying proteins in vesicular transport, have been proposed
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to play an important role in the sorting of apical resident proteins (Simons and Ikonen, 1997).
In particular (glyco)sphingolipids are of interest, because these lipids display a polarized
distribution over the basolateral and apical PM domains. Although some important
determinants for apical PM directed sphingolipid transport have been identified in polarized
cells (reviewed in Zegers and Hoekstra, 1998, Brown and London, 1998), the mechanisms
that govern polarized sphingolipid trafficking remain as yet unclear. Importantly, the ability of
these lipids to self-associate within a membrane (Schroeder et al., 1994), thus giving rise to
sphingolipid-enriched domains and serving in turn as a detergent-insoluble matrix for apicaldirected proteins, represents a key issue in the sorting concept (Brown and Rose, 1992;
Simons and Ikonen, 1997). In this context it should be noted however that not only the
apically enriched glycosphingolipids, such as glucosylceramide (GlcCer) and Forssman
antigen (Nichols et al, 1987; van IJzendoorn et al., 1997; van IJzendoorn and Hoekstra, 1998)
are highly detergent-insoluble at 4°C, but also sphingomyelin (SM), the ganglioside GM1 and
galactosylceramide (GalCer), i.e. basolaterally targeted lipids (van Genderen and van Meer,
1995; van IJzendoorn and Hoekstra, 1998). Evidently, these observations are difficult to
reconcile with the notion that sphingolipid domains function exclusively as apical sorting
platforms.
Recently, we have demonstrated that the SAC, which constitutes an integral part of the
transcytotic pathway in polarized cells (van IJzendoorn and Hoekstra, 1999), represents a
major intracellular site in polarized sorting of sphingolipids. The compartment harbors sorting
devices for the preferential targeting of fluorescently tagged derivatives of SM and GalCer to
the basolateral domain, while GlcCer is effectively directed to the apical membrane.
Importantly, this sphingolipid trafficking occurs by vesicular means, which implies that the
sphingolipids were segregated within the lumenal leaflet of the SAC.
In the present work, we have used the calmodulin antagonist trifluoperazine as a
modulator of membrane traffic (Apodaca et al., 1994). The antagonist strongly and selectively
interfered with trafficking of SM and GlcCer. We provide unambiguous evidence for the
existence of separate sphingolipid domains within the inner leaflet of the SAC in polarized
HepG2 cells. Moreover, the trafficking of these domains from the SAC in either apical or
basolateral direction can be independently regulated, and depends on cell polarity
development.
Materials and Methods
Sphingosylphosphorylcholine, 1-ß-glucosylsphingosine, TRITC-labeled phalloidin, Hoechst 33250 (bisbenzimide),
asialofetuin type I, cytochalasin D and geneticin (G-418) were from Sigma Chemical Co., St. Louis, MO/USA.
Albumin (from bovine serum, fraction V) was bought from Fluka Chemie AG, Buchs/Switzerland. 6-[N-(7nitrobenz-2-oxa-1,3-diazol-4-yl)amino]hexanoic acid (C6-NBD) was obtained from Molecular Probes, Eugene,
OR/USA. DMEM was purchased from GIBCO BRL (Life Technologies), Paisley/Scotland. Fetal calf serum (FCS)
was bought from BioWhittaker, Verviers/Belgium, and sodiumdithionite (Na2S2O4) was from Merck,
Darmstadt/Germany. Trifluoperazine dimaleate (TFP) was a product from Calbiochem-Novabiochem Corp., La
Jolla, CA/USA. Dibutyryl cyclic AMP (dbcAMP) was obtained from Boehringer Mannheim, Mannheim/Germany.
Texas red-labeled IgA was kindly provided by Dr. Kenneth Dunn, Indiana University Medical Center, USA. All
other chemicals were of analytical grade.
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Cell Culture
HepG2 cells were cultured as described elsewhere (van IJzendoorn and Hoekstra, 1998). For microscopical or
biochemical experiments cells were plated onto glass coverslips or in culture dishes (diameter 6 cm),
respectively. Cells were used three days after plating. At that time the cells had reached an optimal ratio of
polarity versus density, in terms of the number of bile canaliculi (BC), formed between two adjacent cells and
representing the apical membrane, versus the number of cells (van IJzendoorn et al., 1997).
Synthesis of C6-NBD-Labeled Sphingolipids
C6-NBD-GlcCer and C6-NBD-SM were synthesized from C6-NBD and 1-ß-glucosylsphingosine and
sphingosylphosphorylcholine, respectively, as described elsewhere (Kishimoto., 1975; Babia et al., 1994). The C6NBD-lipids were stored at -20°C and routinely checked for purity.
Labeling of Cells With C6-NBD-Lipids
Cells were washed three times with a phosphate-buffered saline solution (PBS). C6-NBD-GlcCer or C6-NBD-SM
was dried under nitrogen, redissolved in absolute ethanol and injected into Hank's balanced salt solution (HBSS)
under vigorous vortexing. The final concentration of ethanol did not exceed 0.5% (v/v). All lipid analogs were
administered to the cells at a concentration of 4 µM.
Transport of C6-NBD-Lipids from the SAC
In order to monitor SAC-associated sphingolipid transport, the SAC had to be first preloaded with a lipid analogue.
To this end, cells were washed with PBS and incubated with C6-NBD-SM or -GlcCer at 37°C for 30 min to allow
internalization of the lipid analogue from the basolateral surface and transcytosis (Zegers et al., 1997; Zegers and
Hoekstra, 1998, van IJzendoorn et al., 1997, van IJzendoorn and Hoekstra, 1998). The remaining basolateral pool of
lipid analogue was then depleted by a back exchange procedure (5% BSA (w/v) in HBSS, pH 7.4 at 4°C for 2 x 30
min). Then, the lipid was chased from the apical, bile canalicular PM into the SAC by an incubation at 18°C for 60
min in back exchange medium. Finally, NBD-fluorescence remaining at the luminal leaflet of the apical PM was
abolished by incubating the cells with 30 mM sodiumdithionite (diluted from a 1 M stock solution in 1 M Tris buffer,
pH 10). At this time, the vast majority of the lipid analogue was associated with the SAC (cf. van IJzendoorn and
Hoekstra, 1998). In some experiments, cells were subsequently treated with 20 µM trifluoperazine dimaleate (TFP),
100 µM dibutyryl cAMP (dbcAMP) or 10 µg/ml cytochalasin D (cytD) at 4°C for 30 min. Transport of the lipid
analogs from the SAC was subsequently monitored by incubation in back exchange medium at 37°C. When required,
TFP, dbcAMP and/or cytD were kept present during the transport assay.
In order to quantitate transport of the lipid analogs to and from the apical, bile canalicular (BC) membranes,
the percentage of NBD-positive BC membranes was determined as described elsewhere (van IJzendoorn et al., 1997;
van IJzendoorn and Hoekstra, 1998). Briefly, BC were first identified by phase contrast illumination, and then
classified as NBD-positive or NBD-negative under epifluorescence illumination. Distinct pools of fluorescence were
discerned, present in vesicular structures adjacent to BC, which have been defined as sub-apical compartments (SAC,
cf. van IJzendoorn and Hoekstra, 1998). Together, BC and SAC thus constitute the bile canalicular, apical pole
(BCP) in HepG2 cells. Therefore, within the BCP region the localization of the fluorescent lipid analogs will be
defined as being derived from BC, SAC, or both. This also provides a means to describe the movement of the lipid
within or out this region in the cell. At least 50 BCP per coverslip were analyzed. Data are expressed as the mean ±
SEM of at least two independent experiments, carried out in duplicate.
Basolateral to Apical Transcytosis of Texas Red-Labeled IgA
HegpG2 cells that stably express the polymeric immunoglobulin receptor (pIgR; van IJzendoorn and Hoekstra, 1998)
were washed and asialoglycoprotein receptors were saturated with excess asialofetuin at 37°C for 30 min to prevent
uptake of IgA via these receptors (van IJzendoorn and Hoekstra, 1998). Cells were incubated with TxR-IgA (50
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µg/ml) at 4°C for 60 min. Cells were then washed with ice-cold HBSS to remove non-bound TxR-IgA and further
incubated at 18°C, 37°C or at a combination of both temperatures for various time intervals. In order to investigate
the last step of IgA-pIgR transcytosis, i.e. transfer from the SAC to the apical, bile canalicular PM, asialofetuinpretreated cells were, subsequent to the 4°C binding incubation, incubated with TxR-IgA at 37°C for 15 min. Then,
the temperature was lowered to 18°C and cells were incubated for an additional 90 min. In this way, most of the
transcytosing TxR-IgA accumulated in the SAC (Fig. 5, Tab. 1; cf. van IJzendoorn and Hoekstra, 1998). In order to
examine the effect of TFP on transport of TxR-IgA from SAC to BC, cells were subsequently treated with HBSS,
supplemented with 20 µM TFP at 4°C for 30 min and incubated in HBSS with TFP at 37°C.
Microscopical Analysis and Image Processing
Cells were examined microscopically using an Olympus Provis AX70 fluorescence microscope. Photomicrographs
were taken using Illford HP5-plus films and subsequently scanned and cropped, using imaging software. All images
were converted to tagged-information-file format (TIFF) before printing on a Fujix P3000 printer.

Results
TFP Inhibits Transport of C6-NBD-SM from SAC to the Basolateral PM
In order to monitor transport of SM from the SAC, the compartment was loaded with the
fluorescent analogue, C6-NBD-SM, as described in Materials and Methods. The cells were
subsequently treated with 20 µM TFP in HBSS at 4°C for 30 min. Note that this treatment did
not affect the fluorescence distribution associated with the SAC, when compared to nontreated cells (not shown). Transport of C6-NBD-SM from the SAC was then activated by an
incubation at 37°C in back exchange medium, either in the presence or absence of TFP. In
control cells, C6-NBD-SM rapidly disappeared from the apical, bile canalicular region,
defined as BCP (bile canalicular pole, see Materials and Methods), after a 20 min chase (Fig.
1a, insert, dotted line). Significant transfer to the apical, bile canalicular PM (BC) was not
observed and the remaining fraction of BCP-associated C6-NBD-SM was predominantly
found in the SAC (Fig. 1a, hatched bars). These results are entirely consistent with our
previous observations of the SAC, acting as a traffic center for SM distribution in polarized
HepG2 cells (van IJzendoorn and Hoekstra, 1998). By contrast, when the cells had been
treated with TFP, transport of C6-NBD-SM from the apical pole was inhibited. Thus, in the
presence of the calmodulin antagonist, the extent of BCP labeling in the cell population
remained unaltered (Fig. 1a, insert, dashed line), while the localization of SM was identical to
that observed prior to the chase, i.e. the analogue was almost exclusively associated with the
SAC. Importantly, note that the TFP-mediated inhibition of basolateral transport neither
resulted in a redirection of SM from the SAC to the apical surface (Fig. 1a, cross-hatched bars
and Fig. 1e). Hence, the data show that after arrival of apical PM derived C6-NBD-SM in the
SAC, TFP inhibits transport of SM from the SAC to the basolateral area of the cells by
preventing its exit from this compartment. Similar results were obtained with other
calmodulin antagonists such as W7 and calmodazolium (not shown), suggesting that the
observed effect reflected a calmodulin-mediated action rather than a TFP-specific effect.
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TFP Does Not Affect Apical Recycling of C6-NBD-GlcCer via SAC
As demonstrated previously (van IJzendoorn and Hoekstra, 1998), the SAC is instrumental in
securing the preferential apical distribution of GlcCer in HepG2 cells. To examine the
specificity of the TFP block on SM exit from the SAC, we next investigated whether TFP
affected transport of C6-NBD-GlcCer from this compartment. To this end, C6-NBD-GlcCer
was accumulated in the SAC, similarly as described in the previous section for C6-NBD-SM.
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Figure 1. Effect of TFP on transport of C6-NBD-SM from SAC. C6-NBD-SM was accumulated into SAC as
described in Materials and Methods (see also cf. van IJzendoorn and Hoekstra, 1998). After abolishing the
remaining BC-associated NBD-fluorescence with sodiumdithionite, cells were treated with HBSS (control) or 20
µM TFP at 4°C for 30 min. Cells were washed and kept in HBSS at 4°C until use (<30 mine; t=o (before chase))
or, alternatively, cells were subsequently warmed to 37°C and further incubated in back exchange medium for 20
min. Cells were then rapidly cooled and kept on ice until use (<30 min). In panel a, a semi-quantitative analysis
of transport from or within the BCP is presented. The percentage C6-NBD-SM-labeled BCP (insert; dotted
line=control, dashed line=TFP-treated) and the distribution of the BCP-associated C6-NBD-SM (i.e. in BC, in
SAC, or in both) was determined as described in Materials and Methods. Data are expressed as mean ± SEM of
at least three independent experiments, carried out in duplicate. The photomicrographs presented in b-e illustrate
the distribution of the lipid analogue in the BCP after a chase from SAC in non-treated (b, c) and TFP-treated (d,
e) cells (b and d: phase contrast to c and e, respectively; asterisk marks the apical, bile canalicular PM). Bar 5
µM.
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Subsequently, the cells were treated with 20 µM TFP at 4°C for 30 min and incubated for
another 20 min at 37°C in back exchange medium in the presence of the compound. As a
control, cells were treated identically but in the absence of TFP. As shown in figure 2a (white
bars), prior to the chase, the majority of the lipid analogue was in the SAC. Following the 20
min chase at 37°C, C6-NBD-GlcCer remained associated with the BCP (Fig. 2a, insert, dotted
and dashed lines), irrespective of treatment of the cells with TFP. Interestingly, however, both
in the absence and presence of TFP, GlcCer redistributed to the apical surface. Thus, in nontreated cells after the 20-min chase, C6-NBD-GlcCer was observed in BC alone, BC and SAC,
or SAC alone (Fig. 2a, hatched bars, and Fig. 2c), consistent with our previous observation of
a preferential apical localization of this analogue (van IJzendoorn and Hoekstra, 1998). Also
in TFP treated cells, the lipid analogue remained associated with the BCP (Fig. 2a, insert,
dashed line). Remarkably however, in this case, GlcCer was redistributed identically as
observed in control cells (Fig. 2a, compare cross-hatched bars vs. hatched bars; Fig. e).
Hence, the results demonstrate that apical recycling of C6-NBD-GlcCer via the SAC, in
contrast to basolateral directed trafficking of C6-NBD-SM via the same compartment, is not
affected by TFP.
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Figure 2. Effect of TFP on transport of C6-NBD-GlcCer from SAC. C6-NBD-GlcCer was accumulated into SAC
as described in Materials and Methods (see also cf. van IJzendoorn and Hoekstra, 1998). After abolishing the
remaining BC-associated NBD-fluorescence with sodiumdithionite, cells were treated with HBSS (control) or 20
µM TFP at 4°C for 30 min. Then, cells were washed and kept in HBSS at 4°C until use (<30 min; t=0 (before
chase)) or, alternatively, cells were warmed to 37°C and incubated in back exchange medium for 20 min. Cells
were then rapidly cooled and kept on ice until use (<30 min). Panel a shows the semi-quantitative analysis of C6NBD-GlcCer transport within the BCP. The percentage C6-NBD-GlcCer-labeled BCP (insert; dotted
line=control, dashed line=TFP-treated) and the distribution of the BCP-associated NBD-GlcCer (i.e. BC, SAC,
or both) was determined as described in Materials and Methods. Data are expressed as mean ± SEM of at least
three independent experiments, carried out in duplicate. The photomicrographs presented in b-e illustrate the
distribution of the lipid analogue in the BCP after a chase from SAC in non-treated (b, c) and TFP-treated (d, e)
cells (b and d: phase contrast to c and e, respectively; asterisk marks the apical, bile canalicular PM). Bar 5µM.

TFP Inhibits Apical to Basolateral Transcytosis of C6-NBD-GlcCer at the Level of SAC
Although the majority of apical PM derived C6-NBD-GlcCer is efficiently recycled to the
apical surface via the SAC, this lipid analogue does have access to the basolateral PM (van
IJzendoorn et al., 1997). Presumably, during each round of apical recycling between the apical
membrane and the SAC, part of the lipid analogue ‘escapes’ the recycling route and is
transcytosed to the basolateral surface. Indeed, when apical PM associated C6-NBD-GlcCer is
chased from this membrane domain at 37°C for longer time periods in back exchange
medium, thus retrieving any basolateral arriving lipid analogue and preventing its reinternalization, nearly the entire pool of the originally apically located lipid analogue can be
depleted. Typically, relative to the control (i.e. in the absence of back exchange medium) only
20% of the total BC fraction remains fluorescently labeled over a chase period of 90 min (Fig.
3A). To address the issue of the (lipid-)specificity of the observed TFP effect on basolateral
exit, we next examined whether TFP inhibited apical-to-basolateral transport of C6-NBDGlcCer, similarly as observed for C6-NBD-SM. Hence, cells were labeled with C6-NBDGlcCer at 37°C for 30 min. In this way, 70-80% of the BC were labeled with the lipid
analogue (Fig. 3A, hatched bar). The pool of basolaterally associated lipid analogue was then
depleted at 4°C and during the second step in the back exchange procedure (see Materials and
Methods), 20 µM TFP was added for preincubation. The BC-labeled cells were then
incubated at 37°C in back exchange medium, supplemented with TFP. Control cells were
treated identically but in the absence of TFP. In these cells, the percentage of C6-NBDGlcCer-labeled BC decreased from about 75% prior to the chase to 20% following a 90 min
chase (Fig 3A, upper cross-hatched bar), indicating that the lipid analogue was transported out
of the apical area to the basolateral membrane. Indeed, the percentage of C6-NBD-GlcCerlabeled BCP was reduced from 80% to 35% (Fig. 3A', solid line). Interestingly, in TFP-treated
cells, the percentage of C6-NBD-GlcCer-labeled BC following the 90 min chase was twice as
high as the percentage of BC-labeling in non-treated cells (Fig 3A, upper white bar). This
would suggest that apical-to-basolateral transport of the lipid analogue was inhibited, while
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recycling between the SAC and BC was unaffected (see above). Indeed, in TFP-treated cells,
the percentage of C6-NBD-GlcCer-labeled BCP remained constant, maintaining a level of 8085 % during the 90-min incubation period (Fig. 3A', solid line). In both control and TFPtreated cells, the remaining fraction of the BCP-associated C6-NBD-GlcCer was located in
BC, SAC, or in both (Fig. 3B), indicating that the C6-NBD-GlcCer that was remaining at the
apical pole, and recycled as usual between the apical PM and the SAC.
An interesting lipid-species-dependent distinction became apparent when examining
similarly the effect of TFP on apical to basolateral transcytosis (originating from BC) of C6NBD-SM. In control cells, the percentage of C6-NBD-SM-labeled BC decreased from about
80% prior to the chase to ± 20% (Fig. 3A, lower cross-hatched bar) following a 90 min
incubation in back exchange medium. In TFP-treated cells, a very similar percentage of
approximately 20% of fluorescently labeled BC was observed (Fig. 3A, lower white bar).
However, in this case the same low percentage of labeled BC did not reflect transport of C6NBD-SM out of the apical pole. Thus, in TFP-treated cells, the percentage of C6-NBD-SMlabeled BCP was still approximately 80%, whereas in control cells this percentage was about
30 % (Fig. 3A', dotted lines). Analysis of the distribution of the remaining fraction of BCPassociated C6-NBD-SM revealed that the majority was located in the SAC alone (Fig. 3C).
Evidently, and in accordance with the data on transport of the SM analogue from the SAC
(Fig. 1a, cross-hatched bars), SM became trapped, and apparently did not enter the apical
recycling pathway instead. It is finally important to note that no metabolism of the lipid
analogs applied occurred during the time span of the experiments (not shown).
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Figure 3. Effect of TFP on apical to basolateral transcytosis of fluorescently tagged GlcCer and SM. Cells were
labeled with 4 µM C 6-NBD-GlcCer or -SM at 37°C for 30 min. Cells were then incubated in HBSS,
supplemented with BSA, at 4°C for 2 x 30 min to deplete the basolateral pool of lipid analogue (back exchange).
During the last 30 min of the back exchange procedure 20 µM TFP was added to the cells. As a control, cells
were treated identically but in the absence of TFP. Cells were then warmed to 37°C and incubated in back
exchange medium, with or without TFP, for 90 min. In A, the percentage NBD-SM- or -GlcCer-labeled BC is
determined after the 90 min chase. In A’, the percentage NBD-lipid-labeled BCP is assessed. Thus, a BCP is
NBD-positive when either labeling of the BC, SAC, or both BC and SAC is observed (see Materials and
Methods, cf. van IJzendoorn and Hoekstra, 1998). In B and C, the distribution of the (remaining) fraction of
BCP-associated C6-NBD-GlcCer and -SM, respectively, is indicated.

Taken together, the data clearly show that TFP inhibits apical-to-basolateral
transcytosis of both C6-NBD-GlcCer and C6-NBD-SM at the level of the SAC. As a result,
basolateral PM-directed transport of both lipid analogs is blocked, whereas apically targeted
transport of C6-NBD-GlcCer was unaffected. Interestingly, TFP does not discriminate
between C6-NBD-SM and -GlcCer during the transport of these analogs from BC to the SAC,
nor is sphingolipid transport as such affected. However, when present in the SAC, C6-NBDGlcCer and C6-NBD-SM pools are distinctly recognized by the membrane traffic-modulating
compound TFP. Hence, the data strongly suggest that within the SAC membranes C6-NBDGlcCer and C6-NBD-SM are segregated into distinct pools or domains.
If such pools exist, an intriguing possibility would be that lipids, to be retrieved from
these pools, might be distinctly regulated. Such a distinct regulation could be reflected by a
difference in the traffic pathway by which a particular lipid would reach the same target
membrane. To examine this possibility we next studied the effect of dibutyryl cAMP
(dbcAMP) and TFP on the trafficking of SM.
DbcAMP Reroutes C6-NBD-SM from SAC to the Apical PM domain
Previously, we have shown that treatment of the cells with the stable cAMP analogue,
dibutyryl cAMP (dbcAMP) abolishes apical-to-basolateral transcytosis of C6-NBD-SM (van
IJzendoorn et al., 1997). Instead, analogous to the fate of GlcCer, C6-NBD-SM remained
associated with the apical pole of the cell. A subsequent study suggested that dbcAMP
stimulated apical recycling of C6-NBD-SM via the SAC, but the site of action was not
determined in detail (van IJzendoorn and Hoekstra, 1998). To further examine this issue, the
SAC was loaded with apical PM derived C6-NBD-SM as described (see Materials and
Methods), followed by addition of 100 µM dbcAMP. Transport of SAC-associated C 6-NBDSM was then activated by shifting the temperature to 37°C and incubating the cells in back
exchange medium, supplemented with dbcAMP. Whereas in non-treated control cells the
percentage of C6-NBD-SM-labeled BCP decreased from >80% to ~ 60% after a 20 min
incubation (cf. Fig 1a, insert, dotted line), in dbcAMP-treated cells the percentage of C6-NBDSM-labeled BCP remained constant (Fig. 4a, insert, dotted line), suggesting that elevated
levels of cAMP prevented transport of the lipid analogue out of the apical pole. Moreover, the
BCP-associated C6-NBD-SM did not exclusively label the SAC as observed in non-treated
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Figure 4. Effect of dbcAMP and a combination of dbcAMP and TFP on transport of C6-NBD-SM (a) or C6NBD-GlcCer (b) from the SAC. C6-NBD-SM was accumulated into SAC as described in Materials and Methods
(see also cf. van IJzendoorn and Hoekstra, 1998). After abolishing the remaining BC-associated NBDfluorescence with sodiumdithionite, cells were treated with HBSS (control), 100 µM dbcAMP or 100 µM
dbcAMP + 20 µM TFP at 4°C for 30 min. Then, cells were washed and kept in HBSS at 4°C until use (<30 min;
t=0 (before chase)) or, alternatively, warmed to 37°C and incubated in back exchange medium, with either only
dbcAMP or both compounds, for 20 min. Cells were then rapidly cooled and kept on ice until use (<30 min). The
percentage C6-NBD-SM-labeled BCP (insert; dotted line=dbcAMP-treated, dashed line=dbcAMP+TFP-treated)
and the distribution of the BCP-associated NBD-SM (i.e. BC, SAC, or both) was determined as described in
Materials and Methods. Data are expressed as mean ± SEM of at least two independent experiments, carried out
in duplicate. The photomicrographs presented in c-f are illustrating the distribution of the lipid analogue in the
BCP after a chase from SAC in dbcAMP-treated (c, d) and dbcAMP+TFP-treated (e, f) cells (c and e: phase
contrast to d and f, respectively; asterisk marks the apical, bile canalicular PM). Bar 5µM.

