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Abstract

Endocytosis may originate both in coated pits and in uncoated regions of the plasma membrane. In hepatocytes it has been
shown that fluid phase endocytosis (here defined as `pinocytosis') is unaffected by treatments that arrest coated pit-mediated
endocytosis, indicating that pinocytosis is primarily a clathrin-independent process. In this study we have tried to determine
possible connections between pinocytosis and clathrin-dependent endocytosis in rat hepatocytes by means of subcellular
fractionation, electron microscopy, and by assessing the influence of inhibitors of clathrin-dependent endocytosis on
pinocytosis. As marker for clathrin-dependent endocytosis was used asialoorosomucoid (AOM) labelled with [125I]tyramine
cellobiose ([125I]TC). [125I]TC-labelled bovine serum albumin ([125I]TC-BSA) was found to be a useful marker for pinocytosis.
Its uptake in the cells is not saturable, and any remnants of [125I]TC-BSA associated with the cell surface could be removed
by incubating the cells with 0.3% pronase at 0³C for 60 min. The data obtained by electron microscopy and by subcellular
fractionation suggested that early after initiation of uptake (6 15 min) [125I]TC-BSA and [125I]TC-AOM were present in
different endocytic vesicles. The two probes probably join prior to their entrance in the lysosomal compartment. The relation
between endocytosis via coated pits and pinocytosis was also studied with techniques that induced a selective density shift
either in the clathrin-dependent pathway (by AOM-HRP) or in the pinocytic pathway (by allowing uptake of AuBSA). Both
treatments indicated that the two probes ([125I]TC-AOM and [125I]TC-BSA) were early after uptake, at least partly, in
separate endocytic compartments. The different distribution of the fluid phase marker and the ligand (internalised via coated
pits) was not due to a difference in the rate at which they enter a later compartment, since a lowering of the incubation
temperature to 18³C, which should keep the probes in the early endosomes, did not affect their early density distribution.
Incubation of cells in a hypertonic medium reduced uptake both of [125I]TC-AOM and [125I]TC-BSA; the uptake of [125I]TC-
AOM was, however, reduced much more than that of the fluid phase marker. This finding supports the notion that the two
probes enter the cells via different routes. ß 1999 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Hepatic endocytosis plays an important role in
controlling the level of macromolecules and particles
in the blood. At least four types of cells participate in
this process: the parenchymal cells (hepatocytes), the
liver macrophages (Kup¡er cells), the liver endothe-
lial cells, and the stellate cells. It is generally accepted
that endocytosis may take place both via a clathrin-
dependent pathway and by clathrin-independent
mechanisms [23,33]. Hansen et al. [18] demonstrated
that clathrin-independent endocytosis in HEp-2 cells
leads to the formation of small primary endosomes
that fuse with the early endosomes that also receive
input from clathrin-coated vesicles. Clathrin-inde-
pendent endocytosis includes macropinocytosis
[20,31,40] and maybe also potocytosis via caveolae
[37].

Liver parenchymal cells express a number of re-
ceptors that mediate endocytosis of di¡erent ligands
(e.g., epidermal growth factor [13,17], asialoglyco-
proteins [38,39], lipoproteins [19] and peptide hor-
mones [1,2,30]). The exact mode of endocytosis is
not known in all cases, although it has been generally
assumed that hepatic receptor-mediated endocytosis
takes place via coated pits. A paradoxical ¢nding
made by Weigel and coworkers is that £uid phase
endocytosis in hepatocytes is nearly una¡ected by
treatments that e¡ectively reduce uptake via coated
pits: hypertonic medium as well as potassium deple-
tion blocked receptor-mediated endocytosis of asia-
loorosomucoid but had only a modest e¡ect on the
£uid phase endocytosis of [14C]sucrose and lucifer
yellow [24^26]. These data indicate that the amount
of £uid that out of necessity must be internalised via
coated pits is negligible in comparison with that in-
ternalised via a clathrin-independent pathway. In
other words, if the size of the primary endosomes
formed by the clathrin-independent pathway is sim-
ilar to that of the clathrin-coated vesicles, then a
major proportion of the endocytosed plasma mem-
brane must be internalised outside coated pits in the
hepatocytes.