cells (Fig. 1a, hatched bars), but was redistributed within the BCP, and also labeled BC (Fig.
4a, cross-hatched bars). The distribution of C6-NBD-SM in the BCP is depicted in figure 4d.
Hence, these data indicate that in the presence of dbcAMP C6-NBD-SM recycled between the
SAC and the apical PM domain, similarly as observed for C6-NBD-GlcCer in non-treated
cells (Fig. 2a, hatched bars). Taken together, the data show that dbcAMP reroutes SACassociated C6-NBD-SM from the basolateral to the apical PM. Hence, the question can now
be raised as to whether SM participates in the same recycling pathway as that observed for
GlcCer. We therefore examined the effect of TFP on the apically directed flow of SM and
GlcCer, exiting from the SAC.
TFP Inhibits SAC-to-Apical Transport of C6-NBD-SM, But Not of -GlcCer, in
DbcAMP-Treated Cells.
In order to examine the effect of TFP on dbcAMP-induced transport of the C6-NBD-lipids
from the SAC to the apical PM, 20 µM TFP was included during those incubation steps where
dbcAMP was present (see Materials and Methods). As shown in figure 4a (insert, dashed
line), the presence of TFP did not affect the pool of C6-NBD-SM that remained associated
with the apical pole (BCP) of the cell in the presence of dbcAMP alone (Fig. 4a, insert, dotted
line). However, in contrast to the cells that had been treated with dbcAMP alone, which show
a distribution of the SM analogue over both BC and the SAC, TFP/dbcAMP-treated cells
display a distribution in which the vast majority of C6-NBD-SM in the BCP remained in the
SAC alone. Only a relative small fraction of the lipid analogue had been transported from
SAC to BC (Fig. 4a, hatched bars). The BCP distribution of C6-NBD-SM in TFP-treated cells,
as revealed by fluorescence microscopy, is shown in figure 4f. Interestingly, apical recycling
of C6-NBD-GlcCer via the SAC was unaffected by TFP (Fig. 4b) in both control and
dbcAMP-treated cells. These data strongly suggest, therefore, that in dbcAMP-treated cells
C6-NBD-GlcCer and -SM remained in distinct pools or subdomains. Apparently, dbcAMP
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does not interfere with the segregation of the lipid analogs in the SAC. Furthermore, the
discriminating effect of TFP on SAC-to-BC transport of C6-NBD-SM and -GlcCer implies
that at least two independent pathways from the SAC to BC exist. By monitoring the
trafficking of the polymeric Ig receptor/IgA complex, a well-established transcytotic marker,
the nature of these different pathways was further investigated.
TFP Inhibits the Final Step of Basolateral to Apical Transcytosis of TxR-IgA, Its
Delivery from SAC to the Apical Surface.
In a previous study, we have shown that basolaterally endocytosed receptor-bound IgA (pIgRIgA) passes through the SAC prior to delivery at the apical surface of HepG2 cells, while the
complex accumulates in the SAC when the temperature is lowered to 18°C (van IJzendoorn
and Hoekstra, 1998). In order to investigate whether TFP affected transport of pIgR-IgA from
SAC to the apical, bile canalicular PM domain, HepG2 cells that stably express the pIgR were
washed, pretreated with excess asialofetuin to saturate asialoglycoprotein receptors, and
incubated with 50 µg/ml Texas-red-labeled IgA (TxR-IgA) at 4°C for 60 min. Then, nonbound TxR-IgA was removed by rinsing the cells with ice-cold HBSS and the cells were
incubated in HBSS at 37°C to allow internalization. After 15 min, the cells were cooled to
18°C and incubated for another 90 min. This incubation procedure caused the vast majority of
the transcytosing TxR-IgA to accumulate in the SAC, while the amount reaching the apical
PM domain was essentially negligible (Fig. 5a and Tab. 1). Cells were then treated with 20
µM TFP or HBSS at 4°C for 30 min and subsequently incubated in HBSS with or without
TFP at 37°C for 30 min. Whereas in non-treated cells, TxR-IgA was readily transported from
the SAC to BC (Fig. 5b), apical delivery of TxR-IgA from the SAC was inhibited by TFP
treatment (Fig. 5c). Indeed, the percentage of TxR-IgA-positive BC in TFP-treated cells was
significantly decreased when compared to HBSS-treated cells (Tab. 1). Hence, the data show
that TFP inhibits trafficking of TxR-IgA from the SAC to BC, suggesting that pIgR-IgA and
C6-NBD-SM are transported along the same pathway from the SAC to BC in dbcAMP-treated
cells. Apparently, this pathway differs from that followed by the GlcCer analogue, traveling
between the SAC and BC, as its trafficking is unaffected by TFP.
DbcAMP Causes Hyperpolarization of HepG2 Cells Which is Abolished by TFP
While analyzing sphingolipid trafficking in dbcAMP-treated cells, it was readily observed that
the number of apical PM domains, BC, as well as their size was increased. To define the
parameters that affected the degree of cell polarity and to appreciate the relevance of distinct
pathways involved, the following experimental conditions were examined. First, the cells
were treated with 100 µM dbcAMP at 4°C for 30 min and subsequently at 37°C for 30 min.
Alternatively, i) cells were treated with 20 µM TFP, ii) cells were simultaneously treated with
TFP and dbcAMP, iii) cells were first incubated with dbcAMP for 30 min at 4 and 37°C and
subsequently incubated with TFP at 37°C for 30 min, iv) cells were first incubated with TFP
for 30 min at 4 and 37°C and subsequently incubated with dbcAMP at 37°C for 30 min or
finally, v) the cells treated with buffer. After fixation and permeabilization in -20°C ethanol
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for 10 s and rehydration in HBSS, the cells were subsequently double-stained with Hoechst
and TRITC-labeled phalloidin and the ratio [BC/100 cells] was determined as described in
Materials and Methods. The results are presented in table 2. DbcAMP treatment caused an

a

c

b
*

t=0

*

t=30

*
t=30 + TFP

increase of the ratio [BC/100 cells] and, thus, enhanced cell polarity by approximately 200%
Figure 5. Effect of TFP on SAC to BC transport of TxR-labeled IgA. Cells that stably express the polymeric
immunoglobulin receptor (van IJzendoorn and Hoekstra, 1998) were washed and incubated with excess
asialofetuin to saturate asialoglycoprotein receptors. Subsequently, cells were incubated with 50 µg/ml TxR-IgA
at 4°C for 1 h. After rinsing the cells to remove non-bound ligand, cells were warmed to 37°C and incubated for
15 min to allow internalization and partial transcytosis. Then, cells were rapidly cooled to 18°C and further
incubated for 90 min. In a, basolateral PM derived TxR-IgA has accumulated in SAC (arrows). Following a
subsequent incubation at 37°C TxR-labeled both SAC and BC, indicative of transport to BC (b). However, in the
presence of TFP, SAC to BC transport of TxR-IgA was severely inhibited. Most of the fluorescently labeled IgA
was still in SAC alone (arrows) with little if any TxR-IgA transported to BC. A semi-quantitative analysis is
presented in table 1. Asterisks mark the apical, bile canalicular PM. Bar 10µM.

Table 1. Accumulation of transcytosing TxR-labeled IgA in SAC and subsequent delivery to BC; effect of TFP.
BC

BC + SAC

SAC

0±0

4±2

96 ± 2

15’ 37°C

90’ 18°C

15’ 37°C
buffer

90’ 18°C
30’ 37°C

19.1 ± 1.7

62.4 ± 7.4

18.6 ± 5.6

15’ 37°C
TFP

90’ 18°C
30’ 37°C (+TFP)

2.5 ± 1.5

22.5 ± 2.5

75 ± 5

Cells were washed and incubated with excess asialofetuin to saturate asialoglycoprotein receptors (see Materials
and Methods). Subsequently, the cells were incubated with 50 µg/ml TxR-IgA at 4°C for 1 h. After rinsing the
cells to remove non-bound ligand, cells were warmed to 37°C and incubated for 15 min to allow internalization
and partial transcytosis. Then, the cells were rapidly cooled to 18°C and further incubated for 90 min. As shown
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in the first row, after this incubation scheme about 96% of the label located in the BCP was due to the exclusive
labeling of SAC. Subsequently, the cells were incubated in HBSS (control) or HBSS, supplemented with 20 µM
TFP, at 4°C for 30 min and for an additional 30 min at 37°C in the presence or absence of TFP. In buffer-treated
cells, a clear shift of TxR-IgA-labeling from SAC to BC was seen to have occurred, leaving only 18% of the
ligand in SAC alone (second row). In TFP-treated cells, this shift was effectively inhibited, as judged by the
presence of the vast majority of BCP-associated label in SAC. Only a relatively minor fraction of the TxR-IgA
was transported from SAC to BC (third row). Data are expressed as mean ± SEM of at least 4 independent
experiments.

Table 2. Effect of dbcAMP and/or TFP or a sequential incubation of a combination of both on polarity of the
cells.

Ratio [BC/100 cells]

Control

10.2 ± 1.5

DbcAMP

21.3 ± 0.5

TFP

9.5 ± 1.0

DbcAMP + TFP

10.8 ± 0.5

DbcAMP

TFP

19.2 ± 1.0

TFP

dbcAMP

9.7 ± 1.5

For incubation schemes see text. After the incubations, the cells were fixated and permeabilized with -20°C
ethanol for 10 s, rehydrated in HBSS and incubated with TRITC-labeled phalloidin and Hoechst to determine the
ratio [BC/100 cells] (cf. Zegers et al., 1997). Data are presented as mean ± SEM of 2-3 independent experiments.

when compared to buffer-treated cells. However, when the cells had simultaneously been
treated with TFP, this increase in polarity was abolished. Importantly, TFP alone did not
affect the polarity of the cells. Since the calmodulin antagonist inhibited apical directed
transport from the SAC in dbcAMP-treated cells (see Fig. 5), and did not cause depolarization
as such, the results thus suggest that dbcAMP-induced hyperpolarization is due to a
stimulation of apical directed transport via the SAC. Indeed, when cells were treated with
TFP, prior to dbcAMP, no change in the ratio [BC/100 cells] was observed, suggesting that
the dbcAMP-induced hyperpolarization is closely correlated to an enhanced membrane flow,
typified by the pathway followed by C6-NBD-SM and pIgR-IgA from the SAC. Totally in
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agreement with this, TFP was unable to counteract the hyperpolarized state of the cells when
administered after dbcAMP.
Transport of C6-NBD-Lipids from SAC Does not Depend on An Intact Actin Filament
Network.
The exiting of C6-NBD-SM and -GlcCer from the SAC, either in basolateral or apical
direction in dbcAMP-treated cells, is vesicle-mediated (van IJzendoorn and Hoekstra, 1998).
It is possible therefore that the calmodulin antagonist inhibits the formation of C6-NBD-lipidcontaining vesicles (see Discussion). Calmodulin functions as a light chain for myosin (Geli et
al., 1998), which is an actin/ATP-dependent molecular motor. Both myosin (Müsch et al.,
1997) and actin (Gottlieb et al., 1993) have been suggested to be important factors in vesicle
formation. Hence, calmodulin might play a role in the regulation of cytoskeleton
rearrangements and, thus, vesicle formation. Interestingly, myosin II has been suggested to
interfere with the transport of secretory vesicles across the cortical actin meshwork at a late,
postmicrotubular stage (Ayscough et al., 1997). Moreover, recycling of PM components from
the perinuclear recycling endosome, the proposed SAC equivalent in non-polarized cells
(Zacchi et al., 1998; van IJzendoorn and Hoekstra, 1999), is regulated by ADP ribosylating
factor (ARF)-6 GTPase (D’Souza-Schorey et al., 1998) which, in turn, is also implicated in
modeling the cortical actin cytoskeleton (Song et al., 1998). To test whether transport of the
lipid analogs from the SAC required intact actin filaments, the SAC was loaded with either
lipid as described in Materials and Methods. Subsequently, cells were incubated with the actin
filament-disrupting drug cytochalasin D (cytD) at 4°C for 30 min. Then, the cells were
rewarmed to 37°C and incubated for an additional 20 min in the presence of cytD. Although
cytD effectively disrupted actin filaments as evidenced by staining with fluorescently labeled
phalloidin (cf. Zegers et al., 1998, Fig. 1D), no effect on SAC-to-basolateral nor SAC-toapical transport of C6-NBD-SM and -GlcCer, respectively, was observed (Fig. 6a and b,
compare with Fig. 1a and 2a, respectively). Hence, it is unlikely that TFP inhibited C6-NBDSM-containing vesicle formation from SAC by perturbing actin filament organization.
Discussion
C6-NBD-SM and -GlcCer are in distinct domains in SAC in polarized HepG2 cells.
In the present work, we have obtained novel insight into the molecular sorting of distinct
sphingolipids in the reverse transcytotic pathway in polarized HepG2 cells. In particular, the
direct involvement and the significance of the previously identified sub-apical compartment,
SAC, as a major sorting compartment in generating cell polarity, was further highlighted.
Thus, evidence was obtained which reveals that at least three different membrane flow
pathways originate from SAC, leading to either basolateral or apical membrane, while each
route is likely controlled by a different traffic regulating machinery. In part, this regulation
may involve the molecular organization of relevant compounds into separate
(membrane)domains, as illustrated in the present study, in which we demonstrate the
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Figure 6. Effect of the actin filament disrupting agent cytD on transport of C6-NBD-SM (A) and -GlcCer (B)
from SAC. C6-NBD-lipid was accumulated into SAC as described in Materials and Methods. After abolishing
the remaining BC-associated NBD-fluorescence with sodiumdithionite, cells were treated with 10 µg/ml cytD
at 4°C for 30 min. Then, they were washed and kept in HBSS at 4°C until use (<30 min; t=0 (before chase)) or,
alternatively, warmed to 37°C and incubated in back exchange medium, in the presence of cytD for 20 min.
Cells were then rapidly cooled and kept on ice until use (<30 min). The percentage of NBD-lipid-labeled BCP
(insert) and the distribution of the BCP-associated NBD-lipid (i.e. BC, SAC, or both) before (white bars) and
after the chase from SAC (cross-hatched bars) was determined as described in Materials and Methods. Data are
expressed as mean ± SEM of at least two independent experiments carried out in duplicate.
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existence of separate domains of C6-NBD-SM and -GlcCer in SAC membranes. Evidently,
the fate of such a domain can, in addition, be subject to control. As mirrored by the flow of
fluorescent SM, this element of control may involve a shift in trafficking direction, as induced
by an elevation of the level of cAMP, when departing from the SAC. In general, the need for
such a regulation is likely related to specific biological demands, in this particular case a
change of cell polarity.
Our data demonstrate that the calmodulin antagonist TFP neither affected apical
endocytosis of either SM or GlcCer, or their transport to the SAC (Fig.3). Rather, after having
reached this compartment, the antagonist strongly interfered with the subsequent fate of the
sphingolipids. As shown previously (van IJzendoorn and Hoekstra, 1998), sorting occurs in
this compartment, SM being directed to the basolateral membrane, whereas GlcCer returns
from the SAC to the apical plasma membrane. In the presence of TFP, the latter pathway still
occurred (Fig. 2). However, the antagonist selectively and strongly inhibited the exit of C6 NBD-SM from the SAC (Fig. 1). Interestingly, being barred from exiting in a basolateraldirected pathway, participation, as an alternative, in the apical pathway marked by GlcCer
flow, neither occurred. Such an apical flow of C6-NBD-SM could be activated, however, upon
treatment of the cells with dbcAMP. Remarkably, in contrast to the recycling pathway of the
GlcCer analogue, the dbcAMP-controlled apical pathway of SM could be completely blocked,
when TFP was included in the medium. In this context it should be noted however, that a
minor effect on GlcCer recycling cannot entirely be excluded, since in the presence of cAMP
a small increment in the lipid's trafficking to the apical membrane has been noted (van
IJzendoorn et al., 1997). However, demonstration of such an effect on top of the regular level
of apical trafficking, is beyond the limit of detection (by fluorescence microscopy or
sodiumdithionite quenching; see Methods and Materials). It implies that the cAMP-sensitive
pathway contributes only to a very minor extent to the ‘normal’ recycling pathway of GlcCer.
It is evident therefore, that the discriminatory effect of TFP would suggest that the apical
membrane directed pathways of both lipids, exiting from SAC, are different. Specifically,
since TFP also inhibited transport of basolaterally endocytosed IgA/pIgR from the SAC to
BC, the evidence supports the view that in dbcAMP-activated cells, SM is transported to the
apical membrane via the same TFP-sensitive basolateral-to-apical transcytotic pathway.
Whereas SM is apparently effectively excluded from the GlcCer recycling pathway, minor
fractions of the latter lipid can 'escape' from the apical directed route from the SAC, and
instead, recycle via the basolateral membrane (van IJzendoorn et al., 1997). In the presence of
TFP, this phenomenon is also completely inhibited, without any apparent effect on the recycling of the lipid between the SAC and BC (Fig. 3). Interestingly, in polarized MDCK cells,
calmodulin antagonists have similarly been shown to inhibit the basolateral recycling of
transferrin (Apodaca et al., 1994), thus impeding trafficking between basolateral membrane
and sub-apical compartments that are closely related to or inherently part of SAC (Odorizzi et
al., 1996; Futter et al., 1998; van IJzendoorn and Hoekstra, 1999). Taken together, the data
indicate that overall basolateral membrane directed transport is effectively inhibited by TFP,
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whereas apically directed trafficking from SAC is selectively inhibited. Most importantly, the
distinct response of the SM and GlcCer analogs to TFP strongly suggests that C6-NBD-SM
and -GlcCer were located in different pools or domains in the SAC membranes. Moreover,
since transport of both analogs from the SAC is vesicle-mediated (van IJzendoorn and
Hoekstra, 1998), topological requirements dictate that these distinct sphingolipid domains
must be located in the inner leaflets of the compartment.
Distinct sphingolipid domains: implications for polarized transport.
Sphingolipid domains, referred to as rafts, have been proposed to play a pivotal role in the
transport of apical proteins (Brown and Rose 1992; Simons and Ikonen, 1997). Typically,
these domains are identified by their isolation as Triton X-100-insoluble fractions (at 4oC),
enriched in distinct proteins, cholesterol and sphingolipids such as GlcCer and SM (Brown
and Rose 1992). The present observations raise some intriguing questions concerning the
composition and specificity of raft-mediated trafficking. First of all, although acyl chain
saturation has been mechanistically related to raft formation (Ahmed et al., 1997; Simons and
Ikonen, 1997; Brown and London, 1998; Zegers and Hoekstra, 1998), the hydrophobic parts
of the fluorescent analogs are remarkably similar, implying that their sorting into distinct
domains must be largely driven by head group specificity. The intriguing question arises to
what extent these lipids, being located in separate domains, each can participate in the
formation of such rafts. Could they possibly participate in the formation of distinct rafts, each
directed to a different, i.e. apical or basolateral target membrane? In this context, it is not
unlikely that the distribution of rafts (and their functioning) may be more ubiquitous than
revealed thus far (this study; Brown and London, 1998; Mayor et al., 1998). Evidently, further
work is obviously required, but these issues may have important consequences with respect to
the exclusiveness of raft-specific (i.e. apical) targeting, and claims concerning their
composition when isolated by detergent extraction. In this respect it is important to emphasize
that both C6-NBD-SM and C6-NBD-GalCer are targeted from the SAC to the basolateral
membrane (van IJzendoorn and Hoekstra, 1998), although we have not yet determined
whether these analogs are randomized within the same domain. It is apparent though, that the
SM and GlcCer domains do maintain their specific identity when the membrane flow pathway
of SM is reversed from basolateral to an apical direction upon treatment of the cells with
dbcAMP.
It is furthermore of particular interest to note that in the present cell system, evidence has
been provided that several apical GPI-linked proteins reach this membrane in an indirect
pathway that leads via the basolateral membrane (Ihrke et al., 1998; Schell et al., 1992). Since
newly synthesized SM and GlcCer also appear to travel through SAC prior to reaching their
final destination (S. van IJzendoorn, K. Mostov and D. Hoekstra, unpublished observations),
the present data might therefore suggest that different raft-like domains with different
destinations are in fact available for trafficking. It could also explain why several non-apical
proteins are found in the detergent insoluble fraction (Weimbs et al., 1997). Hence, the
present observations indicate the potential existence of multiple sphingolipid-enriched
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domains in the same membrane fraction, which cannot be distinguished as separate entities in
detergent extracts. It is apparent, that a detailed analysis of these domains, closely related to
sorting and targeting governed by as yet unknown mechanisms, paves the way for identifying
novel concepts in membrane cell biology in general, and polarized trafficking in particular.
TFP inhibits the formation of C6 -NBD-SM-enriched vesicles from SAC
Apart from the intriguing consequences of TFP's action on SAC-originating lipid trafficking
and membrane flow, another question concerns the underlying mechanism of its action. Our
data (Fig.1) suggest that the mechanism of TFP in inhibiting sphingolipid flow relates to an
interference with an early step in the transport pathway from SAC, rather than to an
interference with sorting or polarized targeting, such as docking/fusion of transport vesicles.
Indeed, in the presence of TFP, no randomization of the distinct sphingolipid pools in SAC is
observed. Furthermore, in MDCK cells, TFP has been shown to inhibit basolateral to apical
transcytosis of IgA/pIgR, resulting in an intracellular accumulation of the complex in large
early endosomal compartments filled with internal membranes (Apodaca et al., 1994). From
these compartments, no enhanced basolateral recycling was observed. Recently, Enrich et al.
(1996) identified pIgR as the major calmodulin-binding protein in a rat liver endosomal
fraction enriched in recycling receptors, while Chapin et al (1996) showed that although
calmodulin binds to the autonomous basolateral targeting signal of pIgR, it is neither
necessary nor interferes with basolateral targeting of pIgR. Taken together, these observations
would be consistent with an effect of calmodulin antagonists on membrane vesiculation,
rather than on sorting. In fact, calmodulin has been implicated in several processes that might
be required in vesicle biogenesis, including actin-myosin interaction, actin-PM association,
and coat protein recruitment. Disruption of actin filaments with cytD has been reported to
(partly) inhibit endocytic pathways (Gottlieb et al., 1993; Jackman et al., 1994; Lamaze et al.,
1997), including basolateral endocytosis of C6-NBD-SM and -GlcCer in HepG2 cells (Zegers
et al., 1998). However, cytD did not inhibit exiting of these sphingolipid analogs from SAC
(Fig. 6). In addition, significant changes in actin filament organization were not apparent after
TFP treatment (van IJzendoorn en Hoekstra, unpublished observations), implying that the
mechanism of TFP action on vesiculation is not mediated via perturbation of actin filaments.
Calmodulin binds to clathrin heavy and light chains (Merisko et al., 1988), and has been
implicated to interfere with the recruitment of clathrin to membranes (Salisbury et al., 1980).
Moreover, clathrin-coated lattices, involved in vesicle formation and vesicle transport (Kirchhausen et al., 1997; Futter et al., 1998; Okamoto et al., 1998), have recently been demonstrated on SAC tubules in polarized epithelial cells (Futter et al., 1998; Okamoto et al., 1998,
1998b). Also in HepG2 cells, clathrin partly localizes to the SAC (our unpublished
observations), while calmodulin has been shown to tightly bind to a rat liver endosomal
fraction highly enriched in SAC membranes and transcytotic vesicles (Enrich et al., 1988,
1996). Although calmodulin antagonists might interfere with other proteins required for
vesicle formation (Wang et al., 1993), it will be of interest to examine a possible involvement
of clathrin in SAC-derived vesicular trafficking.
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Distinctly regulated sphingolipid trafficking pathways exit from SAC: a correlation with
apical PM biogenesis.
Activation of different steps in the adenylate cyclase-cAMP-protein kinase A signal
transduction cascade stimulates transport to the apical PM domain in polarized cells (Mostov
and Cardone, 1995; Hansen and Casanova, 1994; Zegers and Hoekstra, 1998). In agreement
with this notion, treatment of HepG2 cells with dbcAMP enhances apical PM directed
transport of C6-NBD-SM and –GlcCer involving a protein kinase A-mediated mechanism, and
causes a concomitant hyperpolarization of the cells (Zegers and Hoekstra, 1997). Here, we
demonstrate that the traffic machinery in the SAC acts as a target site for the stable cAMP
analogue. Thus in contrast to a basolateral direction in control cells, an apical pathway is
taken by C6-NBD-SM, after initial accumulation in the SAC and when, subsequently, lipid
trafficking is resumed in the presence of dbcAMP. In this case, the lipid remains in the apical
pole of the cells, its direction of trafficking being apical rather than basolateral (Fig. 4).
Concomitantly, hyperpolarization is taking place, as reflected by the increase in the number
(Tab. 2) and size (not shown) of the BC. As indicated above, the sensitivity of this pathway
towards TFP explicitly discriminates this route, which is also taken for apical delivery of
pIgR/IgA, from the apical GlcCer recycling pathway.
From these observations several important conclusions can be drawn. First, the data
indicate that the lateral segregation of the SM and GlcCer is maintained upon dbcAMP
treatment of the cells. Second, since hyperpolarization was completely abolished upon
simultaneous treatment of the cells with dbcAMP and TFP, a close correlation between the
transport pathway from the SAC to BC, as marked by the trafficking of C6-NBD-SM in
cAMP-treated cells, and the biogenesis of apical PM is suggested. Furthermore, as dbcAMP
was unable to cause hyperpolarization in TFP-pretreated cells, while TFP did not reverse
dbcAMP-induced hyperpolarization (Tab. 2), it is apparent that transport along this pathway
from the SAC to BC precedes apical PM biogenesis. Indeed, elsewhere we have demonstrated
that dbcAMP treatment mobilized sphingolipid trafficking from an intracellular pool, rather
than stimulating endocytosis at the basolateral membrane or the biosynthesis of sphingolipids
(Zegers and Hoekstra, 1998). The data presented here point to the SAC as a likely candidate
for dbcAMP-induced, i.e. signal-mediated stimulation of apical transcytosis, and the
importance of this pathway, as marked by the TFP-sensitive SM/IgA-pIgR route, in polarity
development.
Concluding remarks.
This study has demonstrated that separate sphingolipid domains exist in SAC, which
pathways of trafficking can be distinctly regulated. Thus dbcAMP can reroute SM from a
basolateral to an apical membrane destination, without perturbing its lateral segregation. A
differential regulation is also observed for TFP, an apparent modulator of membrane
trafficking, presumably at the level of vesiculation. This interference is observed at the level
of basolateral membrane directed trafficking and transcytotic transport of SM and IgA/pIgR
from SAC to BC. Intriguingly, no effect is seen in case of recycling of GlcCer between SAC
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and BC. This emphasizes the specificity of the process, presumably reflecting an interference
with domain-specific signals, as part of a trafficking machinery. This level of control could
possibly be related to the involvement of specific coat-complexes, giving rise to formation of
vesicles that participate in specific trafficking pathways, mediating different subcellular
destinations. The goal of current work in our laboratory is to exploit this experimental model
further in an effort to obtain molecular insight into these events.
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SUMMARY
The sub-apical compartment (SAC) constitutes an intrinsic part of the transcytotic pathway and plays an
important role in polarized transport of proteins and lipids. In a previous study, we have demonstrated that in
polarized hepatoma-derived HepG2 cells, fluorescent (C6-NBD) analogs of sphingomyelin (SM) and
glucosylceramide (GlcCer) are sorted in the SAC (van IJzendoorn, S.C.D. and Hoekstra, D. 1998. Journal of
Cell Biology 142, 683-696). Here, we demonstrate that the direction of polarized trafficking of C6-NBD-SM
from the SAC reverses during the development of cell polarity. After plating, HepG2 cells regain their polarized
phenotype in a time-dependent manner, reaching half-maximal and maximal polarity after 18 and 72 h in culture,
respectively. In 18-h cell cultures, C6-NBD-SM was efficiently transported from the SAC to apical membrane
domain. Intriguingly, this polarized transport of C6-NBD-SM from the SAC is dramatically altered in cells that
had been cultured for 72 h. Thus, in this optimally polarized cell culture, the lipid analogue was efficiently
targeted from the SAC to the basolateral domain. C6-NBD-GlcCer was targeted from the SAC to the apical PM,
irrespective of the state of polarity development. Interestingly, transport of SAC-derived C6-NBD-SM to BC in
18-h cells was abolished by the PKA inhibitor H89, which also inhibited the further polarization of the cells.
Neither transport of C6-NBD-SM from the SAC to the basolateral PM in cells cultured for 72 h, nor apicaldirected transport of the GlcCer analogue from the SAC in both 18 or 72 h cultures, was affected by H89. In
summary, the present data demonstrate that polarity development is regulated by a transient activation of
endogenous PKA. This development includes a transient activation of a specific membrane transport pathway
from the SAC to the apical membrane during biogenesis of the apical membrane. This PKA-regulated pathway
differs from the apical recycling pathway, which also traverses SAC. After reaching polarity, the direction of the
apically activated pathway switches to one in the basolateral direction, without affecting the apical recycling
pathway.

INTRODUCTION
Polarized cells have developed distinct plasma membrane (PM) domains, an apical and a
basolateral domain. Each PM domain is characterized by a specific protein and lipid
composition (Simons and Fuller, 1985; Zegers and Hoekstra, 1998). The establishment and
maintenance of such distinct PM domains requires the coordinated vectorial transport (i.e.
sorting and targeting), docking, and fusion of selectively targeted vesicles carrying specific
cargo molecules to appropriate PM domains. In this way, each membrane domain can be
supplied with appropriate proteins and lipids, necessary for the polarized cell to fulfill its
specialized tasks at the different extracellular environments. Newly synthesized membrane
components can be sorted in the trans-Golgi network (TGN) for direct delivery to the correct
PM domain (Pelham, 1996). In addition, it is becoming well-recognized (van IJzendoorn and
Hoekstra, 1999) that an auxiliary, non-Golgi-related compartment is also engaged in the
polarized sorting of proteins (Apodaca et al., 1994; Futter et al., 1998; Zacchi et al., 1998)
and, as recently discovered, also of (glyco)sphingolipids (van IJzendoorn and Hoekstra,
1998). This sub-apical compartment, SAC, is located in the hub of intracellular transport
routes, and receives and exchanges molecules derived from both the apical and basolateral
PM domains (Apodaca et al., 1994; Barosso and Sztul, 1994; Futter et al., 1998; van
IJzendoorn and Hoekstra, 1998). Indeed, the SAC appears to be equipped with machineries
for protein sorting, such as clathrin/γ-adaptin/AP-1 coat complexes (Futter et al. 1998;
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Okamoto et al., 1998) and those involved in (glyco)sphingolipid segregation (van IJzendoorn
and Hoekstra, 1998). Hence, in light of continuous transcellular traffic of PM proteins and
lipids, this endosomal compartment carries an important part of the sorting burden that
secures the specific PM compositions and, thus, cell polarity (reviewed in van IJzendoorn and
Hoekstra, 1999).
It has been proposed that the SAC is not a compartment that is unique to polarized
cells. Indeed, SAC shows remarkable analogy with the pericentriolar recycling compartment
(PCRC) in non-polarized cells (Apodaca et al., 1994; Zacchi et al., 1998; van IJzendoorn and
Hoekstra, 1998). For instance, in polarized HepG2 cells, apical PM derived C6-NBDsphingolipids and basolaterally derived IgA, bound to the polymeric immunoglobulin receptor
(pIgR), accumulate in the SAC at 18°C, whereas in nonpolarized HepG2 cells, these
molecules accumulate in a pericentriolar recycling compartment under otherwise identical
conditions (van IJzendoorn and Hoekstra, 1998). In addition, the epithelium-specific small
GTPase rab17 localizes to the SAC in polarized cells, where it interferes with polarized
sorting, and to the recycling compartment when expressed in non-polarized cells (Zacchi et
al., 1998; Hunziker and Peters, 1998). Also another epithelium-specific rab protein, rab25,
localizes exclusively to the SAC (Casanova et al., 1998). These studies suggest that the SAC
is the equivalent of the PCRC in nonpolarized cells, but acquires (part of) the functional
sorting machinery (e.g. rab17, rab25) when required, i.e. upon development of cell polarity.
Although the involvement of the SAC in the establishment of cell polarity thus seems evident,
it remains yet unclear how, and to what extent, the membrane sorting capacity of the SAC
contributes to this process.
In this study, we have investigated the polarized transport of (glyco)sphingolipids from
the SAC during HepG2 cell polarity development. HepG2 cells have retained their capability
to acquire the polarized phenotype after plating, as evidenced by the formation of microvillilined intercellular vacuoles, that are representative of the apical, bile canalicular PM domain
(BC, Chiu et al., 1989; Sormunen et al., 1993; Zaal et al., 1993). Polarized HepG2 cells have
been proven to be a suitable model for the study of several functional properties of
hepatocytes, including metabolism, sorting, polarized transport and secretion (see Zegers and
Hoekstra, 1998 and references therein). We have determined the time-dependent advancement
of polarity development of HepG2 cells after plating, and present evidence that reveals a
concomitant change in the direction of polarized membrane transport from the SAC. Our data
demonstrate for the first time that the sorting of a specific sphingolipid, SM, and
consequently, its subsequent preferential transport to a specific PM domain depends on the
degree of cell polarization. Moreover, this polarity-dependent shift in transport direction
appears to be regulated by protein kinase A activation. Since apical membrane recycling via
the SAC is unaffected, the data emphasize the importance of the sorting capacity of this
compartment in cell polarity development.
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RESULTS
Kinetics of HepG2 cell polarity development
In culture, HepG2 cells retain their capability to acquire a polarized phenotype, as indicated
by the formation of microvilli-lined intercellular vacuoles (BC) that are reminiscent of the
apical, bile canalicular domain (Chiu et al., 1989; Sormunen et al., 1993; Zaal et al., 1993). In
order to determine the time-dependent development of HepG2 cell polarity, cells were plated
on ethanol-sterilized glass coverslips at low density, and allowed to grow for various time
intervals. Cells were then fixed and, as a measure of cell polarity, the ratio [BC/100 cells] was
determined as described in EXPERIMENTAL PROCEDURES. As shown in figure 1, the
ratio of [BC/100 cells] increased from 2.6 ± 0.3 to 10.9 ± 0.3 in cells cultured for 3 and 18 h,
respectively, and reached a maximum of 21.3 ± 0.5 BC/100 cells in cells cultured for 72 h.
Since, in general, two cells participate in the formation of one BC, 5%, 20% and 43% of the
cells cultured for 3, 18 and 72 hours, respectively, can be considered as being polarized (Fig.
1, right y-axis). After culturing for another 24 h, the ratio [BC/100 cells] decreased again to
15.6 ± 0.6 (Fig. 1). Importantly, very similar results were obtained when BC were identified
by indirect immunofluorescent labeling of a BC-specific antigen, using the monoclonal
antibody Mab442 (Chemicon, Temecula, CA/USA), or by phase-contrast microscopical
analysis. Hence, the data show that after plating, the HepG2 cells regain their polarized
phenotype in a time-dependent manner, reaching maximum polarity after 72 h in culture.
In polarized HepG2 cells, SM and GlcCer are effectively segregated to the basolateral
and apical region of the cells, respectively (van IJzendoorn et al., 1997; van IJzendoorn and
Hoekstra, 1998). The SAC is instrumental in governing this preferential distribution. It was
therefore of interest to examine next whether and how the cells adopted mechanistically to
polarity development in terms of this preferred sphingolipid distribution.
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Figure 1. Time-dependent polarity development of HepG2 cell cultures. Cells were plated at low density (± 20%
of surface occupied) on ethanol-sterilized glass coverslips and allowed to adhere and grow in normal culture
medium. After various time intervals, cells were washed, fixed and processed for determination of the degree of
polarity (see EXPERIMENTAL PROCEDURES). The left and right y-axis indicate the ratio [BC/100 cells] and
the percentage of polarized cells, respectively. Data are presented as mean ± SEM of at least 3 independent
experiments, carried out in duplicate.

Differential targeting of C6-NBD-SM from the SAC during progression of cell polarity
The polarized trafficking of lipid analogs from the SAC was investigated in cell cultures that
were either sub-optimally (18 h) or optimally polarized, i.e. cultured for 72 h (see Fig. 1). To
this end, the basolateral surface of cells was labeled with C6-NBD-SM at 37°C to allow
internalization and transcytotic delivery to the apical, bile canalicular surface (BC, cf. van
IJzendoorn and Hoekstra, 1997; Zegers and Hoekstra, 1997). The residual pool of lipid
analogue still present at the basolateral membrane domain after this internalization step, was
then selectively depleted by a back exchange procedure with BSA at 4°C. Note that in both 18
and 72 h-old cell cultures, 70-80% of the BC remained labeled following the back exchange
(not shown, but see below). Hence, since BSA does not have access to the BC membranes, it
is concluded that already in 18 h-old cell cultures, a physical separation between the apical
and basolateral PM domains was achieved by the presence of tight junctions. Moreover, the
ability of BC in both 18 and 72 h-old cell cultures to retain the water-soluble dye rhodamine
123 in their lumen (our unpublished observations) further supports the functional integrity of
the BC in 18 h cells. Following the removal of basolateral PM-associated lipid analogue, cells
were subsequently incubated in back exchange medium at 18°C for 1 h to chase apical PM
derived C6-NBD-SM into the SAC (van IJzendoorn and Hoekstra, 1998). Finally, NBDfluorescence associated with the exoplasmic leaflet of BC was abolished using
sodiumdithionite at 4°C. At this time, the vast majority of the intracellular lipid analogue is
associated with the SAC (Fig. 2 b and c, white bars; cf. van IJzendoorn and Hoekstra, 1998).
Transport of C6-NBD-SM from the SAC was then examined by incubating the cells at 37°C in
back exchange medium to prevent re-internalization of lipid arriving at the basolateral
membrane. In 72 h-old cell cultures, the percentage of C6-NBD-SM remaining at the apical
pole (BCP, see EXPERIMENTAL PROCEDURES) decreased from ~ 88 to ~ 60 % during a
20 min chase from the SAC, indicating that the lipid analogue had disappeared from the apical
region of the cells (Fig. 2 a). Indeed, of the remaining fraction of C6-NBD-SM in the BCP, the
vast majority was found in the SAC alone (Fig. 2 c), consistent with previous observations
(see van IJzendoorn and Hoekstra, 1998). In striking contrast, in the 18 h-old cell culture C6NBD-SM remained in the bile canalicular pole during the entire chase (Fig. 2 a). Analysis of
the distribution of the lipid analogue in the BCP revealed that C6-NBD-SM labeled BC, SAC
or both (Fig. 2 b), indicating that in this case C6-NBD-SM was redistributed from the SAC to
BC, rather than to the basolateral region as observed for the 72 h culture. Hence, the results
demonstrate that in cells that are in the process of developing apical PM domains (cf. Fig. 1),
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trafficking of C6-NBD-SM from the SAC is in the apical direction, whereas in optimally
polarized cell cultures, transport of C6-NBD-SM from the SAC is in the basolateral direction.
Apparently, sorting and subsequent polarized targeting of C6-NBD-SM from the SAC is
dictated by the degree of cell polarity development.
Polarized transport of C6-NBD-GlcCer from the SAC does not change during
progression of cell polarity
We next investigated the transport of SAC-derived C6-NBD-GlcCer, which, in fully polarized
cells, prefers an apical distribution. The same experimental approach, as described in the
previous section, was taken. As shown in figure 3a, C6-NBD-GlcCer remained associated
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Figure 2. Polarized transport of C6-NBD-SM depends on the degree of cell polarity. The SAC were loaded with
C6-NBD-SM as described in EXPERIMENTAL PROCEDURES). Transport of the lipid analogue from the SAC
was then monitored for 20 min in back exchange medium. In a, the percentage of C6-NBD-SM-labeled BCP was
determined in 18 h- (white bars) and 72 h-old (gray bars) cell cultures. In b and c, the distribution of the lipid
analogue within the labeled BCP of 18 h- and 72 h-old cell cultures, respectively, was analyzed. White and gray
bars represent the compartmental distribution of the lipid prior to and after a 20 min chase from the SAC,
respectively.
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with the BCP during the chase from the SAC in both 18 h- and 72 h-old cell cultures,
indicating that this lipid analogue did not leave the apical pole of the cells. The relative
distribution of C6-NBD-GlcCer analogue over the various sites, i.e. the BC, the SAC, or both
was indistinguishable (Fig. 3b and c). Hence, it is concluded that in contrast to a polaritydependent shift in the direction of SM-trafficking, the direction of transport of C6-NBDGlcCer, is unaffected by the degree of cell polarity. Presumably, the persistence of an
apically-directed flow of GlcCer leaving the SAC in both polarized and polarity-developing
cells, reflects an apical recycling pathway (see below; cf. van IJzendoorn and Hoekstra, 1998).
The PKA-Inhibitor H89 inhibits transport of C6-NBD-SM from the SAC to BC, but not
from the SAC to the basolateral PM domain
Previously, we have shown that in optimally polarized HepG2 cells, apical-to-basolateral
transcytosis of C6-NBD-SM is impeded in the presence of dibutyryl cAMP, a cell permeant
non-hydrolysable cAMP analogue. Rather, under those conditions, trafficking of C6-NBD-SM
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Figure 3. Polarized transport of C6-NBD-GlcCer is in the apical direction in both 18 h- and 72 h-old cells. The
SAC were loaded with C6-NBD-GlcCer as described in MATERIALS AND METHODS. Transport of the lipid
analogue was followed for 20 min in back exchange medium. In a, the percentage of C6-NBD-GlcCer-labeled
BCP was determined in 18 h- (white bars) and 72 h-old (gray bars) cell cultures. In b and c, the distribution of
the lipid analogue within the labeled BCP was analyzed. White and gray bars represent the distribution of the
lipid prior to and after a 20 min chase from the SAC, respectively.

is redirected to the BC (van IJzendoorn et al., 1997). Moreover, dibutyryl cAMP treatment
was also shown to enhance BC-directed sphingolipid transport, in both the direct
(biosynthetic) TGN-to-apical route and the basolateral-to-apical transcytotic pathway.
Interestingly, a concomitant hyper-polarization of the cells, as evidenced by an increase in the
number of BC as well as their circumference, was observed (Zegers and Hoekstra, 1997). The
mechanism underlying these events was related to dibutyryl cAMP-induced activation of
protein kinase A. These studies thus suggest that apical PM-directed sphingolipid transport
and development of polarity of the cells are closely related events in PKA-stimulated HepG2
cells.
Reasoning therefore that the dibutyryl cAMP/PKA-mediated hyper-polarization may
be of physiological significance in polarity development, we investigated the involvement of
endogenous PKA activity in the polarized transport of C6-NBD-SM from the SAC in suboptimally and optimally polarized cell cultures. For this, the SAC was first loaded with the
SM analogue as described above. Cells were then preincubated with 10 µM of the specific
PKA-inhibitor H89 at 4°C for 30 min. Transport of C6-NBD-SM from the SAC was
subsequently determined by incubating the cells at 37°C in back exchange medium,
supplemented with H89. In 72 h-old cell cultures, transport of C6-NBD-SM from the SAC to
the basolateral domain was unaffected by H89 (cf. Fig. 2 a, c). Remarkably, H89 strongly
inhibited SAC-to-BC transport of C6-NBD-SM in 18 h-old cell cultures (Fig. 4 b, comp. to
Fig. 2 b). Intriguingly, the presence of H89 did not cause a redirection of transport of the SM
analogue to the basolateral domain. Rather, the lipid analogue remained associated with the
BCP (Fig. 4 a), where it exclusively associated with the SAC (Fig. 4 b). The data thus suggest
that during polarity development, as reflected by the 18 h-old cell cultures, the trafficking of
C6-NBD-SM from the SAC to BC is regulated by endogenous PKA activity.
H89 does not inhibit SAC-to-BC transport of C6-NBD-GlcCer
Evidently, in sub-optimally polarized cell cultures (18 h), both C6-NBD-SM and -GlcCer are
transported from the SAC to BC. Since H89 inhibited SAC-to-BC transport of C6-NBD-SM in
these cells, it was of interest to examine the specificity of this impediment and determine
whether this inhibitor also affected SAC-to-BC trafficking of C6-NBD-GlcCer. Therefore,
after loading the SAC with the GlcCer analogue and removal of BC-associated NBDfluorescence (see above), 18 or 72 h-old cell cultures were preincubated with 10 µM H89 at
4°C for 30 min. Then, cells were incubated in back exchange medium at 37°C in the presence
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Figure 4. SAC-to-BC transport of C6-NBD-SM from the SAC is inhibited by the protein kinase A inhibitor H89.
Cells were cultured for 18 h, after which the SAC were leaded with C6-NBD-SM. Cells were then incubated with
10 µM H89 or HBSS at 4°C for 30 min and, subsequently, in back exchange medium, with or without (control)
H89 at 37°C for 20 min. In a, the percentage of C6-NBD-SM-labeled BCP in non-treated (white bar) and H89treated cells (gray bar) is determined. In b, the distribution of BCP-associated C6-NBD-SM was analyzed in
control (white bars) and H89-treated cells (gray bars).

of H89. Irrespective of the presence of H89, and in contrast to the observations reported above
for C6-NBD-SM, C6-NBD-GlcCer was transported from the SAC to BC in both 18 and 72 hold cells (cf. Fig. 3). The discriminating effect of H89 on SAC-to-BC transport of C6-NBDGlcCer on the one hand, and -SM on the other thus suggests that the two lipid analogs travel
from the SAC to BC via distinct pathways.
PKA inhibition prevents progression of HepG2 cell polarity
To directly correlate the observed switch of membrane transport, as reflected by C6-NBD-SM
traffic from the SAC in sub-optimally polarized cells (i.e. cells that are in the BC-developing
phase), with cell polarity development, we next examined the effect of H89 on polarity
development of the cells. Cells were plated and cultured for 18 h. Since at this stage, the cell
culture is sub-optimally polarized (see Fig. 1), both progression and loss of cell polarity can
be determined. The medium of 18 h-old cell cultures was replaced by medium, supplemented
with 10 µM H89, and the cells were cultured for another 18 or 54 h. As shown in figure 5, the
presence of H89 in the medium effectively blocked progression of polarity development of the
cells, as evidenced by a constant value of approximately 10 in the ratio of BC/100 cells (∼20%
of the cells are polarized). Note that in control cells (absence of H89), polarity is further
increased to a ratio [BC/100 cells] of approximately 21 (∼42% of the cells are polarized).
Very similar results were obtained when quantitation was carried out by using the BC antigenspecific antibody MAb442 to identify the BC (not shown). Treatment of the 18 h-old cell
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cultures with H89 did not cause depolarization of the cells, which would have been reflected
by a decrease in the ratio [BC/100 cells]. Taken together, the data strongly suggest that
polarized targeting from the SAC, as marked by the trafficking of C6-NBD-SM, and the
acquisition of the polarized phenotype are closely coupled events.
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Figure 5. The protein kinase A inhibitor H89 blocks progression of HepG2 cell polarity. Cells were plated and
cultured for 18 h. At this time, the cell culture is half-maximally polarized (Fig. 1). Cells were washed with
sterile HBSS and cultured in normal culture medium (white bars) or culture medium, supplemented with 10 µM
H89 (hatched bars). After a prolonged incubation of 14 and 54 h, cells were fixated and the ration [BC/100 cells]
was estimated as described in (EXPERIMENTAL PROCEDURES).