The purpose of the present study was to determine
to what extent clathrin-dependent endocytosis and
clathrin-independent endocytosis are separate path-
ways in rat hepatocytes and at what stage the two

pathways eventually merge. To conduct such studies
both pathways should preferably be allowed to oper-
ate in the absence of modulators, that in previous
studies have been applied to block or stimulate one
of the pathways in question. By subcellular fraction-
ation in combination with density shift techniques, it
was possible to separate early endocytic organelles
containing a £uid phase marker from those with a
marker taken up by endocytosis from coated pits.
Moreover, the separate early endosomes could also
be revealed by means of electron microscopy. The
probes used for £uid phase endocytosis and clath-
rin-dependent endocytosis were bovine serum albu-
min (BSA) and asialorosomucoid (AOM), respec-
tively. By labelling the probes with [125I]TC it was
possible to determine their net uptake since
[125I]TC is trapped in the degradative compartments
[4]. [125I]TC-AOM is taken up exclusively via coated
pits [24] whereas [125I]TC-BSA has been shown to be
a reliable marker for the £uid phase of the forming
endosome [36].

2. Materials and methods

2.1. Biochemicals

Collagenase was obtained from Sigma Chemical
Co. (St. Louis, MO). Na125I was from the Radio-
chemical Centre (Amersham, UK). All other chem-
icals were of analytical grade. As markers for
clathrin-dependent endocytosis and £uid phase endo-
cytosis were used asialoorosomucoid (AOM) and
bovine serum albumin (BSA), respectively. The
probes were labelled with [125I]tyramine cellobiose
([125I]TC) as described earlier [4].

2.2. Preparation of AOM-HRP

HRP (5 mg) was dissolved in 1 ml 0.3 M sodium
bicarbonate bu¡er (pH 8.1), and 100 Wl 0.04^0.08 M
NaIO4 was added. The solution was stirred carefully
for 30 min at room temperature, 1 ml 0.16 M ethyl-
eneglycol was then added, and careful stirring con-
tinued for 60 min. The solution was dialysed against
3U1 l sodium bicarbonate (0.01 M, pH 9.5) at 4³C.
AOM (5 mg) in 1 ml sodium carbonate bu¡er was
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added to 3 ml of the HRP-aldehyde solution and
stirred carefully for 2^3 h at room temperature.
NaBH4 (5 mg) was added, and the solution was
left for at least 3 h (or overnight) at 4³C. The result-
ing conjugate was dialysed against PBS at 4³C. Pre-
cipitates, if present, were removed by centrifuga-
tion.

2.3. Preparation of gold^AOM complexes

Colloidal gold (10 nm diameter) was made as de-
scribed by Slot and Geuze [35]. Gold^AOM or gold^
BSA complexes were prepared as follows. The pH of
the solutions of gold and AOM (or BSA) was ad-
justed to 7.0 by means of NaOH [32] in order to
optimise the adsorption of AOM to the gold particles
[16]. The minimal concentration of AOM or BSA
needed to stabilise the gold particles was found by
adding 30 Wl of AOM/BSA solution of increasing
concentration to a series of tubes containing 200 Wl
gold solution. After 2 min 20 Wl 10% NaCl was
added, and the solution was shaken and left for
5 min. Electrolyte-induced aggregation of gold par-
ticles was seen as a change in colour from pink to
blue. The procedure showed that 350 Wg AOM or
BSA per ml of 10-nm gold particle solution was an
optimal AOM/BSA concentration. The gold^protein
conjugates were separated from non-absorbed pro-
tein and clusters of gold by centrifugation (60 min
at 25 000Ug in a Beckman Model J2-21 centrifuge at
4³C). The sediment was resuspended in PBS.

2.4. Cell preparation and incubation

Hepatocytes were prepared from 18h starved male
Wistar rats (250^300 g) by collagenase perfusion [34].
The cells were incubated as suspensions (4-ml ali-
quots with shaking at 37³C, usually 50^75 mg wet
wt./ml) in suspension bu¡er [34] forti¢ed with pyru-
vate (20 mM) and Mg2� (2 mM). To remove rem-
nants of [125I]TC-BSA possibly associated with the
cell, the cells were routinely treated with 0.3% pro-
nase at 0³C for 1 h. This treatment e¤ciently re-
moved remnants of [125I]TC-BSA, and the remaining
radiolabelled probes were therefore associated with
intracellular structures. No [125I]TC-AOM would,
on the other hand, remain bound to the plasma

membrane since the cells were washed in Ca2�-free
solution [5].