DISCUSSION
Irrespective of the degree of cell polarity, the overall expression of proteins and lipids in
differentiating cells is not remarkably different (Bender et al., 1998; Kramer et al., 1997),
implying that membrane domain specificity in fully polarized cells is likely governed by
specific sorting/targeting and retrieval processes. Indeed, this also holds upon hyperpolarization of HepG2 cells, as induced by exogenous addition of dibutyryl cAMP, which was
similarly correlated with a stimulation of apical PM-directed sphingolipid transport (Zegers
and Hoekstra, 1997, see below). In the present study, evidence is presented that demonstrates
that the degree of cell polarity dictates the polarized targeting of SM to the developing apical
membrane. Thus in sub-optimally polarized cells, i.e. cells that had been cultured for 18 h, C6NBD-SM was transported from SAC to BC, which was inhibited by H89, whereas in
optimally polarized cells (72 h), this lipid was transported from the SAC to the basolateral
membrane (Fig. 2). Previously, we observed that inhibition of PKA activation by H89,
inhibited apical-directed transport in optimally polarized cells (Zegers and Hoekstra, 1997). In
conjunction with these results, the present data indicate that in HepG2 polarity development,
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endogenous protein kinase A activity is transiently upregulated, which promotes an apical
direction of membrane flow. Upon polarity progress in the culture, the activity decreases
again (note that 72 h cells are not affected by H89), causing a switch in the flow of SM from
an apical to a basolateral direction. Via a mechanism yet to be determined, the intracellular
sorting compartment in polarized trafficking, SAC, appears a major target site of endogenous
PKA activation. Indeed, as demonstrated previously (Zegers and Hoekstra, 1997), endogenous
activation of PKA via dibutyryl cAMP results in neither an enhanced biosynthesis nor an
increase in basolateral endocytosis.
Interestingly, the PKA-activated pathway involved in the biogenesis of the apical
membrane could be clearly distinguished from the apical recycling route, marked by the flow
of GlcCer. The latter is not significantly affected by PKA activation, which is supported by
the observation that H89 did not interfere with the recycling pathway. Hence, these
observations support the conclusion that the recycling pathway and the pathway involved in
the biogenesis of the apical membrane are distinct routes. This notion is further supported by
studies on protein trafficking in MDCK cells, which showed that elevated levels of dibutyryl
cAMP stimulate transcytosing proteins to a much greater extent than that of apical recycling
proteins (Hansen and Casanova, 1994). Indeed, more recent evidence (van IJzendoorn and
Hoekstra, submitted) demonstrated that the SM-marked pathway between SAC and the apical
membrane coincides with that taken by the transcytotic pIgR/IgA marker complex. Since the
dbcAMP/PKA activated pathway does not enhance basolateral endocytosis (Zegers and
Hoekstra, 1997), this implies that the transcytotic pathway, exiting from SAC, is closely
related to the biogenesis of the apical membrane and hence to the development of cell
polarity.
An intriguing issue is why inhibition of apical directed trafficking by H89 in 18 h cells
does not resemble SM trafficking in maximally polarized cells, which show a basolateral
pathway for the lipid. A direct effect of H89 can be excluded, as the inhibitor does not affect
the basolateral trafficking in optimally polarized cells. At present we have no clear
explanation for this observation, but it is possible that in sub-optimally polarized cells, the
proper basolateral sorting machinery has not yet been developed in SAC. The absence of such
a pathway from SAC may be reasonable in light of the crucial involvement of the
compartment in apical membrane biogenesis during early stages of cell polarity development.
In line with this reasoning and given the specific, i.e. polarity-developing conditions, SAC
may then favor a retention function, acting as temporal site of storage and providing an
immediate supply, when triggered by PKA (re-)activation. Consistent with such an argument
would be that transmembrane transporter protein (Katsura et al., 1998), secretory proteins
(Ammala et al., 1993) and neurotransmitters (Valtora and Meldolesi, 1994) are also recruited
from intracellular vesicular pools to specific PM domains in a cAMP/PKA-regulated manner.
Hence, apical targeting of SM from the SAC during cell polarity development, and the
process of regulated exocytic transport show some clear similarities. Note that these
observations inherently emphasize the significance of (sphingolipid-)sorting capacity in both
the SAC and Golgi. Whereas during polarity development SAC appears to play a particular
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prominent role in the biogenesis of the apical domain (this study), the obvious (biosynthetic)
needs of the basolateral membrane can be met by the Golgi.
The role of PKA activation in the biogenesis of cell polarity in HepG2 cells appears to be
primarily restricted to biogenesis itself, rather than to maintaining polarity. This is suggested
by the dramatic apical-to-basolateral shift in SM transport, once the cells have reached
optimal polarity. Moreover, as noted above the artificial reactivation as triggered by adding
dibutyryl cAMP reverses this pathway once more, culminating in hyperpolarization. In this
respect, it is interesting to note that in fully polarized MDCK cells, H89 abolished
cAMP/PKA-stimulated, but not basal levels of SAC-to-apical transport (Hansen and
Casanova, 1994). Consistently, in 72 h HepG2 cells, H89 abolished hyperpolarization but did
not affect the polarity of non-stimulated cells (Zegers and Hoekstra, 1997). Similarly, H89
effectively impeded cell polarity development in 18 h cells, but did not cause a depolarization.
An issue that remains unresolved is what causes the PKA-mediated switch in polarized
targeting from the SAC in cells that are actively engaged in polarity development. In
intercalated epithelial cells, the polarized PM distribution of band 3 was shown to be switched
from apical to basolateral. This feature was dependent of cell density and correlated with the
secretion of specific extracellular matrix (ECM) proteins (van Adelsberg et al., 1994). The
activity of these proteins has been related to activation of PKA (Lochter and Schachner, 1997;
Fushimi et al., 1997; Katsura et al., 1997). Interestingly, a correlation between epithelial
polarity development and the employment of different targeting pathways has also been
demonstrated in Fisher rat thyroid (FRT) cells. Thus, in 1 day-old polarized FRT cell
monolayers, targeting of apical proteins was accomplished by use of an indirect pathway (i.e.
involving transcytosis), whereas in 7 days old monolayers apical delivery was via the direct
TGN-to-apical route (Zurzolo et al., 1992). Importantly, additional to a possible role of
developmental stage-regulated secretion of signaling molecules, this strongly emphasizes the
importance of the transcytotic pathway, most likely involving the SAC, in the process of
apical PM biogenesis. The classic upstream effector in the cAMP/PKA signaling cascade
includes heterotrimeric G protein alpha subunits, proposed to be involved in maintenance and
biogenesis of epithelial cell tight junctions (Saha et al., 1998) and apical PM directed transport
(Bomsel and Mostov, 1993; Pimplikar and Simons, 1994; Barosso and Sztul, 1994). Possibly,
HepG2 cells secrete ECM molecules following their plating which, upon cell-cell contact
(note that secreted ECM associate with the cell’s exterior rather than that they travel relative
long distances as do secreted hormones), interact with cell surface receptors. Interestingly, it
was recently demonstrated that ligand-receptor binding at the surface of MDCK cells initiated
intracellular signaling that resulted in a stimulated SAC-to-apical transport (Luton et al.,
1998). Since the apical targeting of the SM analogue is evidently not maintained, additional
mechanisms are probably operational that cause a down-regulation or desensitization of the
signaling cascade. Such mechanisms are most likely located upstream of cAMP, since
treatment of 72 h-old HepG2 cells with dibutyryl cAMP induces a similar rerouting of SACassociated C6-NBD-SM and hyper-polarization (S. van IJzendoorn and D. Hoekstra,
manuscript submitted), as proposed to occur during natural development of cell polarity (this
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study). Although the involvement and nature of possible extracellular signals, as well as
target molecules of cAMP/PKA, remain as yet elusive, this study provides the first evidence
that the polarized targeting of specific molecules from a single organelle, the SAC, changes
during the development of cell polarity and that endogenous cAMP/PKA-mediated signaling
plays a central role in this process.
EXPERIMENTAL PROCEDURES
Cell culture
HepG2 cells were cultured in Dulbecco’s modified essential medium (DMEM) with 4500 mg of glucose per
liter, supplemented with 10% heat-inactivated (at 56°C) fetal calf serum (FCS) and antibiotics (penicillin and
streptomycin). Media were changed every other day. For experiments, cells were plated onto ethanol-sterilized
glass coverslips at low density (± 20% of surface occupied). The cells were used for experiments after various
time intervals after plating.
Determination of HepG2 cell polarity
Accurate estimation of the degree of HepG2 polarity was performed as described elsewhere (Zegers and
Hoekstra, 1997). Cells were fixed with -20°C ethanol for 10 s and rehydrated in HBSS. Cells were then
incubated with a mixture of tetramethylrhodamine isothiocyanate (TRITC)-labeled phalloidin and the nuclear
stain Hoechst-33528 at RT for 20 min. The cells were then washed and the number of BC (identified by the
presence of dense F-actin staining around BC) per 100 cells (identified by fluorescently labeled nuclei) was
determined and expressed as the ratio [BC/100 cells]. 10 fields (each containing >50 cells) per coverslip (at least
2 coverslips per condition were studied) were analyzed. Identical results were obtained when a monoclonal
antibody raised against a BC-specific antigen (MAb442) in stead of TRITC-phalloidin was used to identify BC.
Synthesis of C6-NBD-labeled sphingolipids
C6-NBD-SM and C6-NBD-GlcCer were synthesized from C6-NBD and 1-β-D-glucosylsphingosine and
sphingosylphosphorylcholine, respectively, as described elsewhere (Kishimoto, 1975; Babia et al., 1994). The
lipids were stored at -20°C and routinely checked for purity.
Analysis of transport of C6-NBD-Sphingolipids from the SAC
In order to study the trafficking of lipid analogs from the SAC, SAC were preloaded with lipid analogue as
described elsewhere (van IJzendoorn and Hoekstra, 1998). In short, cells were labeled with 4 µM of either C 6NBD-SM or -GlcCer at 37°C to allow internalization from the basolateral surface and subsequent transcytosis to
the apical, bile canalicular PM domain (BC). Lipid analogue residing at the basolateral domain was then depleted
by a back exchange procedure at 4°C (2 x 30 min incubation in HBSS + 5% (w/v) BSA, cf. van IJzendoorn et al.,
1997), and BC-associated lipid analogue was chased into the SAC at 18°C for 1 h in back exchange medium.
Then, the NBD-fluorescence at the exoplasmic BC leaflet was abolished using sodiumdithionite at 4°C, leaving
the vast majority of the intracellular lipid analogue in the SAC (van IJzendoorn and Hoekstra, 1998). Transport
from the SAC was then examined by incubating in back exchange medium at 37°C. To examine the effect of the
protein kinase A inhibitor H89 (N-[2-(p-bromocinnamylamino)ethyl]-5-iso-quinolinesulfonamine) on
sphingolipid trafficking from the SAC, cells were incubated with 10 µM H89 at 4°C for 30 min following the
sodiumdithionite incubation and the compound was kept present during subsequent incubations.
In order to quantitate transport of the lipid analogues to and from the BC, the percentage of NBD-positive
BC was determined as described elsewhere (van IJzendoorn et al., 1997; van IJzendoorn and Hoekstra, 1998).
Briefly, BC were first identified by phase contrast illumination, and then categorized as NBD-positive or NBD-
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negative under epifluorescence illumination. Distinct pools of fluorescence were discerned at the apical pole of the
cells, present in vesicular structures adjacent to BC, which are defined as sub-apical compartments (SAC, cf. van
IJzendoorn and Hoekstra, 1998). Together, BC and SAC thus constitute the bile canalicular, apical pole (BCP) in
HepG2 cells. Therefore, within the BCP region the localization of the fluorescent lipid analogs will be defined as
being derived from the BC, the SAC, or both. At least 50 BCP per coverslip were analyzed. Data are expressed as the
mean ± SEM of at least four independent experiments, carried out in duplicate.
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Abstract
The sub-apical compartment (SAC) constitutes an intrinsic part of the transcytotic pathway and plays an
important role in the polarized sorting of proteins and lipids. In a previous study, we have shown that in the SAC
fluorescent sphingolipid analogs are sorted. Thus, from the SAC, C6-NBD-glucosylceramide (GlcCer) is targeted
to the apical plasma membrane (PM), while C6-NBD-galactosylceramide (GalCer) and -sphingomyelin (SM) are
targeted to the basolateral PM (van IJzendoorn, S.C.D. and Hoekstra, D. 1998. Journal of Cell Biology 142, 683696). In addition, SAC-associated SM can be rerouted to the apical surface when the cells are treated with
dibutyryl cAMP (chapter 4). Interestingly, it was shown that the signal-regulated SAC-to-apical transport of SM
was via a distinct pathway than that followed by GlcCer. In this study, evidence is provided that suggests that
two distinct pathways from the SAC to the apical PM exist, a direct route and a route that involves rab11containing sub-apical intermediate compartments, and that (cAMP-) regulated SAC-to-apical targeting of SM is
specifically via the rab11-mediated pathway. These data suggest that regulated polarized transport from the SAC
is closely related to a subcompartmental organization of the SAC.

Introduction
Polarized cells have distinct plasma membrane (PM) domains, an apical and a basolateral
domain (Simons and Fuller, 1985). Each domain is characterized by a specific composition of
proteins and lipids that allow the cell to exert its specific functions at the different
extracellular environments. To establish and maintain such membrane compositions,
intracellular machineries are operational that sort and transport proteins and lipids to the
correct surface. The generation of different PM domains and the endogenous expression of (at
least some) polarity markers are dissociable events, which is reflected by the observation that
many domain-specific proteins show similar expression patterns in both the nonpolarized and
polarized form of differentiating cells (Bender et al., 1998; Krämer et al., 1997). Hence, when
cells acquire a polarized phenotype, the need for redistribution of PM components seems
evident. In addition, also in fully polarized cells, the localization of PM proteins may be
switched from apical to basolateral, or vice versa, by the action of extracellular signals,
emphasizing the plasticity of cell polarity (Schwartz et al., 1985) and, consequently, of
polarized sorting and targeting. Redistribution of PM components by definition involves
transcytosis, a process that for many proteins and lipids largely bypasses the trans-Golgi
network (Futter et al., 1998; van IJzendoorn et al., 1997), where sorting in the biosynthetic
route is believed to be orchestrated (Traub and Kornfeld, 1997). The SAC constitutes an
intrinsic part of the transcytotic pathways where it connects the apical and basolateral
endocytic routes. Indeed, both transcytosing and recycling proteins and lipids have been
reported to pass through the SAC (Apodaca et al., 1994; Futter et al., 1998; van IJzendoorn
and Hoekstra, 1998; Zacchi et al., 1998). In this compartment, well-known sorting
machineries, including those involving clathrin-adaptin complexes (Futter et al., 1998;
Okamoto et al., 1998) are harbored. Also sorting of fluorescent (C6-NBD) sphingolipid
analogs has recently been demonstrated to occur in the SAC. Thus, whereas C6-NBDsphingomyelin (SM) and –galactosylceramide (GalCer) are rapidly transported from the SAC
to the basolateral surface, C6-NBD-glucosylceramide (GlcCer) is efficiently transported to the
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apical PM domain (van IJzendoorn and Hoekstra, 1998). Given its central position in the
different transport routes where apical and basolateral constituents mix, and the presence of
different sorting machineries, it is therefore attractive to propose a crucial involvement of the
SAC in the polarized disposition of proteins and lipids. However, the regulation of sorting and
polarized traffic from the SAC remains largely obscure.
Three small GTPases, rab11 (Casanova et al., 1998), the epithelium-specific rab17
(Zacchi et al., 1998; Hunziker and Peters, 1998), and rab25 (Casanova et al., 1998) have been
proposed to play a role in polarized trafficking from the SAC. Intriguingly, whereas all three
rabs localize to the SAC, their localization often does not completely overlap, as judged by
indirect immunofluorescence analysis. Moreover, whereas the SAC, as judged by the
redistribution of rab11 and rab25, appears to depend on intact microtubules for its spatial
organization (Casanova et al., 1998), the SAC as marked by rab17 is not (Zacchi et al., 1998).
These data raise intriguing questions as to the possibility of subcompartmentalization of the
SAC (van IJzendoorn and Hoekstra, 1999). Thus, it is tempting to suggest that different rab
proteins act at specific SAC subcompartments, where they regulate the transfer of molecules
to, from and/or between these compartments.
In addition to rab proteins, different protein kinases have been shown to modulate
transport from the SAC (Hansen and Casanova, 1994; Cardone et al., 1994) and, moreover,
interfere with cell polarity (Zegers and Hoekstra, 1997). In MDCK cells, transcytosis of the
polymeric Ig receptor (pIgR) from the SAC to the apical surface is stimulated when it has
bound IgA (Luton et al., 1998). Binding of IgA to the pIgR was also reported to induce
translocation of protein kinase C, which, in turn, stimulates the trafficking of transcytosing
and recycling IgA-pIgR complexes from the SAC to the apical PM (Cardone et al., 1994).
Increased levels of cAMP were shown to inhibit apical to basolateral transcytosis of C6-NBDSM and caused the apical rerouting of the lipid in polarized HepG2 cells (van IJzendoorn et
al., 1997). Concomitantly, in the presence of cAMP an enhanced apical PM biogenesis
occurred (Zegers and Hoekstra, 1997; van IJzendoorn and Hoekstra, submitted). Detailed
microscopical analysis revealed a protein kinase A (PKA)-mediated basolateral to apical
switch of C6-NBD-SM targeting from the SAC. Moreover, in cAMP-stimulated cells, SACto-apical transport of C6-NBD-SM and C6-NBD-GlcCer could be distinguished by calmodulin
antagonists which specifically inhibited trafficking of the SM analogue from the SAC (van
IJzendoorn and Hoekstra, manuscript submitted). Interestingly, activation of PKA stimulated
basolateral to apical transcytosis of pIgR, presumably at the level of the SAC. However,
stimulation of PKA did not affect the apical recycling of re-internalized pIgR-IgA complexes
(Hansen and Casanova, 1994). Together, these data thus suggests the existence of distinct
pathways that lead from the SAC to the apical PM, which may be differentially employed
under conditions of (cAMP-) stimulated apical targeting.
In this study, evidence is provided that suggests that in cAMP-stimulated HepG2 cells,
C6-NBD-SM is targeted from the SAC to the apical PM via distinct, rab11-positive
intermediate compartments. In contrast, SAC-to-apical transport of C6-NBD-GlcCer bypassed
the rab11-positive compartments. We propose that two distinct pathways from the SAC to the
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apical PM exist, a direct route and a route that involves rab11-positive intermediate
compartments, and that (cAMP-) regulated apical targeting specifically employs the rab11mediated pathway. The results suggest a close relation between regulated polarized transport
from the SAC and a subcompartmental organization of the SAC.
Materials and Methods
Affinity purified rabbit anti-rab11 antibody was a generous gift from Dr. D. Sabatini, New York University
School of Medicine, New York, USA. The monoclonal anti-β-tubulin antibody was purchased from Sigma
Chemical Co., St. Louis, MO/USA. FITC- and Cy3-conjugated secondary antibodies were from Nordic
Immunologic Laboratories, Tilburg/The Netherlands and Jackson Immunoresearch Laboratories, Inc, West
Grove, PA/USA, respectively. Sphingosylphosphorylcholine and 1-ß-glucosylsphingosine were from Sigma
Chemical Co., St. Louis, MO/USA. Albumin (from bovine serum, fraction V) was bought from Fluka Chemie AG,
Buchs/Switzerland. 6-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]hexanoic acid (C6-NBD) was obtained from
Molecular Probes, Eugene, OR/USA. DMEM was purchased from GIBCO BRL (Life Technologies),
Paisley/Scotland. Fetal calf serum (FCS) was bought from BioWhittaker, Verviers/Belgium. Paraformaldehyde and
sodiumdithionite (Na2S2O4) were from Merck, Darmstadt/Germany. Dibutyryl cyclic AMP (dbcAMP) and
nocodazole were obtained from Boehringer Mannheim, Mannheim/Germany. All other chemicals were of analytical
grade.
Cell Culture
HepG2 cells were cultured as described elsewhere (van IJzendoorn and Hoekstra, 1998). For experiments, cells
were plated onto ethanol-sterilized glass coverslips. Cells were used three days after plating. At that time the
cells had reached an optimal ratio of polarity versus density, i.e. number of BC versus number of cells (van
IJzendoorn et al., 1997).
Indirect Immunofluorescence Studies
Cells were washed with HBSS, fixated with 4% paraformaldehyde at RT for 20 min, and washed twice with HBSS.
Permeabilization was performed by incubating in HBSS, supplemented with 5% FCS and 0.1% Triton X-100, at
37°C for 15 min. Cells were then washed three times with HBBS/2.5% FCS and incubated in HBBS/5% FCS at
37°C for 1 h to block nonspecific binding sites. After washing three times with HBBS/2.5% FCS, cells were
incubated with anti-rab11 or anti-β-tubulin antibody, diluted in HBSS/2.5% FCS, at 37°C for 2 h. Cells were then
washed three times with HBSS/2.5% FCS and incubated with the appropriate Cy3- or FITC-conjugated secondary
antibody, diluted in HBSS/2.5% FCS, at 37°C for 45 min. To prevent bleaching, cells were embedded in glycerol
containing 2.5% 1,4-diazobicyclo [2.2.2.]octane prior to microscopical examination.
Synthesis of C6-NBD-Labeled Sphingolipids
C6-NBD-GlcCer and C6-NBD-SM were synthesized from C6-NBD and 1-ß-glucosylsphingosine and
Sphingosylphosphorylcholine, respectively, as described elsewhere (Kishimoto, 1975; Babia et al., 1994). The C6NBD-lipids were stored at -20°C and routinely checked for purity.
Labeling Cells with C6-NBD-Lipids
Cells were washed three times with HBBS. C6-NBD-GlcCer or C6-NBD-SM was dried under nitrogen, redissolved
in absolute ethanol and injected into HBSS under vigorous vortexing. The final concentration of ethanol did not
exceed 0.5% (v/v). All lipid analogs were administered to the cells at a concentration of 4 µM.
Transport of C6-NBD-Lipids from the SAC
In order to monitor SAC-associated sphingolipid transport, the SAC were first preloaded with lipid analogue as
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described elsewhere (van IJzendoorn and Hoekstra, 1998). In brief, cells were washed with HBBS and incubated
with C6-NBD-SM or -GlcCer at 37°C for 30 min to allow internalization of the lipid analogue from the basolateral
surface followed by transcytosis (Zegers et al., 1997; Zegers and Hoekstra, 1998, van IJzendoorn et al., 1997, van
IJzendoorn and Hoekstra, 1998). The remaining basolateral pool of lipid analogue was then depleted by a back
exchange procedure (5% BSA (w/v) in HBSS, pH 7.4 at 4°C for 2 x 30 min). Then, lipid analogue was chased from
the apical, bile canalicular PM into the SAC by an incubation at 18°C for 60 min in back exchange medium. Finally,
NBD-fluorescence remaining at the luminal leaflet of the apical PM was abolished by incubating the cells with 30
mM sodiumdithionite (diluted from an 1 M stock solution in 1 M Tris buffer, pH 10). After these incubation steps,
the majority of the lipid analogue was associated with the SAC (see Results; cf. van IJzendoorn and Hoekstra, 1998).
In some experiments, cells were subsequently treated with 33 µM nocodazole, 100 µM dibutyryl cAMP (dbcAMP)
or both, at 4°C for 30 min. Transport of the lipid analogs from the SAC was monitored by incubation at 37°C in back
exchange medium. When required, nocodazole, dbcAMP or both were kept present during the transport assay.
In order to quantitate transport of the lipid analogs to and from the apical, bile canalicular (BC) membranes,
the percentage of NBD-positive BC membranes was determined as described elsewhere (van IJzendoorn et al., 1997;
van IJzendoorn and Hoekstra, 1998). Briefly, BC were first identified by phase contrast illumination, and then
classified as NBD-positive or NBD-negative under epifluorescence illumination. Distinct pools of fluorescence were
discerned, present in vesicular structures adjacent to BC, which are defined as sub-apical compartments (SAC, cf.
van IJzendoorn and Hoekstra, 1998). Together, BC and the SAC thus constitute the bile canalicular, apical pole
(BCP) in HepG2 cells. Therefore, within the BCP region the localization of the fluorescent lipid analogs will be
defined as being derived from BC, the SAC, or both. At least 50 BCP per coverslip were analyzed. Data are
expressed as the mean ± SEM of at least two independent experiments, carried out in duplicate.

Results
Localization of Rab11 in Polarized and Nonpolarized HepG2 Cells
HepG2 cells progressively acquire a polarized phenotype after plating, which is characterized
by the formation of intercellular microvilli-lined vacuoles that represent the apical, bile
canalicular plasma membrane (BC) domain in hepatic cells. Three days after plating, the cells
have reached maximum polarity, i.e. in terms of number of BC per number of cells (van
IJzendoorn et al., 1997). In the experiments described in this study, typically ~ 40% of the
cells are polarized in a 3 d-old cell culture (our unpublished observations). In order to
examine the intracellular localization of endogenous rab11 in HepG2 cells, cells were fixed
with 4% paraformaldehyde and processed for indirect immunfluorescence microscopy as
described in Materials and Methods. Rab11 was found exclusively localized in sub-apical
compartments, which are seen as a belt that closely surrounds the apical, bile canalicular
plasma membrane (Fig. 1a, b). Interestingly, endogenous rab11 also showed
immunoreactivity in nonpolarized HepG2 cells. In these cells, rab11 was confined to the
juxtanuclear region (Fig. 1c, d), consistent with its localization in fibroblasts (Ren et al., 1998;
Ullrich et al., 1996). Hence, endogenous rab11 is present in both polarized and non-polarized
HepG2 cells, but localizes to distinct sites.
Sub-apical compartments have been proposed to be analogous to the recycling
endosomes in non-polarized cells (reviewed in van IJzendoorn and Hoekstra, 1999). Both the
sub-apical compartments in polarized cells and recycling endosomes in nonpolarized cells are
concentrated around the microtubule-organizing center. In order to compare the localization
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of the rab11-positive structures with that of the microtubule-organizing center in
nonpolarized and polarized HepG2 cells, the following experiment was performed. First, the
microtubule network was destroyed by incubating the cells with 33 µM nocodazole (Fig. 2a,
b). Then, nocodazole was removed and the cells were further incubated in HBSS at 37°C.
After different times of incubation, cells were fixed and processed for indirect
immunofluorescent staining of tubulin (see Materials and Methods). As shown in figure 2c
and d, 45 min after removal of the nocodazole, a bright fluorescent punctuate staining was
observed just next to the apical PM domain in polarized cells, and in the juxtanuclear region
in nonpolarized cells.

a

c

b

d

polarized

non-polarized

Figure 1. Rab11 localizes to sub-apical and juxtanuclear compartments in polarized and non-polarized HepG2
cells, respectively. Cells were fixated and endogenous rab11 was visualized by indirect immuno-fluorescence
microscopy as described in Materials and Methods. In b and d, immunoreactivity with anti-rab11 antibody in
polarized and non-polarized HepG2 cells, respectively, is shown. Note that a clear labeling of rab11 was also
observed in the lower cell in d but in another plane of focus. A and c are phase contrast images to b and d,
respectively.

These punctuate spots are likely to represent the microtubule-organizing center, as evidenced
by the progressive growth of microtubules from these spots, observed 180 min after removal
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of the nocodazole (Fig. 2e and f). Thus, the apparent localization of the rab11-positive
structures in the direct vicinity of the microtubule-organizing center in both nonpolarized and
polarized HepG2 cells supports the proposed analogy between the sub-apical compartments
and the recycling endosomes.
The Spatial Organization of the Rab11-Positive Compartments is Dependent on Intact
Microtubules
The similarity in localization of the rab11-positive compartments and the microtubuleorganizing center prompted us to investigate whether the spatial organization of these
compartments was dependent on microtubules, as has been proposed before in polarized
MDCK cells (Casanova et al., 1998). To this end, cells were treated with nocodazole and
subsequently stained for rab11 as described in Materials and Methods. As shown in figure 3b,
profound labeling of rab11 in sub-apical structures, as well as those in the juxtanuclear region
in non-treated cells (Fig. 1 and Fig. 3a), was no longer observed. Instead, specific punctate
labeling was observed throughout the cytoplasm, suggesting that the organization of the
rab11-positive structures is microtubule-dependent.
We next examined whether the original organization of the rab11-positive
compartments could be reconstituted following a recovery from the nocodazole. Thus, after
treatment with nocodazole, cells were washed three times with HBSS and further incubated in
HBSS at 37°C. As shown in figure 3c, large fluorescently labeled structures appeared in the
cytoplasm and along the lateral membranes, where it organized into patch-like structures
(arrows). Three hours after removal of the nocodazole, rab11 could still be observed along the
lateral membranes (Fig. 3d), albeit to a much lesser extent. Moreover, the profound sub-apical
rab11 staining was recovered, similar in appearance as seen in non-treated cells (Fig. 3a).
The Structural Organization of the Sub-Apical Compartment where Sphingolipids are
Sorted is Not Dependent on Microtubules
Apically endocytosed C6-NBD-SM and -GlcCer have also been reported to accumulate
in sub-apical compartments, SAC, at 18°C. It was demonstrated that in the SAC, sorting of
C6-NBD-SM and –GlcCer occurs. Thus, C6-NBD-SM is rapidly transported from the SAC to
the basolateral domain, whereas the GlcCer analogue is efficiently targeted back to the apical
PM (van IJzendoorn and Hoekstra, 1998). In order to investigate the requirement for intact
microtubules for the organization of C6-NBD-sphingolipid-labeled SAC, the SAC were
loaded with C6-NBD-SM as described in Materials and Methods. The cells were then treated
with 33 µM nocodazole or HBSS (control) at 4°C for 30 min. Nocodazole effectively destroys
the microtubule network (Fig. 2b, cf. Zegers et al., 1998). However, as shown in figure 4a-d,
nocodazole did not affect the organization of the C6-NBD-SM-labeled sub-apical
compartments. Similar results were obtained for C6-NBD-GlcCer-labeled SAC (data not
shown), which is entirely consistent with our previous observations (van IJzendoorn and
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b

a

polarized
c

nonpolarized
d
45 min

e

f
180 min

Figure 2. The MTOC in polarized and non-polarized HepG2 cells. In a, the microtubule network in polarized
cells is shown, using an anti-β-tubulin antibody. In b, cells were treated with nocodazole at 4°C for 30 min,
which disrupts the microtubule network. Note that the fine structures as observed have completely disappeared.
Cells were sub-sequently washed and allowed to recover from the nocodazole for 45 (c and d) or 180 (e and f)
min, and stained for β-tubulin. Note the appearance of sub-apical and juxta-nuclear punctate labeling in polarized
(c and e) and non-polarized (d and f) cells, respectively, which represents the MTOC, as evidenced by the growth
of microtubules from these spots (e and f). Arrows point to BC. Bar 5µM.
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Hoekstra 1998). Hence, the data suggest that the SAC, in which the C6-NBD-sphingolipids
accumulate at 18°C, is distinct from the compartment that showed immunoreactivity with the
anti-rab11 antibody (Figs. 1b and 3a).

Figure 3. The spatial organization of
the rab11-postive com-partments is
depen-dent on intact microtubules. In
a, rab11 localization is shown and is
pronounced in the sub-apical region
(see also Fig. 1b). After treatment
with nocodazole, the rab11-postive
com-partments dispersed into the
cytosol (b). After removal of the
nocodazole by washing, and incubating the cells at 37°C for 75 min in
HBSS, rab11- posi-tive structures reorganized into larger structures
(arrows) throughout the cyto-sol and
along the lateral PM (c). Note that no
significant sub-apical enrichment
was observed at this time. Following
1
a recovery for 180 min, the large
vesicular structures in the cytosol and
along the lateral PM (arrows) had
disappeared and a profound labeling
subjacent to the apical PM domain
was apparent (d). C1, C2, etc. mark
the different cells. Asterisks mark the BC. Bar. 5 µM.

ctrl

a

C1
*

*

c

C

noc

b

C2

75 ' recov.

C2
*

180 ' recov.

d

2
* C

C1

C3

Transport of C6-NBD-GlcCer from the SAC to the Apical PM Domain does Not Require
Intact Microtubules
In order to examine the effect of nocodazole on transport of C6-NBD-GlcCer from the SAC to
the apical PM, the SAC were loaded with C6-NBD-GlcCer and cells were subsequently
treated with nocodazole or HBSS as described in the previous paragraph. In both control and
nocodazole-treated cells, the percentage of labeled BCP remained constant at ~90% (Fig. 5a
and c), suggesting that the GlcCer analogue recycled at the apical pole of the cells irrespective
of the presence of nocodazole. Indeed, within the labeled BCP, C6-NBD-GlcCer localized to
the BC, the SAC or both, indicative for its apical recycling in both control and nocodazoletreated cells (Fig. 4i-l; Fig. 5b and d). Hence, the data suggest that transport of C6-NBDGlcCer from the SAC to the apical PM is microtubule-independent.
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Figure 4. Effect of nocodazole on SAC-to-BC transport of C6-NBD-sphingolipids. The SAC were loaded with
either lipid analogue as described in Materials and Methods. In b and d, the sub-apical labeling pattern of C6NBD-SM (arrowheads) is shown in control (b) and nocodazole-treated (d) cells. A and c are the corresponding
phase contrast micrographs, with arrows pointing to the BC. Note that the labeling pattern does not change after
nocodazole treatment, indicating that the spatial organization of the SAC does not depend on intact microtubules.
Identical results were obtained with C6-NBD-GlcCer-loaded SAC (not shown).
Subsequently, the SAC-loaded cells were incubated for 20 min at 37°C in back exchange medium, with
or without nocodazole. In the absence of nocodazole, SM disappeared from the SAC and the sub-apical region of
the cell (f; e, corresponding phase contrast, arrow marks the BC), whereas in its presence the SAC, loaded with
the SM analogue, remained prominently labeled (h, arrowheads; g, corresponding phase contrast. Arrow
indicates BC). Note that nocodazole inhibits SAC-to-basolateral trafficking of SM. Panels j and l show the fate
of SAC-loaded GlcCer, following the 20 min incubation period at 37°C in either the absence (j) or presence of
nocodazole (l). The corresponding phase contrast images are presented in i and k; arrow mark the localization of
BC. Note that in this case, the lipid analogue resided in the BCP area, labeling both SAC and BC (arrowheads).
Bar. 5 µM.
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Figure 5. Nocodazole does not inhibit SAC-to-apical transport of C6-NBD-GlcCer. SAC were loaded with C6NBD-GlcCer as described in Materials and Methods. Cells were treated with HBSS with or without nocodazole
at 4°C for 30 min and incubated in back exchange medium, with or without nocodazole for 20 min. Figures a and
b represent the BCP distribution in non-treated cells; c and d that in treated cells. In a and c, the percentage of
C6-NBD-GlcCer-labeled BCP is shown prior and after the chase (20 min 37°C). In b and d, the distribution of the
lipid analogue within the BCP is specified (white bars: prior to the chase; gray bars: after the chase).

Transport of C6-NBD-SM from the SAC to the basolateral PM Requires Intact
Microtubules
The microtubule-dependence of C6-NBD-SM transport from the SAC, in which the lipid
analogue had been accumulated, was examined similarly as described for the GlcCer analogue
in the foregoing paragraph. Following a 20 min chase at 37°C, the percentage of C 6-NBDSM-labeling at the bile canalicular pole (BCP; see Materials and Methods) in control cells
decreased from ~90 to ~55%, reflecting transport of the lipid analogue out of the apical pole
(Fig. 6a). Indeed, analysis of the remaining fraction of the lipid analogue that still associated
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with the BCP revealed, that most of the lipid analogue was in the SAC alone (Fig. 4e, f; Fig.
6b), suggesting that little if any C6-NBD-SM was transported from the SAC to the apical PM
(compare white and gray bars in Fig. 5b; cf. van IJzendoorn and Hoekstra, 1998). By contrast,
in nocodazole-treated cells, the percentage of C6-NBD-SM labeled BCP did not decrease, but
remained constant at ~90% during the chase (Fig. 6c), indicating that nocodazole inhibited
transport of the SM analogue out of the BCP. Analysis of the distribution of the SM analogue
within the BCP revealed that C6-NBD-SM nearly exclusively labeled the SAC while the
labeling of BC was essentially negligible (Fig. 4g, h; Fig. 6d). Hence, the data suggest that
nocodazole inhibits SAC-to-basolateral transport of C6-NBD-SM, resulting in its entrapment
in the SAC.
Transport of C6-NBD-SM from the SAC to the Apical PM in Dibutyryl cAMP-Treated
Cells is Via Rab11-Postive Compartments
Whereas in optimally polarized HepG2 cell cultures, i.e. 3 d after plating (van IJzendoorn and
Hoekstra, 1998), C6-NBD-SM is targeted from the SAC to the basolateral domain, a rerouting
of the SM to the apical BC can be induced upon treatment of the cells with dbcAMP (van
IJzendoorn et al., 1997). Recently, we have demonstrated that this rerouting of the lipid occurs
in the SAC (van IJzendoorn and Hoekstra, submitted). In order to examine whether SAC-toapical transport of C6-NBD-SM in dbcAMP-treated cells required intact microtubules,
apically derived C6-NBD-SM was first chased into the SAC (see above). Cells were then
incubated with 100 µM dbcAMP at 4°C for 30 min. Subsequently, transport from the SAC
was triggered by raising the temperature to 37°C. The incubation was done in back exchange
medium, supplemented with dbcAMP. As shown in figure 7a, the percentage of C6-NBD-SMlabeled BCP remained unaltered during a 20 min chase from the SAC, which indicates a lack
of transport to the basolateral domain of the cells, similarly as observed in nocodazole treated
cells (Fig. 6c). However, whereas in nocodazole-treated cells C6-NBD-SM remained
associated with the SAC, in dbcAMP-treated cells, BCP-associated C6-NBD-SM was
redistributed to the apical PM. Thus, the lipid analogue labeled BC, the SAC, or both (Fig. 7b
and Fig. 8a, b). Hence, in dbcAMP-treated cells, polarized transport of C6-NBD-SM from the
SAC is rerouted to the BC.
To examine the microtubule-dependence of SAC-to-BC transport of C6-NBD-SM,
nocodazole was included during the dbcAMP incubation step. Prior to the chase, 90% of the
BCP was labeled with C6-NBD-SM of which the vast majority labeled only the SAC (Fig. 7c
and d, white bars). When the distribution of C6-NBD-SM, was analyzed following the chase
in the presence of dbcAMP and nocodazole, labeling was no longer exclusively confined to
the apical pole of the cells, as observed in cells only treated with dbcAMP (Fig. 8a, b), but
redistributed to the cytoplasm (Fig. 8 c, d). Accordingly, the percentage of C6-NBD-SMlabeled BCP was dramatically decreased to ~55% (Fig. 7c, light gray bar). A major part of the
remaining fraction of C6-NBD-SM that was still associated with the BCP was located in the
SAC only (Fig. 7d; light gray bars). Note that in the absence of nocodazole, the extent of BC
labeling was approximately 2-fold higher than in its presence (light gray bars in Fig.7b and d).
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The data thus suggest that nocodazole inhibited SAC-to-BC transport of C6-NBD-SM, as
induced by treatment of the cells with dbcAMP.
The decrease of the percentage C6-NBD-SM-labeled BCP (Fig. 7c; white vs. light gray
bar) would suggest transport of the SM analogue out of the apical pole, presumably towards
the basolateral plasma membrane domain. However, nocodazole inhibited transport of C6NBD-SM from the SAC to the basolateral surface in control cells (Fig. 6c, d). Therefore, it is
unlikely that the SM analogue which seemingly disappeared from the BCP, would have
entered a basolateral directed pathway. Rather, a likely explanation for the apparent decrease
in labeled BCP could be that the C6-NBD-SM was in fact transported from the nocodazoleinert SAC to the drug-sensitive rab11-positive sub-apical compartments. Because of the
dispersed organization of the latter compartments in nocodazole-treated cells (Fig. 3b, c), C6NBD-labeled structures will therefore not be recognized as being part of the transport pathway
to the apical membrane and hence qualify as compartments belonging to the bile canalicular
pole. Concomitant with the inhibited delivery of C6-NBD-SM to the BC in nocodazole-treated
cells (Fig. 7d), this might thus explain the apparent decrease in labeled BCP. To test this
hypothesis, we therefore examined the fate of the lipid analogue, following recovery from the
nocodazole-block. After the removal of nocodazole, microtubules start to re-grow from the
microtubule-organizing center in a time-dependent manner (see Fig. 2). In addition, we have
previously shown that a nocodazole-induced block of transport can be overcome after
subsequent prolonged incubation in the absence of the compound (van IJzendoorn and
Hoekstra, 1998). Hence, following the chase of C6-NBD-SM from SAC in
dbcAMP/nocodazole-treated cells, the cells were washed three times with HBSS and
incubated for an additional 75 min in back exchange medium at 37°C in the absence of
nocodazole. Fluorescence microscopic examination revealed that, upon recovery from the
nocodazole block, the lipid analogue was redistributed again to the BC and SAC (Fig. 8e, f).
Indeed, quantifying its redistribution after recovery, C6-NBD-SM was found to label BCP
region to a similar extent as that in non-treated cells, increasing from ~55 in the presence of
the drug to ~ 85% upon recovery (Fig. 7). Importantly, since all incubations were performed
in BSA-containing medium, thus preventing any re-internalization from the basolateral
surface, the increase in the percentage C6-NBD-SM-labeled BCP must have been due to
‘recruitment’ of lipid analogue from intracellular compartments that localize to the apical
cytoplasm in the absence of nocodazole. Indeed, the amount of cell-associated NBDfluorescence did not significantly decrease during the incubations, as evidenced by
quantification of the C6-NBD-SM extracted from the cells (data not shown). The data thus
suggest that after recovery from the nocodazole block, C6-NBD-SM was transported from the
rab11-positive compartments to BC. A subsequent re-internalization of the lipid analogue
from the BC and transport to SAC may then have occurred, as demonstrated in figure 8f.
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Figure 6. SAC-to-basolateral transport of C6-NBD-SM depends on intact microtubules. The SAC was loaded
with C6-NBD-SM, as described in Materials and Methods, and the cells were treated with HBSS with or without
nocodazole at 4°C for 30 min and incubated in back exchange medium, with or without nocodazole for 20 min at
37°C. Figures a and b represent the lipid distribution in control cells; c and d show the distribution in
nocodazole-treated cells. In a and c, the percentage of C6-NBD-SM-labeled BCP is shown prior and after the
chase (20 min 37°C. In b and d, the distribution of the lipid analogue within the BCP is demonstrated (white
bars: prior to the chase; gray bars: after the chase).
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Figure 7. Nocodazole inhibits SAC-to-BC transport of C6-NBD-SM. The SAC was loaded with C6-NBD-SM as
described in Materials and Methods. Cells were treated with HBSS with or without nocodazole and dbcAMP at
4°C for 30 min and incubated in back exchange medium, with or without the compounds for 20 min. Figures a
and b represent control cells; c and d are treated cells. In a and c, the percentage of C6-NBD-SM-labeled BCP is
shown prior and after the chase (20 min 37°C). In b and d, the distribution of the lipid analogue within the BCP
is given (white bars: prior to the chase; light-gray bars: after the chase). In some cases, nocodazole was removed
by washing, and the cells were further incubated in back exchange medium, supplemented with dbcAMP, at
37°C for 75 min (c and d, dark-gray bars).
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Discussion
In this study, it is demonstrated that rab11 localizes to sub-apical compartments that likely
constitute a part of the apically directed transport pathways in polarized HepG2 cells. The
localization of these compartments is similar to that reported in hepatocytes (Goldenring et al.,
1996). Also in other epithelial cells, such as MDCK (Casanova et al., 1998) and gastric
parietal cells (Calhoun and Goldenring, 1997), a sub-apical localization of rab11-containing
compartments has been described. The sub-apical compartments have been shown to
concentrate around the microtubule-organizing center (MTOC, Apodaca et al., 1994; Futter et
al., 1998). In the endocytic pathway of nonpolarized cells, rab11 has been demonstrated to
localize to the pericentriolar recycling compartments (PCRC), typically localized in the
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juxtanuclear region (Ren et al., 1998; Green et al., 1997; Ullrich et al., 1996). The sub-apical
recycling compartments in polarized cells and the PCRC in nonpolarized cells have been
proposed to be analogous (Apodaca et al., 1994; Zacchi et al., 1998). These compartments,
likely forming a heterogeneous mixture of subcompartments, are considered to function as the
sorting station, regulating delivery to specific domains at the cell surface (reviewed in van
IJzendoorn and Hoekstra, 1999). Indeed, both compartments are capable of sorting PM
molecules into distinct traffic pathways, which may be instrumental to serve specific PM
domains. In non-epithelial cells such as fibroblasts, molecules are concentrated in the PCRC
and targeted to the leading lamella upon migration of the cells (Hopkins et al., 1994). In
epithelial cells, the sub-apical compartment connects the basolateral and apical membrane
domains, and is believed to orchestrate the polarized targeting of proteins and lipids. Upon
induction of cell polarity, the MTOC is repositioned from a juxtanuclear localization to one
that faces the specialized PM domain (Houliston et al., 1987), supporting the proposed
analogy between the sub-apical compartments and the PCRC. Indeed, in nonpolarized HepG2
cells, rab11 is profoundly present in the juxtanuclear area (Fig. 1c, d). Moreover, in both
polarized and non-polarized HepG2 cells, rab11 colocalizes with the MTOC, identified as the
site where microtubules regrow after recovery from nocodazole-treatment (Fig. 2). Our data
allow for the first time a comparison of rab11 localization between the polarized and
nonpolarized form of the same cells, present in a single cell culture, and strongly support the
proposed analogy between the rab11-positive sub-apical recycling compartments and the
PCRC.
In a previous study, we have demonstrated that C6-NBD-SM and –GlcCer,
endocytosed from the apical surface of HepG2 cells at 18°C, accumulate in a compartment
located subjacent to the apical PM, i.e. SAC. In the same compartment basolaterally derived
IgA, bound to the polymeric Ig receptor (pIgR) was also shown to accumulate, as indicated by
a prominent colocalization of the lipids and pIgR/IgA (van IJzendoorn and Hoekstra, 1998). It
was demonstrated that in the SAC, C6-NBD-SM and –GlcCer were sorted. Thus, C6-NBD-SM
was rapidly transported from the SAC to the basolateral domain of the cells, whereas the
GlcCer analogue was efficiently targeted from the SAC to the apical PM (van IJzendoorn and
Hoekstra, 1998). Intriguingly, whereas the spatial organization of the rab11-positive subapical compartments depends on microtubules (Fig. 3), consistent with the results obtained in
MDCK cells (Casanova et al., 1998), this appears not to be the case for the SAC, as identified
by the accumulation of the sphingolipid analogs (Fig. 4a-d, cf. van IJzendoorn and Hoekstra,
1998). Hence, the data indicate that the SAC, where sphingolipids are sorted, are distinct from
the rab11-positive sub-apical compartments and suggest that traffic in/from the sub-apical
region is more complex than previously appreciated.
The complexity of trafficking from the sub-apical compartments is further emphasized
by the notion that two more rab proteins, rab17 (Lutcke et al., 1993; Zacchi et al., 1998) and
rab25 (Casanova et al., 1998; Calhoun and Goldenring, 1997) localize to these compartments.
Since these rab proteins are expressed exclusively in epithelial cells (Lutcke et al., 1993;
Goldenring et al., 1993), their involvement in polarized, i.e. apical versus basolateral,
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transport is anticipated (Zacchi et al., 1998; Hunziker and Peters, 1998). Interestingly, in
MDCK cells rab25 and rab11 show a considerable, although not complete degree of overlap
after their dispersion with nocodazole (Casanova et al. 1998), whereas in Eph4 cells rab17postive sub-apical compartments appeared nocodazole-inert (Zacchi et al., 1998). Although
extrapolation of results obtained from different cell types should be done with caution, the
available data provide support for our hypothesis that SAC likely consists of distinct
subcompartments. It is tempting to suggest that polarized sorting of sphingolipids and proteins
is orchestrated in the (nocodazole-inert) SAC, while the distinct rab11-containing
compartments may be functionally involved in apical PM expression. The rab11-postive subapical compartments may thus represent an elaboration of the apical recycling system.
Elevated intracellular cAMP levels can switch the direction of polarized transport of
C6-NBD-SM from the SAC. Thus, whereas the SM analogue is rapidly transported from the
SAC to the basolateral domain of HepG2 cell in control cells (Fig. 5a, b), the lipid is
efficiently targeted to the apical PM after treatment of the cells with the cell permeant, nonhydrolysable dbcAMP (Fig. 7a, b). Recent results obtained in our laboratory suggest that this
dbcAMP-induced rerouting is caused by PKA activation. Moreover, the pathway from the
SAC to the apical PM as followed by C6-NBD-SM and –GlcCer in dbcAMP-treated cells was
found to be differentially regulated by calmodulin antagonists which suggest that distinct
routes are operational between the SAC and the apical surface (van IJzendoorn and Hoekstra,
submitted). Consistently, SAC-to-apical transport of C6-NBD-SM, but not of C6-NBD-GlcCer
is dependent on intact microtubules, which thus provides an additional means to discriminate
the distinct transport pathways taken by both lipids.
Surprisingly, after the chase in nocodazole-treated cells, the percentage of C6-NBDSM-labeled BCP decreased with ~40% (Fig. 7c), whereas that of C6-NBD-GlcCer-labeled
BCP remained constant at ~90%. Although at first sight, a decrease in percentage of labeled
BCP would imply transport out of the apical pole (Fig. 6a; cf. van IJzendoorn and Hoekstra,
1998), the dependence of C6-NBD-SM from the SAC to the basolateral domain on intact
microtubules (Fig. 6c, d), renders this possibility highly unlikely. Indeed, the cellular pool of
the NBD-labeled lipids did not decrease, as would have occurred when the lipid had reached
the basolateral membrane, where BSA acts as a lipid scavenger (data not shown). Rather, the
prominent labeling of vesicular structures throughout the cytoplasm in dbcAMP/nocodazoletreated cells (Fig. 8c) suggests that the lipid analogue was redistributed. Moreover, following
recovery from the nocodazole block, the percentage of C6-NBD-SM-labeled BCP was
similarly recovered to control levels (Fig. 7c, d). Accordingly, the reestablishment of the BCP
pool is related to the ‘reconstitution’ of a nocodazole-sensitive compartment in which the SM
was located on its way from the SAC to the apical membrane. Such a compartment is likely
represented by the rab11-positive compartment. Based on the available data, the following
transport itinerary from the SAC to the BC is therefore proposed (schematically depicted in
Fig. 9). After treatment with nocodazole and dbcAMP, C6-NBD-SM can still be transported to
the rab11-positive compartments, in spite of being dispersed and, importantly, implying that
this transport step is microtubule-independent. The remaining percentage of labeled BCP is
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accounted for by nocodazole-inert SAC-associated C6-NBD-SM that has not yet been
transported to the rab11-postive structures. Following recovery from the nocodazole block,
the lipid is then transported from the rab11-positive compartments, to which we will refer as
sub-apical intermediate compartments (SIC), to the BC. From the BC, a fraction of the C6NBD-SM is then likely transported again to the nocodazole-inert SAC, thus entering an apical
recycling pathway in the presence of dbcAMP and a basolateral pathway in its absence.
Interestingly, the SIC appears to be accessible for SAC-derived, but not BC-derived SM.
Indeed, apical internalization of sphingolipids is microtubule-independent, in contrast to
subsequent delivery to the nocodazole-inert SAC (van IJzendoorn and Hoekstra, 1998).
Hence, it is suggested that the SIC functions as an intermediate compartment in the SAC-toapical transport route of SM in dbcAMP-treated cells.

APICAL PLASMA MEMBRANE
(BC)
SM
GlcCer

SM
(dbcAMP)
Rab11

GlcCer

SIC

AEE
SM
(dbcAMP)
SM
GlcCer

SAC

SM
: microtubule-dependent
Figure 9. Schematic representation of sphingolipid trafficking from the SAC to the apical PM and the
involvement of the SIC in HepG2 cells. SM and GlcCer are endocytosed from the apical PM and transported,
presumably via apical early endosomes (van IJzendoorn and Hoekstra, 1998) to the SAC. From the SAC, GlcCer
is efficiently recycled back to the apical membrane, whereas SM is transported to the basolateral membrane.
However, when cells have been treated with dbcAMP, SM is rerouted into an apical PM-directed pathway. This
route, in contrast to that of GlcCer, includes trafficking via rab11-positive sub-apical intermediate compartments
(SIC). Moreover, whereas exit of both lipids, bound for the apical PM, from the SAC is microtubuleindependent, final apical delivery of SM, but not of GlcCer, is microtubule dependent.
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According to this model, transport from the SAC to the SIC and from the SIC to the BC is not
critically dependent on the intact spatial organization of the SIC. This is inferred from the
observation that the transport cycle between the nocodazole-inert SAC and the BC seems
fully restored after 75 min, whereas the spatial ‘reconstitution’ of the rab11-postive SIC has
not (Fig. 3). In addition, transport of C6-NBD-SM from the SIC to BC is dependent on intact
microtubules, while transport of C6-NBD-SM from the nocodazole-inert SAC to the
basolateral domain of non-dibutyryl cAMP-treated cells also depends on intact microtubules.
These data suggest that the involvement of microtubules in vesicle-based transport and in the
structural organization of transport intermediates is not strictly related.
Our data suggest that the trafficking of C6-NBD-GlcCer from the SAC to the BC
bypasses the SIC, suggesting that the SIC is involved in selective transport from the SAC to
the apical surface. Possibly, such selective transport reflects a process of signal-mediated
apical delivery. Interestingly, rab11 has been shown to colocalize with the H+/K+-ATPase in
sub-apical tubulovesicular compartments (Goldenring et al. 1996), and the translocation of the
H+/K+-ATPase from a sub-apical endosomal compartment to the apical surface in epithelial
cells is enhanced when cAMP levels are elevated (Forte and Yao, 1996). These observations
combined with our data on signal-induced targeting of SM from the SAC into a specific apical
surface-directed pathway, support the hypothesis of a rab11-positive SIC-mediated traffic
route that is employed for regulated, selective expression of PM molecules at the apical
surface.
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Abstract
MDCK cells have been extensively exploited to study polarized transport and cell polarity. Biochemical assays have
been developed to accurately measure the kinetics of appearance of proteins at the either basolateral or apical PM
domain, while fluorescently tagged proteins have proven a valuable tool to map the intracellular transport itinerary
and identify the subcellular compartments that are involved in the overall pathway of PM delivery. However, the
intracellular transport routes of sphingolipid transport in these cells had thus far been poorly characterized. To
address this issue, we have employed fluorescently (C6-NBD) labeled sphingolipids to map the compartments that
comprise the transcytotic and biosynthetic pathways. The results show that transcytosis of sphingolipids in MDCK
cells involves sequential transit through the basolateral early endosome and sub-apical compartments (SAC).
Furthermore, evidence is presented that demonstrates for the first time that the transcytotic and biosynthetic
pathways are interconnected in the SAC. The SAC has been proposed to contain some well-characterized
components that regulate polarity-dependent sorting and targeting of proteins and lipids. Our data show that in
the SAC, IgA and sphingolipids are localized to distinct domains or subcompartments. A correlation between
the subcompartmentalization of the SAC and its polarized sorting function is discussed.