2.5. Enzyme assays

L-Acetylglucosaminidase was determined accord-
ing to Barrett [3].

2.6. Determinations of radioactivity

Radioactivities were measured in a Kontron gam-
ma counter. Degradation of [125I]TC-AOM and
[125I]TC-BSA was followed by measuring radioactiv-
ity soluble in 10% (w/v) trichloroacetic acid (acid-
soluble radioactivity). Bovine serum albumin (0.5%)
was added as a carrier.

2.7. Subcellular fractionation

Cell suspensions (in 0.25 M sucrose/10 mM Hepes/
1 mM EDTA, pH 7.3) (referred to as homogenisa-
tion bu¡er)) were homogenised by 5 strokes in
a Dounce homogeniser (tight-¢tting pestle). The
homogenates were fractionated by di¡erential centri-
fugation or by isopycnic centrifugation in sucrose
gradients. Di¡erential centrifugation started by cen-
trifuging a 5-ml sample of the homogenate at
2000Ug for 2 min, the resulting nuclear fractions
(N-fractions) were resuspended in 5 ml homogenisa-
tion bu¡er and centrifuged again at 2000Ug for
2 min. From the postnuclear fractions were prepared
sequentially M-fractions (at 6800Ug for 4 min),
L-fractions (at 22 000Ug for 9 min), P-fractions (at
48 000Ug for 60 min) and the ¢nal S-fractions. Dif-
ferential centrifugation was carried out in a Sorvall
RC-2B centrifuge using a SS-34 rotor and 13 ml
centrifuge tubes. Homogenisation and centrifuga-
tions were carried out at 0^4³C. In isopycnic centrif-
ugation experiments, 4-ml aliquots of a combined
MLP-fraction or a P-fraction were initially layered
on top of the gradients. The centrifuge tubes (38 ml)
were centrifuged at 85 000Ug (25 000 rpm) in a Beck-
man SW 28 rotor at 4³C for 3 h. Following centri-
fugation the gradients were divided into 18U2 ml
fractions by upward displacement using Maxidens
as displacement £uid. The densities of the fractions
were calculated from the refractive indices.

BBAMEM 77682 29-9-99

M. Synnes et al. / Biochimica et Biophysica Acta 1421 (1999) 317^328 319



2.8. DAB-induced density shift of endosomes

The DAB-induced density modi¢cation [8,9] was
based on the endocytic uptake of HRP-AOM fol-
lowed by a cytochemical reaction on isolated subcel-
lular fractions (mostly the postnuclear fraction).
Hepatocytes (2 million cells/ml) were incubated
with AOM-HRP (500 nM) at 37³C for the chosen
time interval. Cells were washed in ice-cold 10% su-
crose in 5-ml portions. Postnuclear fractions (5 ml)
were subsequently prepared and incubated in the
presence of DAB (3.2 ml) at room temperature in
the dark for 15 min. Aliquots of the postnuclear
fractions were then incubated in the presence and
absence of H2O2 (36.8 Wl 6% H2O2 added to 3.5 ml
of postnuclear fraction) and the incubation was con-
tinued for another 30 min in the dark. The fractions
were ¢nally layered on top of linear sucrose gradients
and centrifuged at 85 000Ug for 4 h.

2.9. Density shift induced by means of gold^BSA
complex

Endosomal density shifts were also attempted at
using AOM or BSA in complex with colloidal gold.
The gold^AOM complexes were found to be unsuit-
able to induce a selective density shift of endosomes
formed from coated pits, presumably because the
complex also bound nonselectively to the plasma
membrane. To induce endosomal density shift by
means of gold^BSA, the cells were incubated at
37³C in presence of 100 nM BSA in complex with
10-nm gold particles (Au10BSA).

2.10. Electron microscopy

Cells were incubated with AOM bound to 10-nm
gold particles (Au10AOM) or BSA bound to 5-nm
gold particles (Au5BSA). After 5 min incubation,
the cells were washed in suspension bu¡er [34] con-
taining 10 mM EGTA, and ¢xed in 2.0% glutaralde-
hyde in 0.1 M phosphate-bu¡ered saline (PBS, pH
7.4) for 30 min at 4³C. The cells were then washed in
PBS, post¢xed for 60 min with 2% OsO4 solution
containing 1.5% potassium ferricyanide, and then
stained with 1.5% uranyl acetate for 30 min. After
dehydration in ethanol series, the cells were im-
bedded in Epon, sectioned and stained with 0.2%

Pb-citrate. The sections were observed in a JEOL
100CX electron microscope at 80 kV.