Introduction
The plasma membrane (PM) of polarized cells is composed of a basolateral and an apical
domain, each characterized by a unique protein and lipid composition. In order to generate and
maintain such compositions, proteins and lipids are sorted and targeted to the correct PM
domains. Apical PM-directed pathways include a direct, post-Golgi biosynthetic pathway for the
delivery of newly synthesized apical components, and an indirect pathway involving initial
targeting to the basolateral surface. From this membrane domain, the apical components are
subsequently internalized and transcytosed to the opposite, apical surface. Different cell types
may use specific routes for the apical delivery of newly synthesized molecules. MDCK cells
predominantly use the direct route for apically directed transport of newly synthesized proteins
and lipids (Mostov and Cardone, 1995). Hepatocytes have been suggested to lack such a direct
route for the apical delivery of proteins and predominantly use the indirect pathway instead
(Bartels et al., 1987; Schell et al., 1992). However, newly synthesized sphingolipids (Zaal et al.,
1994; Zegers and Hoekstra, 1997; Zegers et al., 1998), as well as some proteins (Ali and Evans,
1990), can be transported directly to the apical, bile canalicular PM of cultured HepG2 cells. In
addition, sphingolipids are transcytosed in both apical and basolateral direction in these cells (van
IJzendoorn et al., 1997). Other cell types such as enterocytic Caco-2 (Hauri and Matter, 1991)
and retinal pigment epithelial (Bonilha et al., 1997) cells use both pathways equally for apical
targeting. Interestingly, cells can be triggered to employ different pathways (i.e. direct versus
indirect) in order to target proteins to the apical surface under certain conditions, e.g. depending
on the degree of cell polarity (Zurzolo et al., 1992). Hence, both biosynthetic and transcytotic
routes and sorting in these routes appear to be indispensable for the establishment and
maintenance of cell polarity.
Although a rough outline of the different pathways to the PM domains is known,
information as to the intracellular compartments that are involved in the different transport
pathways, especially in the direct route, is still scanty. After endocytosis from the basolateral
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surface, most proteins are first confronted with the basolateral early ‘sorting’ endosome (BEE).
Here, they are sorted and either i) tunneled into the late endocytic/lysosomal pathway, ii)
recycled to the original, basolateral PM domain, or iii) targeted to the sub-apical compartment
(SAC). The SAC is an integral part of the transcytotic pathway, and connects the apical and
basolateral membrane domains. Moreover, the SAC harbors several mechanisms for the sorting
of proteins and sphingolipids, and is believed to orchestrate polarized targeting to the PM during
transcellular flow (reviewed in van IJzendoorn and Hoekstra, 1999). Interestingly, also direct
Golgi-to-PM trafficking has been reported to involve passage through endosomes (Ali and
Evans, 1990; Leitinger et al., 1995; Futter et al., 1995), suggesting that endo-/transcytotic and
biosynthetic pathways may be connected. These findings led to suggest that the SAC might also
function as a sorting site for the polarized expression of certain receptor proteins in the direct
route (Futter et al., 1998). However, the unambiguous involvement of the SAC in the
biosynthetic pathway has thus far not been demonstrated.
In this study, we have employed fluorescently labeled sphingolipid analogues to monitor
trafficking of sphingolipids in both the transcytotic and direct pathways in MDCK cells, and
compared the lipid trafficking with that of fluorescently labeled IgA, a well-studied transcytotic
marker (Mostov and Cardone, 1995; Apodaca et al., 1994; Barosso and Sztul, 1994). The results
show that in MDCK cells, the BEE and the SAC, i.e. the major intracellular compartments, that
are well known to comprise the transcytotic pathway for proteins, are also used by transcytosing
sphingolipids. In addition, we present evidence that, for the first time, unambiguously
demonstrates the involvement of the SAC in the biosynthetic, Golgi-to-PM pathway. These
results indicate that the SAC is located in the hub of intracellular sorting pathways and support its
proposed function as key sorting center in intracellular traffic in polarized cells. Furthermore, the
results suggest a subcompartmental nature of the SAC, which may be instrumental to its function
in polarized sorting and targeting.
Materials and Methods
Cell Culture
MDCK cells that stably express the wild-type rabbit polymeric immunoglobulin (Ig) receptor (Breitfeld et al.
1989) were maintained in MEM (UCSF Cell Culture Facility), supplemented with 10% FBS (Hyclone,
Logan/UT) and antibiotics (penicillin and streptomycin) at 37°C in 5% CO2/ 95% air. For fluorescence
microscopy studies, the cells were cultured on 12-mm, 0.4-µm pore size Transwell polycarbonate filters
(Corning Costar, Cambridge/MA) so that they reached confluency after 1 day, and were grown for a further 3
days with regular medium changes. Polarity of the cells was verified as described elsewhere (Low et al., 1996).
Cells were only used when a confluently grown cell layer was able to withstand the hydrostatic pressure of
approximately 1 cm in an overnight ‘leak-test’.
Synthesis of C6-NBD-Labeled Sphingolipids
C6-NBD-GlcCer, C6-NBD-SM and C6-NBD-Cer were synthesized from C6-NBD (Molecular Probes, Eugene/OR)
and 1-ß-glucosylsphingosine, sphingosylphosphorylcholine and D-sphingosine (Sigma Chemical Co., St Lois/MO),
respectively, as described elsewhere (Kishimoto., 1975; Babia et al., 1994). The C6-NBD-lipids were stored at -20°C
and routinely checked for purity.
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Preparation of C6-NBD-Lipid solutions
C6-NBD-GlcCer, C6-NBD-SM or C6-NBD-Cer was dried under nitrogen, redissolved in absolute ethanol and
injected into HBSS under vigorous vortexing. The final concentration of ethanol did not exceed 0.5% (v/v). All lipid
analogs were administered to the cells at a concentration of 4 µM.
Cell Labeling Procedures
C6-NBD-SM and –GlcCer - Lipid analogue was administered to either the basolateral (1.5 ml) or apical (0.5 ml)
side of the cell layer at 4°C for 30 min, in the presence of buffer at the opposite side of the cells. In co-labeling
experiments with Texas Red (TxR)-IgA (kindly provided by Dr. Kenneth Dunn, Indiana University Medical
Center, Indianapolis/IN), the lipid analogue was inserted into the basolateral PM by transferring the filter support
to an ice-cold 100-µl drop of a solution containing both lipid analogue and TxR-IgA (50 µg/ml). 0.5 ml of buffer
was added to the upper chamber of the Transwell. Following such an incubation, the filter support was placed
back in the 24-wells plate. Non-incorporated lipid analogue was removed by washing the respective side three
times with ice-cold buffer. The cells were then incubated at 37°C for 5 min to allow internalization (see Results
and Discussion). In some experiments, the remaining pool of lipid analogue residing at the PM was then depleted
by a back exchange procedure, which consisted of an incubation of the respective side of the cells with buffer,
supplemented with 5% (w/v) BSA (fraction V; Fluka Chemie AG, Bucks/Switzerland), at 4°C for 2 x 30 min.
Occasionally, cells were further incubated in the presence of BSA in both apical and basolateral incubation
media at 37°C for 25 min.
C6-NBD-Cer - In order to examine transport of sphingolipids in the biosynthetic pathway, the fluorescent
metabolic precursor of SM and GlcCer, ceramide (Cer) was employed. Thus, the basolateral side of the cells was
incubated with C6-NBD-Cer at 4°C for 60 min. As described elsewhere, the Cer analogue accumulates in the
Golgi apparatus where it is metabolized to form fluorescent SM and GlcCer (van Meer et al., 1987). Cells were
then washed with ice-cold buffer after which both the apical and basolateral sides were subjected to a back
exchange procedure and subsequent washing steps. The cells were then incubated in back exchange medium at
both sides at 37°C for 30 min to allow for metabolic conversion of the C6-NBD-Cer to C6-NBD-SM and C6NBD-GlcCer, and subsequent transport of the metabolites. After the final incubation step, both sides of the cells
were washed three times and processed for confocal laser scanning fluorescence microscopy.
Confocal Microscopy
The filter was cut from the Transwell and mounted onto a microscope slide immediately before examination.
Samples were analyzed using a krypton-argon laser coupled with a BioRad MRC-1000 confocal head attached
to an Optiphot II Nikon inverted microscope with a Plan Apo 60X 1.4 NA objective lens. For co-localization
studies of NBD- and TxR-fluorophores, samples were sequentially scanned for NBD and TxR emission using
appropriate filter blocks. In this way, bleed-through of the NBD fluorescence in the red channel was prevented
(see Results and Discussion). Scanning of samples labeled with C6-NBD-sphingolipids was performed at low
scan speed and the collection parameters GAIN and IRIS were set to the point just below from that where noise
started to appear. The laser intensity was then reduced to such a level that only a very faint picture could be
observed on the screen (typically 0.3% laser intensity), in this way minimizing bleaching of the NBDfluorophore. Captured images were analyzed using Comos software, converted to information-tagged-fileformat (TIFF) and enhanced using NIH Imager software.

Results and Discussion
Sphingolipids and IgA Colocalize in Basolateral Early Endosomes and Sub-Apical
Compartments during Basolateral to Apical Transcytosis
To investigate the transport itinerary via which sphingolipids traverse the cells, the basolateral
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side of the cells was incubated with C6-NBD-SM or C6-NBD-GlcCer at 4°C for 30 min as
described in Materials and Methods. Non-incorporated lipid analogue was removed and cells
were incubated for 5 min at 37°C to allow internalization. C6-NBD-SM labeled punctate,
vesicular structures primarily located in the basolateral region of the cells (Fig. 1a). In addition,
there was significant labeling of the basolateral PM. This fraction of fluorescence could be
completely removed when cells were subjected to a back exchange procedure at 4°C,
emphasizing the exoplasmic orientation. After this time interval little if any fluorescence was
detected in the apical region of the cells (not shown). Given the short time of internalization, the
C6-NBD-lipid-labeled vesicular structures most likely represent basolateral early endosomes
(BEE). Indeed, C6-NBD-SM co-localized with simultaneously endocytosed Texas Red (TxR)labeled IgA (Fig. 1b) and TxR-labeled transferrin (not shown). Similar results were obtained
with C6-NBD-GlcCer (not shown). Both IgA and transferrin are well known to pass through
BEE, where they are sorted from the degradative late endosomal/lysosomal pathway (Apodaca et
al., 1994 and references therein). Occasionally, TxR-IgA-labeled punctate structures were
observed that did not colocalize with the lipid analogue (Fig. 1b, arrow). These structures may
have contained relatively small amounts of lipid analogue that will be rapidly bleached during
image collection. On the other hand, we cannot exclude that they may represent distinct TxRIgA-containing vesicles that lack sphingolipids. Indeed, the relatively more intense labeling of
the PM with lipid analogue and the higher frequency of presence of vesicular structures
containing TxR-IgA, that were located deeper in the cells, might indicate a difference in transport
kinetics between the two probes.
From the BEE, IgA is transported to the sub-apical region of the cell where it encounters
the sub-apical compartment (Apodaca et al., 1994; Barosso and Sztul, 1994). Also in hepatic
cells, IgA passes through the SAC prior to delivery at the apical surface (van IJzendoorn and
Hoekstra, 1998; Ihrke et al., 1998). In polarized HepG2 cells, basolateral-to-apical transcytosing
IgA co-localizes with C6-NBD-sphingolipids, internalized from the apical PM domain, in the
SAC. Moreover, it was established that in the SAC, sphingolipids are subsequently sorted and
targeted by vesicular means to either the basolateral or apical PM domain (van IJzendoorn and
Hoekstra, 1998). Indeed, evidence is growing that the SAC functions as a major site in the
endocytic routes where the polarized distribution of PM proteins and lipids is orchestrated
(reviewed in van IJzendoorn and Hoekstra, 1999). In order to examine whether, in MDCK cells,
BEE-derived sphingolipids passed through the SAC en route to the apical PM, similarly as
previously demonstrated for IgA (Apodaca et al., 1994; Barosso and Sztul, 1994), cells were coincubated with C6-NBD-lipid and TxR-IgA, as described in Materials and Methods. Following
the 5-min incubation at 37°C, the cells were cooled to 4°C and lipid analogs residing at the
basolateral PM were depleted by back exchange (see Materials and Methods). Subsequently, the
cells were warmed to and further incubated at 37°C in HBSS, supplemented with 5% BSA in the
apical and basolateral medium, to allow further transport of the BEE-localized TxR-IgA and lipid
analogues. After 25 min, TxR-IgA was found almost exclusively associated with the SAC,
located subjacent to the apical PM domain (Fig. 1d) in the same confocal plane as the tight
junctions (typically 2 microns below the apical PM; not shown), displaying an identical
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distribution as previously described (Apodaca et al., 1994). Interestingly, both C6-NBD-SM (Fig.
1c, arrows) and C6-NBD-GlcCer (not shown) co-localized with TxR-IgA in the SAC. Given that
BSA was present in the apical and basolateral medium during the entire incubation period,
thereby prevented any re-internalization of the lipid analogues from either PM domain, SACassociated C6-NBD-lipids thus originated from the BEE. Indeed, no C6-NBD-lipid could be
extracted from either PM domain after removal of the incubation media and two subsequent
wash steps (not shown). The results suggest that the basolateral-to-apical transport itinerary of
C6-NBD-SM and -GlcCer involves similar subcellular compartments as observed for
transcytosing proteins, although individual transport of lipids and IgA between the PM, the BEE
and the SAC may slightly differ in kinetics (see above).
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Figure 1. Sphingolipids and IgA colocalize in BEE and the SAC. The basolateral side of the cells was incubated with
TxR-IgA at 4°C for 30 min as described in Materials and Methods. In some experiments (a, c), C6-NBD-SM was
included during this incubation. In a and b, the subcellular distribution of IgA and C6-NBD-SM, respectively,
following a 5 min internalization step at 37°C, is shown. Occasionally, cells were subsequently subjected to a back
exchange procedure to deplete the PM from lipid analogue. Subsequently, the incubation at 37°C was continued in
back exchange medium at both sides for an another 25 min. In c and d, an image was captured from a confocal plane
2µm below the apical surface of the cells, showing the co-localization of lipid and IgA, respectively. In e and f, colocalization of apical-derived SM and BEE-derived IgA (see text), respectively, is shown at 2µm below the apical
surface. Bars 10 µm.

Apically-Derived C6-NBD-Sphingolipids Colocalize with TxR-IgA in the Sub-Apical
Compartments
In order to investigate whether also sphingolipids that were internalized from the apical surface
were delivered to the SAC, as observed previously in HepG2 cells (van IJzendoorn and
Hoekstra, 1998), the following experiments were performed. The basolateral PM of the cells was
incubated with TxR-IgA as described in Materials and Methods. After removal of non-receptor
bound ligand by washing three times with ice-cold buffer, cells were incubated at 37°C for 30
min to allow transport of the TxR-IgA to the SAC (cf. Fig. 1d). During the last 5 min of this
incubation, the buffer in the upper chamber of the Transwell was replaced by one containing C6NBD-SM or –GlcCer. As shown in figure 1e and f (arrows), basolateral PM-derived TxR-IgA
and apical PM-derived C6-NBD-sphingolipids co-localized in the SAC. Co-localization in the
SAC was also observed when both lipid analogue and TxR-IgA were simultaneously internalized
from the apical PM for 5 min (not shown). Interestingly, in the latter experiment, there was also a
significant divergence in the localization of the lipid analogue and TxR-IgA, even when the
incubation was reduced to 2-3 min, a time-span in which the pool of recycling probes can be
considered insignificant (not shown). Hence, in contrast to differences in kinetics, as noted above
for internalization at the basolateral membrane, such a kinetic distinction is less likely for the
differences still seen upon apical internalization of SM and pIgR/IgA within such a small time
frame. This would imply that different transport vesicles might be involved. Indeed, evidence
indicates (Barosso and Sztul, 1994; van IJzendoorn, S.C.D. and Hoekstra. D., submitted) that the
trafficking between the SAC and the apical membrane consists of at least two pathways, i.e. an
apical recycling pathway and a transport pathway that is specifically involved in the biogenesis
of the apical membrane, representing the final leg in the overall transcytotic pathway. The
present data suggests that reversal of this latter pathway, followed by SM and leading to its
deposition at the basolateral membrane (van IJzendoorn and Hoekstra, 1998) is also taking place,
which appears separated from the apical membrane-to-SAC recycling pathways, taken by
apically delivered pIgR/IgA. In fact, this notion is very much appreciated by the observation that
overexpression of ADP-ribosylating factor (ARF)-6 mutants causes a 6-fold increase in apical
IgA endocytosis (Y. Altschuler and K. Mostov, personal communication), but has no significant
effect on apical sphingolipid endocytosis (S. van IJzendoorn, Y. Altschuler, K. Mostov and D.
Hoekstra, unpublished observations).
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Taken together, the data emphasize that the SAC is accessible for both basolaterally and apically
internalized proteins and sphingolipids, and constitutes an integral part of both the basolateral
and apical directed transcytotic pathway of sphingolipids in MDCK cells. Combined with the
fact that C6-NBD-SM and –GlcCer display a preferential basolateral and apical PM distribution,
respectively (van IJzendoorn et al., 1997) and are subject to extensive transcellular flow, a
function of the SAC in maintaining lipid polarity in these cells is readily anticipated, as has been
demonstrated for proteins (Apodaca et al., 1994; Odorizzi et al. 1996; Futter et al., 1998; Gibson
et al., 1998). Indeed, that transport of the different molecules to and from the SAC is likely to
occur via different carrier populations and/or routes emphasizes the central position of the SAC
in intracellular traffic. However, whereas SAC’s capacity to sort sphingolipids has recently been
demonstrated in HepG2 cells (van IJzendoorn et al., 1997; van IJzendoorn and Hoekstra, 1998),
sorting of C6-NBD-SM and –GlcCer was not observed to occur during transcytosis in MDCK
cells (van Genderen and van Meer, 1996). In contrast to MDCK cells, hepatic cells have been
proposed to rely solely on transcytosis for the delivery of apical resident proteins (Schell et al.,
1992), and therefore might be highly dependent on compartments that orchestrate polarized
targeting in this route. Interestingly, direct apical delivery of newly synthesized sphingolipids in
hepatic HepG2 cells can occur, independently of transcytosis (Zaal et al., 1994; Zegers and
Hoekstra, 1997; Zegers et al., 1998). Moreover, evidence is emerging that also proteins can reach
the apical surface of hepatocytes in a transcytosis-independent manner (Ali and Evans, 1990).
Hence, the discrepancy in transcytotic sphingolipid sorting between the two cell types cannot
simply be attributed to a cell type-dependent predominant use of different apically directed
pathways. A more likely explanation may stem from the fact that different experimental
approaches were used in both studies. Further experiments will have to reveal the sphingolipid
sorting capacity of the SAC during transcytosis in MDCK cells.
De Novo-Synthesized Golgi-Derived Sphingolipids and Transcytosing IgA Meet in the
Sub-Apical Compartments En Route to the Plasma Membrane
In comparison to PM derived pathways, little is known about compartments that function as
intermediates in the biosynthetic PM-directed pathway in living cells, which is mainly due to
the difficulty of visualization of proteins traveling along this route. In this study, we have
employed the C6-NBD-labeled Cer, which is readily transferred to the Golgi apparatus at 4°C
by monomeric flow (Lipsky and Pagano, 1985) and metabolically converted to C6-NBD-SM
and –GlcCer upon warming the cells to 37°C (Zaal et al., 1994; Putz and Schwarzmann,
1995). Hence, by following the transport of the newly synthesized sphingolipid analogs,
intermediate compartments in Golgi-to-PM trafficking can be mapped and characterized. To
this end, the cells were incubated with C6-NBD-Cer and TxR-IgA, included in the basolateral
medium, at 4°C for 30 min. Both sides of the cells were then washed and subjected to a back
exchange procedure to remove all PM-associated C6-NBD-Cer. The cells were subsequently
warmed to 37°C, and incubated for 30 min in the presence of BSA in both apical and
basolateral media. Simultaneously, TxR-IgA is endocytosed and transported to the SAC en
route to the apical PM (Fig. 2a; cf. Fig. 1b). Interestingly, the newly synthesized sphingolipids
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co-localized with the transcytosing IgA in the SAC, while no co-localization was observed in
the Golgi (not shown), the latter being consistent with other studies (Futter et al., 1998). It is
important to emphasize that, given the presence of BSA in the media that extracted any lipid
analogue arriving at the surface, the SAC-associated lipid analogue originated from the Golgi
(cf. Zaal et al., 1994). In summary, the data thus suggest that the SAC connects the
transcytotic and biosynthetic pathway in living cells, and further support the hypothesis that
the SAC is a central site located in the hub of polarized traffic routes (van IJzendoorn and
Hoekstra, 1999).
It has been proposed that the polarized distribution of newly synthesized proteins that
are sorted by clathrin-mediated mechanism might originate from endosomes (Futter et al.,
1998). Also glycosylphosphatidylinositol (GPI)-anchored proteins were reported to pass
through endosomal compartments en route to the apical, bile canalicular surface of
hepatocytes (Ali and Evans, 1990), suggesting that PM-directed pathways that involve
passage through endosomes might also be used by proteins that are sorted by other
mechanisms. In this respect it is interesting to note that sorting mechanisms including clathrin
coated lattices (Futter et al., 1998; Okamoto et al., 1998) and sphingolipid segregation (van
IJzendoorn and Hoekstra, 1998) have both been demonstrated to be harbored in the SAC.
Although the endosomal compartments through which these proteins traveled en route to the
PM have so far not been identified as SAC, our observation that the SAC constitutes part of
the biosynthetic route suggests that this may indeed be the case. The intriguing question then
arises whether, and if so how and why, two distinct sorting organelles, the Golgi and the SAC,
operate in series in the process of polarized targeting.
IgA and Sphingolipids are Present in Distinct Domains or Subcompartments of the SAC
In a previous study, it was shown that the sub-apical compartment where molecules
accumulate at low temperature are clustered around the microtubule-organizing center, while
their spatial organization was found to depend on intact microtubules (Apodaca et al., 1994).
In order to examine whether this was also the case for the SAC where IgA co-localized with
the sphingolipids, the following experiment was performed. First, C6-NBD-sphingolipid and
TxR-IgA were chased into the SAC, as described in figure 1. The cells were then incubated
with nocodazole at 4°C for 60 min to disrupt the microtubule network. As shown in figure 3,
such treatment caused the SAC to disperse within the same confocal plane. Interestingly, the
SAC dispersed into compartments that showed only partial co-localization. Indeed, clear
structures labeled with either sphingolipid (green) or IgA (red) are observed, and thus
suggests that both probes were (at least in part) present in distinct subcompartments.
Subcompartmentalization could well be instrumental to the function of the SAC in the
polarized sorting and targeting of proteins and lipids (see van IJzendoorn and Hoekstra,
1999). For instance, clathrin-coated lattices on the SAC have been implicated in both
basolateral (Odorizzi et al., 1996; Futter et al, 1998) and apical (Okamoto et al., 1998)
transport. In addition, of the distinct sphingolipid domains that exist in the SAC, those
enriched in SM can be subject to either apical or basolateral targeting (van IJzendoorn and
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Figure 2. IgA and newly synthesized sphingolipids meet
in the SAC. Cells were incubated with C6-NBD-Cer and
TxR-IgA at 4°C for 30 min, washed and subjected to a
back exchange procedure. The cells were then incubated
at 37°C in back exchange medium for 30 min. In a and
b, colocalization (arrows) of IgA and sphingolipid in the
SAC, respectively, is demonstrated. In c, an x-z section
clearly shows that transcytosing IgA (red) and newly
synthesized sphingolipid (green) merge in the SAC
(yellow). Bar 10 µm.

Hoekstra, submitted). Based on the available data, we propose that the SAC represents a
heterogeneous collection of subcompartments, similarly as reported for the recycling
endosomes (Teter et al., 1998), the proposed SAC equivalent in non-polarized cells (van
IJzendoorn and Hoekstra, 1999). Such subcompartments may have specialized functions with
respect to the processing of molecules destined for a specific PM domain. This is supported
by the following observations. In MDCK cells, it was demonstrated that from a sub-apical
compartment that is accessible to both IgA and the transferrin receptor, the apically targeted
IgA enters a separate sub-apical compartment from which the basolateral recycling transferrin
receptor is excluded (Gibson et al., 1998; Brown et al., unpublished observations). In
addition, in HepG2 cells, SM can be rerouted from the SAC to the apical surface via distinct
rab11-positive sub-apical compartments in a signal-dependent manner (S.C.D. van
IJzendoorn, M. Jonker and D. Hoekstra, submitted). At present, we have no information
about the nature of the distinct IgA- and lipid-enriched sub-apical structures that are observed
after the nocodazole-induced dispersion of the SAC (Fig. 3). Future experiments that include
more markers for specific transport routes and/or SAC subcompartments (e.g. transferrin
receptor, rab proteins) are imperative to unravel the morphological and functional
subcompartmentalization of the SAC. Finally, it will be a challenge to elucidate the relation
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between the sorting capacities of the Golgi on the one hand, and that of the
multicompartmental SAC on the other, in the complex process of cell polarity biogenesis.

Figure 3. Transcytosing IgA and SM partly
locate to distinct sub-compartments of the
SAC. The basolateral side of the cells was
incubated with TxR-IgA and C6-NBD-SM at
4°C for 30 min as described in Materials and
Methods. The cells were subsequently
subjected to a back exchange procedure to
deplete the PM from lipid analogue. Then,
cells were incubated at 37°C in back
exchange medium at both sides for an
additional 25 min to allow transport from the
BEE to the SAC (see text and Fig. 1). The
cells were subsequently treated with
nocodazole at 4°C and 18°C for 60 and 30
min, respectively. An image was then captured from a confocal plane 2 µm below the apical surface of the cells,
showing IgA- (red) and lipid- (green) labeled structures. The co-localization of both markers is reflected by the
yellow-colored structures.
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Summary - Establishment of plasma membrane polarity involves numerous intracellular sorting events. In the
past few years, it has become apparent that there is a sub-apical, non-Golgi compartment located in the hub of
the sorting pathways involved. This ‘sub-apical compartment’ which probably consists of a heterogeneous subset
of functionally distinct domains related to endosomes, contains some well-characterized components involved in
polarity-dependent sorting and targeting of proteins and lipids. This article discusses the evidence supporting the
existence of such a compartment, its biogenesis and its role in cell polarity.