3. Results

3.1. [125I]TC-BSA as a £uid phase marker

Fig. 1 shows uptake of [125I]TC-BSA in cells incu-
bated at 4³C, or at 37³C in the presence or absence
of 200 WM unlabelled BSA. Small amounts of
[125I]TC-BSA were found to be associated with the
cells even at 0³C. This contaminating radioactivity,
which amounted to less than 0.1% of total radioac-
tivity added to the cells, was possibly associated with
dead cells and could be completely removed by in-
cubating the cells at 0³C with 0.3% pronase for
60 min. Fig. 1 shows results obtained in cells that
had been treated with pronase following the incuba-
tion in presence of [125I]TC-BSA. The amount of
[125I]TC-BSA taken up (about 0.1% of total radio-
activity added per 106 cells per hour) corresponds to
about 0.1 Wl £uid per 106 cells per hour, and is in
agreement with earlier data obtained with rat hepa-
tocytes [24,26,36]. The results presented in Fig. 1

Fig. 1. The e¡ect of a surplus of unlabelled BSA and reduced
temperature on the uptake of [125I]TC-BSA in rat hepatocytes.
The cells (107 cells/ml) were incubated with 100 nM [125I]TC-
BSA at 4³C (F), or at 37³C with (a) or without (b) a surplus
of unlabelled BSA (200 WM) added. Aliquots of cells were re-
moved at the indicated time points and treated with 0.3% pro-
nase for 1 h prior to measurement of cell-associated radioactiv-
ity. The uptake values are presented as percent of total
radioactivity added to the cell suspension initially.
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shows that the uptake of [125I]TC-BSA is not reduced
in the presence of an excess of unlabelled BSA. Re-
ducing the incubation temperature to 4³C reduced
cell-associated radioactivity to low levels.

3.2. Subcellular distribution of [125I]TC-AOM and
[125I]TC-BSA following fractionation of cells by
di¡erential or sucrose density gradient
centrifugation

Following isopycnic centrifugation of MLP-frac-
tions (Fig. 2), the [125I]TC-AOM (Fig. 2A) was found
in sequentially denser fractions: initially the ligand
banded at 1.11 g/ml; it was subsequently found at
1.13 g/ml and after 15^30 min it started to appear as

acid-soluble material banding at 1.19 g/ml. These
data are in agreement with earlier observations
[4,21]. [125I]TC-BSA (Fig. 2B) seemed to enter an
organelle that was denser than that accumulating
[125I]TC-AOM initially; the probe was eventually
found in organelles coinciding with L-acetylglucos-
aminidase, presumably lysosomes (The labelled deg-
radation products formed from the two probes are
trapped in the degradative organelles and may there-
fore serve as markers for these compartments).

Since early endosomes containing [125I]TC-BSA
were denser than those containing [125I]TC-AOM,
we also studied the sedimentation properties of early
endosomes containing the two types of probes by
means of di¡erential centrifugation, which separates
organelles mainly on basis of di¡erences in size. Pre-
vious studies have shown that [125I]TC-AOM early
after uptake is in endosomes that sediment in the
P-fraction following di¡erential centrifugation. Cells
that had accumulated [125I]TC-BSA for increasing
time intervals were fractionated by classical di¡eren-Fig. 2. Density distribution of endocytic organelles following

isopycnic centrifugation of MLP-fractions from rat hepatocytes.
[125I]TC-AOM (A, 100 nM) and [125I]TC-BSA (B, 100 nM)
were added to suspensions of rat hepatocytes incubated at
37³C. Cells were removed from the incubator after 5 min
(circles) or 60 min (squares), treated with 0.3% pronase for 1 h
and homogenised. MLP-fractions were placed on top of linear
sucrose gradients that were subsequently centrifuged for 3 h at
85 000Ug. Acid-soluble (E) and acid-precipitable (F) radioactiv-
ities together with L-acetylglucosaminidase (O) were measured
in the fractions derived from cells incubated for 60 min. Total
radioactivity was measured in fractions from cells incubated for
5 min. The values are presented as percent of total recovered
activity in the gradients.