Polarized cells have distinct plasma membrane (PM) domains, a basolateral and an apical
domain, each characterized by a specific composition of proteins and lipids (Simons and
Fuller, 1985). The underlying mechanisms by which polarized cells generate and maintain
such specific compositions are still largely unknown. An important step towards
understanding this requires a detailed characterization of the intracellular ‘roadmap’. Such
studies will include identification of ‘traffic stations’ along the different transport routes
where molecules are sorted and targeted to their preferred PM domains. Highly relevant issues
are whether novel sorting mechanisms are induced upon polarization, involving biosynthesis
of new regulatory components, and whether these events occur in unique compartments
typical of polarized cells. It is also possible that polarized sorting is achieved by taking
advantage of existing cognate apical and basolateral membrane-directing machineries, known
to be present in nonpolarized cells (Yoshimori et al., 1996), operating in a polarized fashion
when required.
In recent years, one particular endosomal compartment in polarized cells has gained
increasing attention. This compartment appears to connect the apical and basolateral-derived
transport pathways and is involved in transcytosis and recycling of both proteins (Apodaca et
al., 1994; Barosso and Sztul, 1994; Knight et al., 1995; Odorizzi et al., 1996; Futter et al.,
1998; Gibson et al, 1998; Hughson and Hopkins, 1990) and, as very recently revealed, lipids
(van IJzendoorn and Hoekstra, 1998; van IJzendoorn et al., 1997) as well. Gradually, a picture
has emerged of a ‘sorting station’ in polarized cells, which differs from and operates next to
the trans-Golgi network (TGN) to which such qualities have been primarily attributed thus far.
It thus appears that in the presence of continuous transcellular transport, typical of polarized
cells, this non-Golgi compartment might serve as an important intermediate in sorting and
subsequent targeting of molecules derived from and destined for either the apical or
basolateral PM domain. These features make this compartment, which we refer to as the subapical compartment (SAC), the focus of intense investigations into morphological and
molecular aspects of the complex sorting machinery it contains. Moreover, its similarity to
endosomal compartments in nonpolarized cells has implications for its biogenesis and the
establishment of polarized sorting.
The first evidence for the existence of a specialized compartment at the intersection of
the apical and basolateral endocytic pathways came from the transient colocalization of
basolaterally-derived proteins with proteins that had been internalized from the apical surface
(Apodaca et al., 1994; Barosso and Sztul, 1994; Knight et al., 1996; Hughson and Hopkins,
1990) (Fig. 1). One such basolaterally-derived protein found in the interconnecting
compartments is the polymeric immunoglobulin receptor (pIgR). This well-characterized
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transcytotic marker mediates basolateral-to-apical transcytosis of both IgA and IgM (Apodaca
et al., 1994). Following endocytosis from the basolateral surface, pIgR-bound IgA (pIgR-IgA)
first reaches peripheral early ‘sorting’ endosomes. Here, the pIgR-IgA complex is sorted from
molecules that recycle or have destinations downstream in the late endosomal/lysosomal
route, and is subsequently targeted to the SAC, prior to delivery to the apical PM domain
(Apodaca et al., 1994; Barosso and Sztul, 1994; van IJzendoorn and Hoekstra, 1998).
Sphingolipids (van IJzendoorn and Hoekstra, 1998), as well as transcytosing apical
membrane-resident proteins (Barr et al., 1995; Hemery et al., 1996) appear to follow the same,
SAC-mediated route. In the reverse apical-to-basolateral transcytotic pathway, the SAC also
appears to serve as an intermediate compartment for transport of both proteins and lipids
(Odorizzi et al., 1996; van IJzendoorn and Hoekstra, 1998), although Ihrke et al. (1998) failed
to detect such a reverse pathway in WIF-B cells. Nevertheless, it is apparent that the SAC
constitutes an intrinsic part of the transcytotic pathway, which is crucial to the functioning of
polarized cells. Importantly, in addition to transcytosing distinct proteins and lipids,
substantial fractions of molecules that recycle at either PM domain also appear to pass
through the SAC (Apodaca et al., 1994; Futter et al., 1998; van IJzendoorn et al., 1997;
Okamoto et al., 1998). Hence, the SAC, being centrally located in the complex web of
intracellular trafficking pathways, can receive and deliver molecules from and to either PM
domain.

Figure 1. (a) codistribution of Tf-HRP and IgA-gold applied to the basolateral and apical surfaces of MDCK
cells, respectively. For further details see Futter et al. (1998). (b) Thick section high voltage electron micrograph
of an MDCK cell showing the pericentriolar localization of transcytosing IgA-HRP to the tubules of the SAC,
which occurs before delivery to the apical surface.
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The SAC is an endosomal compartment
To appreciate the hierarchical position of the SAC in the context of the endosomal system,
and its distinct role as a sorting compartment in maintaining and establishing cell polarity, the
following considerations are of interest. Vesicular transport of proteins from the PM to the
peripheral, early ‘sorting’ endosomes is typically independent of microtubules (Gruenberg and
Maxfield, 1995), whereas their subsequent vesicular transfer to the SAC is a mictotubuledependent process (Apodaca et al, 1994; Mukherjee et al., 1997). Apically derived
sphingolipids also reach the SAC in a microtubule-dependent manner, in contrast to apical
endocytosis per se (van IJzendoorn and Hoekstra, 1998). Thus, in nocodazole-treated cells,
apical endocytic transport of sphingolipids is blocked at the level of the apical early ‘sorting’
endosome (van IJzendoorn and Hoekstra, 1998) which, like its basolateral counterpart
(Bomsel et al., 1989; Parton et al., 1989), might be involved in sorting membrane-bound
receptors from fluid-phase markers, which do not gain access to the SAC (Barosso and Sztul,
1994). The SAC can also be discerned from early ‘sorting’ endosomes by a low-temperature
block. At 17-18°C, when transport is slowed down, proteins transcytosing from the
basolateral to the apical PM domain pass through the early basolateral ‘sorting’ endosome and
accumulate in the SAC (Apodaca et al., 1994; Barosso and Sztul, 1994; Futter et al., 1998;
van IJzendoorn and Hoekstra, 1998). An 18°C-induced accumulation in the SAC is also
observed for apically internalized sphingolipids, traveling along the apical-to-basolateral
pathway in HepG2 cells (van IJzendoorn and Hoekstra, 1998) (Fig. 2). Hence, the SAC
appears to be located distal to early ‘sorting’ endosomes, originating from either basolateral or
apical surface. In several studies, it has been shown that a substantial fraction of basolaterally
internalized transferrin (Tf), a classical marker of early endosomes and typically absent in the
late endosomal/lysosomal pathway (Mukherjee et al., 1997), recycles via the SAC (Apodaca
et al., 1994; Odorizzi et al., 1996; Futter et al., 1998; Gibson et al., 1998). This implies that
the compartment displays a functional analogy to the recycling endosome. Importantly, in this
context, several pieces of evidence argue against the SAC being merely an extension of the
TGN, through which the Tf receptor (TfR) has also been reported to cycle.
Immunofluorescence microscopic studies of MDCK cells never revealed a colocalization of
TfR and sialyltransferase, a trans-Golgi and TGN-specific marker (Futter et al., 1998).
Furthermore, monensin, which destroys the integrity of the Golgi apparatus, perturbs the
Golgi-mediated transport of newly synthesized sphingolipids, while leaving the recycling of
apically internalized sphingolipids unaffected (van IJzendoorn et al., 1997).
The association of specific marker proteins has proven a valuable tool to more
accurately define the boundaries of distinct compartments. Indeed, the presence and/or
absence of distinct rab proteins further reveals SAC’s modality. Whereas rab4 is exclusively
located to the early ‘sorting’ endosomes (Daro et al., 1996), rab11 appears to associate with
SAC (Casanova et al., 1999), although not exclusively, since this small GTPase also
associates with the Golgi (Chen et al., 1998). However, two epithelium-specific rab proteins
have recently been identified, i.e. rab17 (Zacchi et al., 1998; Hunziker and peters, 1998) and
rab25 (Casanova et al., 1999), which are both located to the SAC. As will be further discussed
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below, both these rab proteins are likely to play a role in regulating SAC-mediated trafficking
in polarized cells.
Taken together, in polarized cells, the SAC derives its distinct identity from posing as
a joint compartment of the basolateral and apical endocytic pathways in a route that connects
the early apical and basolateral ‘sorting’ endosomes, and because of its separation from the
classic late endosomal/lysosomal route. The involvement of the SAC in intracellular transport
in polarized cells is depicted schematically in Fig. 3a.
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Figure 2. Colocalization of basolaterally-derived, texas-red-labeled IgA (a,c) with apically derived C6-NBDlabeled sphingolipid (b,d) in SAC in polarized hepatic HepG2 cells. In these cells, the bile canalicular plasma
membrane domain (BC) represents the apical plasma membrane domain in other polarized epithelial cells. Note
the clearly overlapping staining patterns of labeled IgA and sphingolipid. Side view (x-z section) images c and d
correspond to top view images (a and b), respectively of the same cells. Bar: 5 µM. For further details see ref. 10.

Molecular aspects of the sorting machinery in the SAC
The SAC appears to be equipped with highly accurate sorting machineries directing proteins
and lipids to the different PM domains. For instance, transcytosing pIgR-IgA is transported
from the SAC to the apical PM domain (Apodaca et al., 1994; Barosso and Sztul, 1994; van
Ijzendoorn and Hoekstra, 1998; Hemery et al., 1996), whereas Tf is typically targeted from
this compartment to the basolateral surface (Apodaca et al., 1994; Odorizzi et al., 1996; Futter
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et al., 1998). Among others, a clathrin-based sorting mechanism may be operating, since
clathrin-coated buds containing γ-adaptin have been observed on the SAC (Futter et al., 1998).
In oxyntic cells, clathrin-AP1-γ-adaptin coat complexes have been implicated in the regulation
of apical H+-K+-ATPase recycling via a tubulovesicular compartment, which may resemble
the SAC in other polarized epithelial cells (Okamoto et al., 1998). Furthermore, brefeldin A
(BFA), a fungal metabolite that dissociates functional coat protein complexes, disperses SACassociated γ-adaptin and, concomitantly, abolishes polarized sorting of Tf, suggesting that
targeting of Tf from the SAC to the basolateral PM domain is regulated by γ-adaptin-clathrin
complex-coated domains on the SAC tubules (Futter et al., 1998). Indeed, sorting of the TfR
no longer occurs when it lacks its cytoplasmic domain, which results in the protein’s exiting
from the SAC in a non-polarized manner (Odorizzi et al., 1996). BFA also inhibits transport
of transcytosing pIgR-IgA from the SAC to the apical PM domain, but does not affect apical
recycling of pIgR-IgA or ricin (Barosso and Sztul, 1994). This suggests that, apart from coat
complexes, different sorting mechanisms operate in the SAC that can distinguish molecules
that enter the apical recycling pathway from those that transcytose from the basolateral to the
apical surface. In strong support of this view, protein kinases stimulate apical PM-directed
transcytotic protein transport at the level of the SAC, whereas recycling of apical proteins
from SAC is unaffected (Cardone et al, 1994; Hansen and Casanova, 1994). However, these
observations might also indicate that the SAC represents a collection of heterogeneous,
functionally distinct compartments.
Sorting of apical PM components could well involve glycosphingolipid-enriched
domains.
In
the
TGN,
newly
synthesized
apical
proteins,
including
glycosylphosphatidylinositol (GPI)-anchored proteins, supposedly associate with these
glycosphingolipid domains, after which apically directed transport vesicles are produced
(Simons and Ikonen, 1997). Recent data have shown that, in hepatic HepG2 cells,
sphingolipids are segregated in the apical-to-basolateral transcytotic pathway, independent of
Golgi apparatus involvement (van IJzendoorn et al., 1997). Detailed analysis revealed that
sorting of these lipids occurred in the SAC (van IJzendoorn and Hoekstra, 1998). In these
experiments, fluorescent analogues of sphingomyelin (SM), galactosyl- (GalCer) and
glucosyl-ceramide (GlcCer) were first endocytosed from the apical surface and transported to
SAC, where they accumulate at 18°C (see Fig. 2). From there, SM and GalCer were
preferentially targeted to the basolateral surface, whereas GlcCer was recycled efficiently to
the apical PM domain. Interestingly, the apical GPI-anchored protein 5’-nucleotidase passes
through the SAC (Ihrke et al., 1998) via transcytosis, after initial delivery to the basolateral
membrane. It is thus possible that a sphingolipid-domain-mediated sorting mechanism also
operates in the SAC. Taken together, it is likely that multiple sorting machineries (γ-adaptinclathrin coats, sphingolipid domains) operate in SAC and promote the formation of distinct
sets of apical vesicles. Furthermore, γ-adaptin-clathrin-AP1-coated and sphingolipid-enriched
domains on and in the SAC, respectively, might be involved in both apically and basolaterally
directed transport. A challenging issue will be to unravel the subtle mechanisms that allow
recognition of domains, including similarly coated ones, yet producing vesicles with different
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subcellular destinations. Distinct sets of protein kinases may play a role in these events,
analogous to their involvement in the production of transport vesicles from the TGN (Muniz
et al., 1997). Instrumental to such a mechanism would be a highly dynamic transition of
proteins between distinct subdomains/ subcompartments that comprise the SAC, resulting in
structures enriched in, for example, either receptor-bound IgA or Tf receptor (Gibson et al.,
1998). Such a transition could in fact be influenced (Gibson et al., 1998) by the presence of
specific proteins, such as IgA, in the SAC. Indeed, Luton et al. (1998) showed that binding of
IgA to its receptor pIgR at the basolateral surface enhances the transcytosis of pIgR by
specific stimulation of its apical transport at the level of SAC.
As noted above, several rab proteins, i.e. rab11, rab17 and rab25, have been reported
to associate with the SAC. In general, these proteins are known to regulate vesicular
membrane trafficking, distinct steps in the endocytic and biosynthetic/exocytic pathways
being controlled by individual members of this small GTPase family. Obviously, the
exclusive expression of rab17 and rab25 in epithelial cells (Casanova et al., 1999; Zacchi et
al., 1998) indicates that they must govern specialized functions that are restricted to polarized
trafficking. Given the role of the SAC in these events, their association with this compartment
is therefore anticipated. In fact, both rab proteins have been claimed to play a role in the
regulation of transport through the SAC. Although its precise function remains to be
determined (Zacchi et al., 1998; Hunziker and Peters, 1998), rab17 specifically interferes with
transport between the SAC and the apical plasma membrane domain (Zacchi et al., 1998).
Interestingly, overexpression of rab25 slows the rate of transcytotic transport and apical
recycling, while leaving basolateral recycling via the SAC unaffected (Casanova et al., 1999).
It thus appears that rab17, unlike rab25, interferes with polarized sorting. Thus far, no
functional studies of rab11 in polarized cells have been reported. However, since rab11
regulates TfR recycling in non-polarized cells (Ren et al., 1998; Ullrich et al., 1996), a similar
mode of action might be anticipated in polarized cells, implying a regulation of basolateral
recycling via the SAC.
The intracellular distribution of these rab proteins was studied by the use of
fluorescence microscopy (Casanova et al., 1999; Zacchi et al., 1998; Hunziker and Peters,
1998), and their localization was compared to that of fluorescently tagged Tf and IgA.
Intriguingly, data thus obtained indicate that overlap in the colocalization with the transcytotic
markers is often not complete, while the SAC-associated rab proteins also show distinct
degrees of overlap. Such distinctions in localization became also apparent when the
microtubule-dependent role in stabilizing the integrity of the SAC was examined by the
treatment of the cells with the microtubule-disrupting drug nocodazole. Whereas SAC marked
by the presence of rab11 and rab25 dispersed upon treatment with nocodazole (casanova et
al., 1999), rab17-marked SAC did not (Zacchi et al., 1998). These data may underscore the
aforementioned possibility of subcompartmentalization of SAC. Thus, it is tempting to
suggest that different rab proteins act at specific SAC subcompartments, where they regulate
the transfer of molecules to, from and/or between these compartments.
On a cautioning note, it should be kept in mind that not all molecules might pass
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through the SAC with similar kinetics or at the same time, following initial PM
internalization. Hence, not all molecules known to pass through the SAC necessarily
colocalize, as colocalization of specific components in the SAC might be restricted to certain
subcompartments of this sub-apical organelle. Thus, molecules might initially colocalize in a
subcompartment of the SAC, but subsequently be redistributed within the SAC to a site where
final inclusion into a specific vesicle population and budding occurs. This might also explain
why Tf is not always detected in the SAC (Barosso and Sztul, 1994). In addition, trafficking
of ligand-bound (vs ‘empty’) receptors through the SAC might affect transfer of other
molecules between SAC subcompartments as a result of intracellular signaling pathways
activated upon receptor-ligand interaction at the surface (Luton et al., 1998). Clearly, a further
detailed characterization of those issues and SAC subdomains and/or subcompartments, their
biogenesis and role in apical versus basolateral targeting is imperative. In summary, the SAC
appears to be equipped with important elements of both basolateral and apical sorting
machineries that had thus far exclusively been attributed to the TGN in the biosynthetic
pathway.
The SAC is related to the pericentriolar recycling compartment
Why is the SAC so crucially involved in different trafficking pathways? A likely possibility is
that the SAC, given its junctional features, functions as an intracellular site where apical and
basolateral proteins and lipids can be readily exchanged, sorted and targeted. This would
allow the cell to maintain its polarized phenotype, while simultaneously economizing on its
trafficking and sorting machineries. In addition, such a centrally located compartment could
adapt quickly to situations where a rapid, efficient targeting or redistribution of PM
components is required.
Not only polarized epithelial cells, but also cells that do have distinct PM domains but no
tight junctions that separate these domains, are in need of the SAC machinery. In migrating
fibroblasts (Fig. 3b), recycling TfR are concentrated in narrow tubules in the pericentriolar
area, probably representing the perinuclear recycling endosomes or pericentriolar recycling
compartment (PCRC), via which they are subsequently routed to the PM of the leading
lamella (Hopkins et al., 1994). Also in neurons, which have distinct axonal and
somatodendritic PM domains, the polarized sorting of TfR in the endocytic system was
proposed to be mediated in the PCRC (West et al., 1997). The sorting function of the PCRC,
which can thus be inferred, is further supported by observations in a mutant CHO cell line,
displaying the capacity to discriminate between the flux of recycling receptors and that of
bulk membrane (Presley et al., 1993). Several lines of evidence suggest that the PCRC and
SAC are closely related. In nonpolarized cells, the GPI-anchored folate receptor is sorted from
the TfR in the PCRC. The efficiency of this sorting appears to depend on the presence of
cholesterol (Mayor et al., 1998), which is also implicated in sphingolipid-domain-mediated
sorting (Simons and Ikonen, 1997). Therefore, the mechanism of sphingolipid-domainmediated sorting might also operate in the PCRC, similarly as proposed for the SAC (van
IJzendoorn and Hoekstra, 1998). Analogous to the SAC, the PCRC displays a pleiomorphic
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nature and, additionally, is also heterogeneous with respect to biochemical composition, ion
transport properties and pH value (Teter et al., 1998). Furthermore, also the PCRC is located
distal to the early ‘sorting’ endosome (Gruenberg and Maxfield, 1995; Mukherjee et al., 1997)
and acquires early ‘sorting’ endosome-derived cargo in a microtubule-dependent manner
(Mukherjee et al., 1997). Like the SAC in epithelial cells, the PCRC in nonpolarized cells
(Fig. 3c) constitutes part of the TfR-recycling pathway, but is neither involved in sorting or
transfer of molecules that follow the late endosomal/lysosomal pathway. Moreover, at 18°C,
pre-endocytosed pIgR-IgA complex and sphingolipids accumulated in the SAC in fully
polarized HepG2 cells, and in the PCRC in nonpolarized HepG2 cells (van IJzendoorn and
Hoekstra, 1998). In full agreement with such a distribution in polarized and nonpolarized cells
is the observation that an apical endosomal marker is targeted to the PCRC when expressed in
nonpolarized cells (Wilson and Colton, 1997). Also the SAC-associated rab17 (Zacchi et al.,
1998; Hunziker and Peters, 1998) localizes to the tubular PCRC when expressed in
nonpolarized cells (Zacchi et al., 1998). As noted above, rab11 is associated with the PCRC in
nonpolarized cells, where it regulates receptor recycling from the PCRC (Ren et al., 1998;
Ullrich et al., 1996), while it associates with the SAC in polarized epithelial cells (Casanova et
al. 1999). Although comparison of its localization in polarized and nonpolarized cells was
mostly between different cell types, rab11 was recently found to localize to the SAC and the
PCRC in polarized and nonpolarized HepG2 cells, respectively, present in the same cell
culture (S. van IJzendoorn and D. Hoekstra, unpublished observations). These data suggest
that membrane recycling via the SAC in polarized cells and via the PCRC in nonpolarized
cells, at least in part, contain common elements of traffic regulation. Not only do these
observations strongly suggest equivalence between both compartments, implying a closer
similarity between the endocytic system in nonpolarized and polarized cells than previously
appreciated, they also underscore that the SAC is not a unique compartment, restricted to
polarized cells. Rather, the SAC appears to display its function in polarized trafficking by
acquiring the specific sorting machinery when redistribution of PM components is required
upon induction of cell polarity. Presumably, Rab17 and rab25 are part of these acquired
machineries. Thus, the PCRC can be considered as the precursor compartment for the SAC.
Concluding remarks and perspectives
The evidence, currently available, strongly supports an involvement of the SAC in polarized
sorting in the transcytotic route, redirecting apical and basolateral membrane constituents to
the appropriate membrane domains. The molecular sorting devices that carry out these
functions remain to be resolved, although it becomes apparent that 'polarity-specific' rab
proteins are playing a role in regulating SAC-associated trafficking. Also kinase activity
(protein kinase A and C) seems to act at the level of the SAC in governing sorting and
membrane flow (Cardone et al., 1994; Hansen and Casanova, 1994). It has been shown that
PKC activation leads to cell depolarization, whereas the opposite effect on the state of cell
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Figure 3.
Schematic representation of the
involvement of SAC/PCRC in
specific PM directed transport in
fully polarized cells with two
distinct PM domains (a), in semipolarized cells, i.e. with a specific
PM domain such as a leading
edge in migrating fibroblast (b),
and in semi-polarized cells (c).
Molecules that are internalized
from either the basolateral (light
gray with hatched pattern) or
apical (gray) PM domain in
polarized cells initially reach the
early sorting endosome (EE).
Here, PM proteins such as
receptors are sorted from fluid
phase cargo and from molecules
destined for the late endosomal
(LE)/lysosomal (LYS) pathway.
Subsequently, the remaining PM
protein fraction is transported to
the SAC (in polarized cells) or
PCRC (in non- and semipolarized
cells).
From
SAC/PCRC (depicted in black to
emphasize its distinct position in
the different traffic routes), PM
components are then selectively
targeted to their preferred PM
domain. In (semi-) polarized cells
SAC/PCRC
might
govern
targeting of specific molecules to
distinct PM domains, such as a
leading edge (b) or, in fully
polarized cells, to either apical or
basolateral PM domain (a).
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polarity is seen upon activation of PKA (Zegers and Hoekstra, 1997). However, the molecular
targets of these activities remain obscure.
An important issue that remains to be resolved is how the SAC relates to the previously
described apical recycling endosome, also referred to as apical recycling compartment (ARC,
Apodaca et al., 1994; Barosso and Sztul, 1994). As argued above, the SAC as defined here
likely comprises a number of distinct compartments involved in different aspects of polarized
targeting. It is possible, that the ARC might be considered as a specialized subcompartment of
the SAC, mainly involved in apical disposition (Gibson et al., 1998), and ‘activated’ upon
sorting during transition of molecules between SAC subcompartments. However, the
availability of well-defined lipid and protein markers in terms of apical and basolateral
destination, will aid in unraveling the complex net and the regulation of different pathways,
that lead to and originate from the SAC. In conjunction with the emergence of specific SACassociated proteins, and the distinct microtubule-dependent organization of the SAC, further
insight into the compartmental organization of the SAC and its functional significance may
soon be anticipated.
Another topic of interest will be as to whether a functional relationship exists between the
SAC and TGN. Although separate compartments, as outlined above, both display the capacity
of polarized sorting, the TGN also targeting newly synthesized proteins and lipids to their
preferred plasma membrane domain. The question can thus be raised as to whether, and if so,
why and to what extent, the SAC and TGN operate in separate routes to secure plasma
membrane polarity. Indeed, depending on the (polarized) cell type, (some) newly synthesized
apical membrane constituents are first transported to the basolateral membrane, prior to apical
delivery via transcytosis (Mostov and Cardone, 1995). In this case the explicit involvement of
the SAC is anticipated (Barr et al., 1995; Ihrke et al., 1998). Interestingly, the SAC has also
been implicated in the direct recruitment of newly synthesized PM components from the
biosynthetic route via a (probably) signal-regulated exocytic route (Futter et al., 1998). Thus,
the SAC might also account for the polarized distribution of certain proteins that travel
directly from the TGN to this compartment, where polarized sorting subsequently occurs
(Futter et al., 1998; Mostov and Cardone, 1995; Leitinger et al., 1995; Futter et al., 1995). It
will be a challenge to identify molecular mechanisms that determine as to why distinct
proteins are processed along different pathways before they reach the same target site.
Possibly, sorting into different lateral domains, thus giving rise to distinctly targeted transport
vesicles, could be involved. Among others, kinases, which may trigger vesiculation (Muniz et
al., 1997; Zegers and Hoekstra, 1997, and references therein), and specific rab proteins could
act as traffic regulators.
Taken together, revealing morphological, mechanistic and molecular aspects of the SAC
and its machineries will not only provide insight into the functioning of this particular
compartment. Rather, its central localization literally harbors numerous aspects that are
crucial towards understanding the biogenesis of organelles and their intracellular
communication.
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Summary and future prospects