Fig. 3. Di¡erential sedimentation of endocytic organelles of rat
hepatocytes. [125I]TC-BSA (100 nM) was added to suspensions
of hepatocytes incubated at 37³C. Cells were removed from the
incubator at the indicated time-points and treated with 0.3%
pronase for 1 h. The cells were subsequently homogenised and
fractionated by di¡erential centrifugation into a nuclear, a mi-
tochondrial, a light mitochondrial, a particulate, and a ¢nal
supernatant fraction. Radioactivities were measured in the frac-
tions. The results show the distribution of radioactivities in the
mitochondrial (b), light mitochondrial (a) and particulate frac-
tions (S) at each time point, presented as percent of total ra-
dioactivity in the homogenate. The radioactivities in the com-
bined nuclear and supernatant fractions amounted to between
16% and 22% of total radioactivity in the homogenate from
which the fractions were prepared.
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tial centrifugation [12] into N-, M-, L-, P-, and S-
fractions. Fig. 3 indicates that the labelled probe was
concentrated initially in the P- fractions and subse-
quently transferred to the denser mitochondrial frac-
tions. Similar results have been obtained earlier for
[125I]TC-AOM [4].

Since both [125I]TC-BSA and [125I]TC-AOM enter
early endosomes that sediment to a large extent in
the P-fraction (Fig. 3), this fraction was subjected to
isopycnic centrifugation to see whether the two
probes coincided in the gradients, early (i.e., 10 min)
after uptake in the cells. The results obtained are
depicted in Fig. 4. [125I]TC-AOM was, in agreement
with earlier data, found in a band with peak activity
at 1.11 g/ml. The bulk of the [125I]TC-BSA was again
found at higher density (1.15 g/ml). However, a mi-
nor peak of radioactivity was seen coinciding with
the peak of [125I]TC-AOM at 1.11 g/ml. This peak
probably represents [125I]TC-BSA that (out of neces-
sity) is taken up via clathrin-coated pits.

3.3. Subcellular distribution of [125I]TC-BSA and
[125I]TC-AOM in cells incubated at 18³C

The results obtained by subcellular fractionation
indicated that [125I]TC-BSA and [125I]TC-AOM

may to some extent enter the cells via di¡erent
routes. The di¡erent distribution could possibly be
due to di¡erent kinetics of internalisation: the £uid
phase marker could conceivably be transferred rap-
idly via an early endosome (common for [125I]TC-
AOM and [125I]TC-BSA) to a later denser compart-
ment. To delay the [125I]TC-BSA in a putative earlier
compartment, the cells were incubated at 18³C to
retard the intracellular transport. MLP- fractions
from the cells were further fractionated in sucrose
gradients. The density distributions of [125I]TC-BSA
and [125I]TC-AOM shown in Fig. 5 (obtained with
cells incubated at 18³C for 10 min) indicate again
that the two probes are in di¡erent organelles.

3.4. Density shift of endocytic organelles containing
AOM-HRP by means of DAB/H2O2

To determine to what extent [125I]TC-BSA and
[125I]TC-AOM were in separate endocytic compart-
ments, the cells were preincubated with AOM-HRP
to load the clathrin-dependent endocytic pathways,
the cells were subsequently incubated with [125I]TC-
BSA or [125I]TC-AOM for increasing time intervals,
and density shifts were induced in endocytic vesicles

Fig. 4. Density distribution of endocytic organelles following
isopycnic centrifugation of P-fractions from rat hepatocytes.
[125I]TC-BSA (a, 100 nM) or [125I]TC-AOM (b, 100 nM) were
added to suspensions of rat hepatocytes incubated at 37³C.
Cells were removed from the incubator after 10 min), treated
with 0.3% pronase for 1 h and homogenised. P-fractions were
placed on top of linear sucrose gradients that were subsequently
centrifuged for 3 h at 85 000Ug. Radioactivities in the fractions
are presented as percent of total recovered activity in the gra-
dients.