The work described in this thesis has provided a novel insight into the process of sphingolipid
transport and sorting in polarized cells. We have used HepG2 cells as a model system to study
polarized traffic in hepatic cells. Under specific culture conditions, HepG2 cells acquire a
polarized phenotype, displaying a sinusoidal, basolateral plasma membrane and a bilecanalicular, apical plasma membrane domain. By employing fluorescently tagged
sphingolipids to visualize lipid traffic in life cells, we have revealed the existence of an apical
to basolateral transcytotic pathway in these cells (chapter 2), allowing extensive transcellular
membrane flow between the two membrane domains. Because different sphingolipids display
a polarized distribution in polarized cells, which most likely reflects their diverse functions,
the occurrence of polarized sorting during transcytosis was anticipated. However, rather
unexpectedly, segregation of SM and GlcCer was apparent in the apical to basolateral
transcytotic pathway (chapter 1). Taking advantage of the well-studied transcytotic marker
pIgR-IgA, this reverse transcytotic route has been examined in detail and it was demonstrated
that sphingolipid sorting is orchestrated in non-Golgi-related, sub-apical compartments (SAC;
chapter 2), that constitute an integral part of transcellular flow in both directions (chapter 2
and 7) as well as in the biosynthetic route (chapter 7). Thus, from the SAC, SM and GalCer
are directed to the basolateral domain whereas GlcCer is directed to the apical surface.
Importantly, it was established that sphingolipid transport in the transcytotic route occurred by
vesicular means, implying that segregation of the lipids occurred in the inner leaflet of the
SAC. That SM and GlcCer were present in distinct pools or domains in the SAC is further
supported by the observation that apical or basolateral trafficking of these domains could be
distinctly regulated by known modulators of intracellular traffic, e.g. calmodulin antagonists
and cAMP/protein kinase A (PKA; chapter 4) and the microtubule-disrupting compound
nocodazole (chapter 6). Intriguingly, SM can be rerouted from the SAC to the apical surface
under conditions of elevated intracellular cAMP levels, while its segregation from GlcCer is
unaffected (chapter 1 and 4). Interestingly, increased cAMP levels also caused hyperpolarization of the cells. Furthermore, SAC-to-apical traffic of this lipid as well as the
(hyper)polarization of the cells correlated with an enhanced PKA activity (chapter 4 and 5).
These data revealed the existence of two distinct SAC-to-apical transport routes, marked by
the trafficking of either SM or GlcCer. In particular the route as marked by SM, which may
represent the final step of basolateral to apical transcytosis, appears to be directly involved in
the biogenesis of the apical plasma membrane. This was strongly supported after investigation
of polarized sphingolipid transport from the SAC in cells that were in the process of polarity
development, suggesting that the (physiological) process of polarity development appears to
be closely related to cAMP/ PKA-regulated polarized targeting from the SAC. The SAC may
not represent a single compartment, but rather appears to display a subcompartmental nature.
This was inferred from by experiments that suggested that cAMP/PKA-induced trafficking of
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SM from the SAC to the apical PM domain occurred via separate rab11-positive
compartments (chapter 6). In addition, SAC-associated sphingolipids and IgA dispersed after
disruption of the microtubule network, giving rise to distinct structures that were either
enriched in sphingolipid or IgA (chapter 7).
Although the existence of, likely, a subcompartment of the SAC, i.e. the apical
recycling compartment, and its function in intracellular transport was first reported only a few
years ago, the role of a more extensive network-like SAC in polarized cells is now rapidly
gaining attention. Indeed, because of i) its harboring several sorting mechanisms that had
previously been attributed solely to the Golgi/TGN, ii) its intersection with most known
intracellular transport routes and its analogy to and, possibly, maturation from a compartment
present in non-polarized cells (chapter 8), a central role of the SAC in cell polarity can be
readily anticipated. The use of sphingolipid analogs and the HepG2 model cell system, of
which polarity progression can be carefully monitored as described in the experiments in this
work, has revealed some novel and important aspects of the involvement of the SAC in
polarized traffic and cell polarity development. A major challenge will be to unravel its
(heterogeneous) structure and its function in (signal-regulated) polarized traffic of proteins
and lipids, and cell polarity in general. Future studies that are anticipated to reveal novel and
detailed insight into the molecular aspects of (regulated) polarized lipid and protein traffic will
include photoaffinity-labeled sphingolipids to cross-link ‘neighbor’ proteins. In this way,
proteins that are associated with the different SM- and GlcCer-enriched domains in the SAC
can be identified. Furthermore, electron-microscopical analysis of SAC-associated
fluorophore-labeled sphingolipids (by photoconversion of diaminobenzidine), possibly in
conjunction with gold-particle-labeled antibodies against proteins that reside in or traffic
through the SAC, will be helpful to obtain insight into the way polarized sorting of
sphingolipids is related to the subcompartmental organization of the SAC. Finally,
(over)expression of (mutant) proteins that are known effectors of polarized transport, e.g. rab
proteins, will be performed.
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Transport en sortering van sfingolipiden in gepolariseerde cellen
en de rol van sub-apicale compartimenten
Gepolariseerde cellen
Van de ongeveer 160 belangrijkste celtypen tot dusver geïdentificeerd in het menselijk
lichaam is meer dan 60% van epitheliale aard. Deze epitheelcellen vervullen een essentiële
functie als selectieve barrière tussen verschillende extracellulaire milieus (figuur 1). Zo
scheiden lever, darm- en nierepitheelcellen respectievelijk de gal, darminhoud en urine van de
bloedbaan en onderliggend weefsel. Deze cellen dragen er dus zorg voor dat de juiste stoffen
op een gereguleerde wijze in de galkanalen, darm of urinebuis uitgescheiden worden.
Tegelijkertijd bepalen deze cellen de opname van moleculen uit bijvoorbeeld de darm (denk
aan voedingsstoffen uit de darm) of urinebuis (denk aan water voor urineconcentratie). Om
een dergelijke functie te kunnen vervullen is het celoppervlak (ook wel de plasmamembraan
genoemd) dat in contact staat met dergelijke (af- en aanvoer) kanalen, wezenlijk anders van
vet- en eiwitsamenstelling dan het celoppervlak dat in contact staat met het bloed of
onderliggend weefsel. Wanneer de plasmamembraan (PM) van cellen is onderverdeeld in
zulke verschillende domeinen spreken we van gepolariseerde cellen. De PM die in contact
staat met het lumen en het bloed/ onderliggend weefsel staan benoemen we respectievelijk
apicaal en basolateraal membraan (zie figuur 1). Eiwitcomplexen tussen de cellen (figuur 1,
zwarte blokjes) scheiden de apicale en basolaterale domeinen en zorgen er tevens voor dat de
cellen een ondoordringbare laag vormen.
Figuur 1. Gepolariseerde epitheelcellen vervullen een barrièrefunctie.
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Transport en sortering van vetten en eiwitten in gepolariseerde cellen
Het tot stand brengen en behouden van de apicale en basolaterale PM samenstelling is van
groot belang. Om dit te bewerkstelligen worden de vetten en eiwitten, nadat zij diep in de cel
nieuw zijn aangemaakt, gesorteerd en naar de apicale ofwel de basolaterale PM domein
getransporteerd. Sortering wordt bewerkstelligd door specifieke vetten en eiwitten te
concentreren op een plekje op de membraan van een intracellulair sorteringscompartiment.
Vervolgens kan dit specifieke plekje afsnoeren als een blaasje (zie figuur 2) en
getransporteerd worden naar het celoppervlak. Welk deel van het celoppervlak dit dan zal zijn
wordt bepaald door een complexe verzameling van intracellulaire machinerieën die signalen
in eiwitten en/ of lipiden (geassocieerd met de betreffende plekjes) herkennen. Vetten en
eiwitten die al in de PM aanwezig zijn kunnen vervolgens weer door de cel worden
opgenomen via eenzelfde soort blaasjes, waarna zij zich van het ene naar het andere PM
domein kunnen bewegen. De opname van moleculen vanaf de PM noemen we ‘endocytose’
en het (transcellulair) transport tussen de twee PM domeinen noemen we ‘transcytose’. Om
ondanks het vóórkomen van transcytose toch de apicale en basolaterale samenstelling te
kunnen behouden moet ook tijdens dit transport actief gesorteerd worden. Een foutieve
sortering ondermijnt de celpolariteit en kan resulteren in een gestoorde barrièrefunctie met
alle gevolgen van dien. Zo zijn veel voorkomende ziektebeelden als kanker, cystische fibrose,
‘polycystic kidney disease’ en bepaalde stapelingsziekten het gevolg van verstoorde
celpolariteit. Om inzicht in het ontstaan van dergelijke problemen te krijgen is gedetailleerde
kennis van intracellulaire transportroutes en sorteringsmechanismen noodzakelijk.
De sfingolipiden vormen een speciale subklasse van de cellulaire vetten. Twee
belangrijke sfingolipiden zijn glucosylceramide (GlcCer) en sfingomyeline (SM). GlcCer en
SM zijn verrijkt aanwezig in verschillende PM domeinen van de gepolariseerde cel waar zij
functies verrichten met betrekking tot bescherming van de cel en de doorgifte van signalen
van de buitenkant naar de binnenkant van de cel. Niet alleen op het celoppervlak maar ook
binnen de cel zijn sfingolipiden van belang, omdat zij daar een belangrijke rol lijken te spelen
bij de sortering van apicale eiwitten. Wanneer bijvoorbeeld de aanmaak van sfingolipiden
wordt geremd, bijvoorbeeld middels farmacologische interventie, dan kunnen een aantal
eiwitten met een bekende apicale bestemming niet meer naar de apicale PM getransporteerd
worden. De gangbare theorie is dat sfingolipiden de neiging hebben om heel dicht bij elkaar te
gaan zitten in een membraan (zie figuur 2, rechts). Deze sfingolipiden-rijke plekjes in de
membraan vormen zo een soort van eilandjes die aantrekkelijk zijn voor eiwitten met een
apicale bestemming, maar niet voor eiwitten met een basolaterale bestemming. Welke soort
sfingolipiden bij apicaal gericht transport het meest van belang zijn, en of er ook sfingolipiden
betrokken kunnen zijn bij basolateraal gericht transport, is echter nog niet geheel duidelijk.
Ook onduidelijk is hoe gepolariseerd transport van sfingolipiden gereguleerd wordt.
Het volgen van transport in cellen
Een goede manier om gepolariseerd transport in cellen te bestuderen is door de verschillende
sfingolipiden in levende cellen te volgen. Hiertoe maken we gebruik van fluorescente lipide
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analogen. Dat wil zeggen dat aan elk te bestuderen sfingolipide een fluorescente groep
(NBD) vastgemaakt wordt. Er wordt als het ware een ‘lampje’ op gezet. Dit hebben we
gedaan voor ceramide (Cer), SM, GlcCer en galactosylceramide (GalCer). Deze
lipideanalogen kunnen we tussen de andere lipiden in de PM van de cellen inbouwen bij 4°C.
Vervolgens starten we intracellulair transport van deze lipiden door de temperatuur te
verhogen tot 37°C. Na afloop van de incubatie bekijken we de cellen onder een
fluorescentiemicroscoop. Door de cellen aan te stralen met licht met een specifieke golflengte,
fluoresceren de lipiden en kan zo hun plaats in de cel zichtbaar worden gemaakt. Naast
microscopische analyse kunnen we de fluorescente lipiden die zich in de PM bevinden
extraheren, chromatografisch scheiden en de fluorescentie van elk (als maat voor de
hoeveelheid) meten in een spectrofluorometer. Ook kunnen de fluorescente lipiden die zich in
de PM bevinden ‘onzichtbaar’ gemaakt worden door de fluorescente groep ‘kapot te maken’
met behulp van natriumdithioniet.
Het transport van eiwitten in levende cellen kan ook bestudeerd worden. Dit hebben
we gedaan voor immunoglobuline A (IgA), waaraan een fluorescerend molecuul gekoppeld
werd. Dit fluorescente IgA wordt door de immunoglobuline receptor (pIgR) op het
celoppervlak opgenomen en verder de cel in/ door getransporteerd. Door lipiden en eiwitten
met verschillende fluorescente (rood of groen) moleculen te koppelen, kunnen we het
transport van beide tegelijkertijd volgen en vergelijken.
Figuur 2. Concentratie van moleculen in de membraan en het afsnoeren van transportblaasjes.
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Wanneer een transportblaasje van één van de PM domeinen afsnoert (zie figuur 2), bereikt het
eerst de zogenaamde vroege endosomen (figuur 3, stap 1). In deze compartimenten, die dicht
langs de PM liggen, worden membraancomponenten gescheiden van de vloeibare inhoud en
opgenomen stoffen (figuur 2, spikkels). De vloeibare fractie, alsmede membraancomponenten
die niet langer in de cel nodig zijn, kunnen vervolgens vanaf de vroege endosomen in een
afbraakroute gestuurd worden (figuur 3, stap 2a). Deze afbraakroute leidt naar lysosomen, een
soort afvalverwerkingsfabriekjes in de cel. Eiwitten en lipiden die snel weer nodig zijn op het
celoppervlak (bijvoorbeeld voor de opname van nieuwe stoffen) kunnen vanaf de vroege
endosomen direct weer terug naar de PM (figuur 3, stap 2b). Om een dergelijke scheiding van
moleculen te bewerkstelligen, vindt in de vroege endosomen sortering plaats, mogelijk via een
mechanisme als hiervoor beschreven en uitgebeeld in figuur 2. Op die wijze worden andere
membraancomponenten van de vroege endosomen naar de sub-apicale compartimenten
(SAC) vervoerd (figuur 3, stap 2c). De SAC is een centraal station waar transportroutes uit
alle richtingen samenkomen. Tevens kunnen eiwitten en lipiden van hier naar zowel de
basolaterale als apicale PM getransporteerd worden (figuur 3, stap 3). Er zijn ook
aanwijzingen dat de SAC in contact staat met andere intracellulaire compartimenten zoals de
lysosomen en de Golgi (zie figuur 3).
De Golgi is een belangrijk sorteringsstation voor nieuw gemaakte eiwitten en lipiden.
Ook hier kunnen blaasjes, verrijkt in basolateraal of apicaal bestemde moleculen, afsnoeren.
De gevormde transportblaasjes kunnen vervolgens direct (figuur 4, stap 4a) of indirect via
endosomen (figuur 3, stap 4b) naar het celoppervlak getransporteerd worden. Over de
compartimenten die deel uit maken van de Golgi-naar-celoppervlak route, en over hun rol in
sortering van apicale en basolaterale componenten is nog weinig bekend.
Samengevat kunnen we dus zeggen dat transport door een cel via een aantal stations
verloopt. Op elk station worden specifieke eiwitten en lipiden in verschillende transportroutes
gedirigeerd. Een dergelijke sequentiële (her)sortering biedt waarschijnlijk de nodige
efficiëntie voor het in stand houden van celpolariteit.
Figure 3 Intracellulaire transport
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Wat wordt beschreven in dit proefschrift?
Het doel van onze experimenten was om inzicht te krijgen in de intracellulaire transportroutes
en sortering van sfingolipiden in gepolariseerde levercellen (hepatocyten). HepG2 cellen
fungeren als model systeem voor deze cellen. Er is met name gekeken naar de transcytotische
route. In hoofdstuk 2 hebben we met behulp van bovengenoemde fluorescente sfingolipiden
aangetoond dat er naast een basolateraal-naar-apicaal route, ook een route bestaat vanaf het
apicale domein (BC) naar het basolateral domein in HepG2 cellen. Hoewel zowel SM als
GlcCer deze route kunnen volgen, blijkt dat GlcCer verrijkt aanwezig blijft in de apicale regio
van de cel. Dit in tegenstelling tot SM, dat snel de apicale regio verlaat en basolateraal
getransporteerd wordt. Blijkbaar worden SM and GlcCer in deze apicaal-naar-basolateraal
transcytotische route gescheiden (gesorteerd). De proeven in hoofdstuk 2 suggereren dat de
basolaterale plasma membraan een rol speelt bij de apicale verrijking van GlcCer. Echter,
scheiding van de lipiden gebeurde ook voordat de lipiden de basolaterale membraan bereikten.
We hebben kunnen uitsluiten dat dit gebeurt in de Golgi, een intracellulair compartiment dat
betrokken is bij de sortering van nieuw aangemaakte eiwitten en lipiden.
In hoofdstuk 3 hebben we de apicaal-naar-basolateraal transcytotische route in meer
detail onderzocht en hebben een sub-apicaal compartiment (de SAC) gekarakteriseerd wat
betrokken is bij de sortering van SM en GlcCer. SM and GlcCer worden dus vanaf de apicale
membraan naar de SAC getransporteerd, waar ze ophopen bij 18°C. Wanneer we daarna alle
fluorescente lipiden uit de apicale en basolaterale PM extraheren, houden we dus cellen over
met het overgrote deel van de lipide analoog in de SAC (zie hoofdstuk 3, figuur 4).
Vervolgens wordt het transport weer gestart door de temperatuur te verhogen naar 37°C.
Duidelijk is dan te zien dat SM naar de basolaterale PM gaat en GlcCer, daarentegen, naar de
apicale PM. De SAC is ook bereikbaar voor fluorescent IgA dat vanaf de basolaterale
membraan komt. Blijkbaar is de SAC een compartiment dat verschillende transportroutes
(apicaal en basolateraal) verbindt. Dit wordt nog eens benadrukt doordat ook in de cel nieuw
gemaakte sfingolipiden eerst de SAC bereiken alvorens afgeleverd te worden aan het
celoppervlak (hoofdstuk 7, zie ook figuur 3 in dit hoofdstuk). Inherent aan deze centrale
positie van de SAC is dat sorteringsmechanismen in de SAC aanwezig moeten zijn. Dit is
aangetoond voor eiwitten en nu dus ook voor lipiden.
Extra evidentie voor de sortering van SM en GlcCer wordt gegeven in hoofdstuk 4,
waarin we laten zien dat SM en GlcCer in aparte domeinen aanwezig zijn. Transport van deze
SM- en GlcCer-verrijkte domeinen naar het celoppervlak wordt op verschillende wijze
gereguleerd. Een interessante observatie was dat wanneer we op een artificiële wijze de
intracellulaire concentratie van cAMP verhoogden, SAC-gelokaliseerd SM niet langer
basolateraal maar, zoals GlcCer, apicaal getransporteerd werd. Echter, beide lipiden blijven
gescheiden en bereiken de apicale PM via verschillende routes. De SAC-naar-apicale route
die SM volgt vertoont gelijkenis met die van fluorescent IgA, wat suggereert dat deze
transportstap deel uitmaakt van de basolateraal-naar-apicaal transcytotische route. Uit eerdere
studies in ons lab bleek dat verhoging van intracellulair cAMP naast een stimulatie van
apicaal
gericht
transport
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aanmaak
van
apicale
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membranen stimuleerde. Signaaltransductie via cAMP is daardoor gerelateerd aan de
celpolariteit. Omdat uit experimenten bleek dat het blokkeren van de door SM gevolgde SACnaar-apicale PM route ook de cAMP-geinduceerde aanmaak van apicale membranen
blokkeerde, is het aannemelijk dat de cAMP-gestimuleerde celpolariteit gerelateerd is aan
(een) specifieke transport route(s). In hoofdstuk 5 laten we zien dat de mate van celpolariteit
in een celkweek sortering en tevens apicaal versus basolateraal transport vanaf de SAC via
endogeen gestimuleerde cAMP-gemedieerde signaaltransductie kan beïnvloeden. Deze
experimenten suggereren een fysiologische betekenis.
In hoofdstuk 6 hebben we vervolgens de transportroute die SM volgt van de SAC naar
de apicale PM nader bestudeerd. Uit de resultaten blijkt dat SM, in tegenstelling tot GlcCer,
niet direct van de SAC de apicale PM bereikt, maar via een tussenstation, de SIC. De SIC en
de SAC zijn aparte compartimenten wat gedemonstreerd wordt door hun verschillende
afhankelijkheid van celskeletaire componenten en de aanwezigheid van specifieke eiwitten.
De rol van de SIC is nog niet geheel duidelijk maar op basis van onze resultaten alsmede die
van andere laboratoria is het niet onwaarschijnlijk dat de SIC een subcompartiment is van de
SAC en een belangrijke rol speelt bij signaalgereguleerd apicaal transport. Een dergelijke
subcompartmentalisatie (SIC versus SAC) wordt ook gesuggereerd in hoofdstuk 7. Tenslotte
wordt in hoofdstuk 8 uitvoerig ingegaan op de rol van sub-apicale compartimenten in
intracellulair transport, gebaseerd op de bestaande literatuur.
Het werk beschreven in dit proefschrift heeft nieuwe en belangrijke inzichten gegeven
in het intracellulair transport en de sortering van lipiden, met een duidelijke link naar
celpolariteit. De aldus verkregen kennis vormt een belangrijke stap naar het ophelderen van
moleculaire mechanismen die aan sortering en gepolariseerd transport van zowel lipiden als
eiwitten ten grondslag liggen.
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STELLINGEN
Recentelijk geïdentificeerde rab effector eiwitten die verschillende rab eiwitten met elkaar
verbinden lijken geschikter dan de rab eiwitten zelf voor het markeren van intracellulaire
compartimenten.
(Vitale, G. et al. 1998. EMBO J. 17: 1941-1951)
Dat sortering van sfingolipiden tijdens transcytose niet optreedt in gepolariseerde MDCK
cellen is niet bewezen.
(Van Genderen and van Meer, 1995. J. Cell Biol.131: 645-54)
De functie van transportregulerende eiwitten die alleen tot expressie gebracht worden in
gepolariseerde cellen is, gezien het bestaan van apicaal- en basolateraal-achtige
transportroutes in ook niet-gepolariseerde cellen, eerder gerelateerd aan membraandomeingericht transport dan aan sortering zelf.
(Zacchi et al., 1998. J, Cell Biol. 140:1039-1053; Yoshimori et al., 1996. J. Cell
Biol.133:247-256)
Dat een directe route in hepatocyten voor apicaal gericht transport van nieuw gesynthetiseerde
eiwitten tot dusver niet is aangetoond, zegt meer over transport onder de in die experimenten
geldende condities, dan dat het betekent dat een dergelijke route ontbreekt.
(Bartles et al. 1987, J. Cell Biol. 105:1241-1251)
Het is waarschijnlijker dat het waargenomen effect op apicale transcytose en recycling van
IgA, als gevolg van het tot overexpressie brengen van rab25, gerelateerd is aan het transport
van IgA tussen het ‘ARC’ en de apicale plasmamembraan dan, zoals door de auteurs
geconcludeerd, aan het transport tussen rab5-positieve apicale endosomen en het ARC.
(Casanova et al. 1999, Mol. Biol. Cell 10:47-61)
Een intracellulair compartiment dat gesitueerd is in de apicale regio van de cel en dat
toegankelijk is voor basolateraal, maar niet apicaal opgenomen materiaal, wordt door Ihrke et
al. ten onrechte gedefinieerd als een apicaal endosoom.
(Ihrke et al. 1998, J. Cell Biol. 141:115-133)
De bewering van Lafont et al., dat ‘raft’ lipiden van het ‘trans-Golgi network’ ook naar de
basolaterale plasmamembraan getransporteerd worden, is niet gebaseerd op experimentele
bewijzen.
(Lafont et al. 1999, Proc. Natl. Acad. Sci. U.S.A. 96:3734-3738)
De mate van overlap in de distributie van de plasmamembraan geassocieerde syntaxins 3 en 4
wordt door het gebruik van onzuivere membraanfracties overschat.
(Fujita et al., 1998. Biochem. J. 329:527-538)

Het feit dat een aanzienlijk deel van onze kennis over moleculaire mechanismen in de humane
cel is verkregen door aanvalsstrategieën van microorganismen te bestuderen, impliceert een
overschatting van de heersende mening dat de mens superieur is over andere levensvormen
vanwege zijn ontwikkelde hersenen.
Doordat het internet de gebruiker in staat stelt zich in contact te stellen met miljoenen
computers en hun gebruikers over de gehele wereld, leidt overmatig gebruik hiervan tot
eenzaamheid.
Het is onmogelijk vast te stellen of een waarneming een juiste reflectie van de werkelijkheid
is.
Hoewel de impactfactor kan worden beschouwd als een maat voor de kwaliteit van een
wetenschappelijk tijdschrift, is dit niet noodzakelijkerwijs het geval voor de kwaliteit van een
in dat tijdschrift gepubliceerd artikel.
De gemiddelde promovendus heeft na vier jaar een zodanig aantal ‘X-files’, dat de oprichting
van een speciaal onderzoeksteam gerechtvaardigd lijkt.
De beschikbaarheid van zogenoemde ‘abstracts’ is voor een promovendus een belangrijke
factor om te komen tot een succesvolle afronding van het onderzoek binnen de gestelde vier
jaren.
De lage interesse voor provinciale verkiezingen kan worden verklaard door het relatief
beperkte aantal en/ of de geringe bekendheid van regiogebonden politieke partijen.
Vegetarisch eten volstaat niet met het weglaten van vlees tijdens de maaltijd.
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