Fig. 5. Density distribution of endocytic organelles following
isopycnic centrifugation of MPL-fractions from rat hepatocytes.
E¡ects of reduced temperature. [125I]TC-BSA (a, 100 nM) or
[125I]TC-AOM (b, 100 nM) were added to suspensions of rat
hepatocytes incubated at 18³C. Cells were removed from the in-
cubator after 10 min), treated with 0.3% pronase for 1 h and
homogenised. MLP-fractions were placed on top of linear su-
crose gradients that were subsequently centrifuged for 3 h at
85 000Ug. Radioactivities in the fractions are presented as per-
cent of total recovered activity in the gradients.
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containing AOM-HRP. It was found in preliminary
experiments that the extent of density shift induced
with DAB/H2O2 depended on the cell concentration
with which AOM-HRP was incubated. A maximal
density shift was obtained following incubation of
cells (2U106 cells/ml) with 50 nM AOM-HRP. A
further increase in AOM-HRP concentration did
not increase the density shift induced by DAB/
H2O2 (results not shown). Density shifts could only
be observed if the AOM-HRP was inside endocytic
vesicles. No density shift was observed when the
AOM-HRP was added to the cell-free preparation
of endosomes (not shown).

Fig. 6 shows that a density shift of endosomes
containing [125I]TC-AOM was seen, as expected, in
cells that were incubated with AOM-HRP and
[125I]TC-AOM for 15 min (Fig. 6A); early endo-
somes containing [125I]TC-BSA were not a¡ected
(Fig. 6C). At later time points (s 15 min), density
shifts were induced both in [125I]TC-BSA- and
[125I]TC-AOM-containing endosomes (Fig. 6B,D).
Fig. 6D shows that a small peak of radioactivity
remains at 1.15 g/ml after treatment with H2O2/
DAB even after 60 min. This peak evidently repre-
sents early endosomes that form continuously, since

labelled [125I]TC-BSA is present in the medium con-
tinuously.

3.5. E¡ect of inducing density shift by means of
gold^BSA complex

We also tried to induce density shift by means of
Au10BSA. The results presented in Fig. 7 indicate
clearly that the uptake of Au10BSA does not a¡ect
the density distribution of early endosomes contain-
ing [125I]TC-AOM, consistent with the notion that
the two probes are internalised partly via separate
pathways. At later time points, however, the density
distribution of [125I]TC-AOM was changed to higher
densities by Au10BSA (not shown). The two probes
evidently meet in a late endosomal compartment,
prior to their entrance into lysosomes.

3.6. E¡ect of hypertonic medium on the uptake of
[125I]TC-BSA and [125I]TC-AOM

Certain treatments of cells have been used to dif-
ferentiate between clathrin-dependent and clathrin-
independent endocytosis: potassium depletion, hy-
pertonic medium or acidi¢cation of cytosol have all

Fig. 6. DAB-induced density shift of [125I]TC-AOM compared with that of [125I]TC-BSA. [125I]TC-AOM (A,B) or [125I]TC-BSA (C,D)
were added to rat hepatocytes that had been preincubated at 37³C with AOM-HRP (100 nM) for 30 min. The cells were treated with
0.3% pronase for 1 h and postnuclear fractions were prepared from the cells after 15 min (A,C) and 60 min (B,D). The postnuclear
fractions were treated with DAB, with H2O2 (closed symbols) or without H2O2 (open symbols) as described in Section 2, and applied
on top of sucrose density gradients. Radioactivities were assayed across the gradients.
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been shown to reduce clathrin-dependent endocytosis
more than clathrin-independent endocytosis [33]. In
the present study we found that all these treatments
led to a reduced uptake of both probes. The uptake
of [125I]TC-AOM was, however, reduced signi¢cantly
more than that of [125I]TC-BSA. Fig. 8 shows the
results of an experiment in which the cells were in-

cubated with hypertonic medium (400 mosmol). The
uptake of [125I]TC-BSA was reduced to about 35% of
controls whereas the corresponding value for
[125I]TC-AOM was about 10% (Fig. 8).

3.7. Electron microscopy

Fig. 9 shows Epon sections of hepatocytes that
had internalised Au10AOM and Au5BSA for 5 min
at 37³C. The electron micrographs indicate that
Au10AOM and Au5BSA were internalised into
separate endosomes early after uptake. Au10AOM
were found in clathrin-coated vesicles, whereas
Au5BSA could be found in larger vesicles in which
no Au10AOM could be observed (Fig. 9).

4. Discussion

Hepatocytes express numerous receptors that me-
diate endocytosis of macromolecules from blood
[1,2,13,17,19,39]. In addition to uptake by receptor-
mediated endocytosis the hepatocytes also internalise
plasma constituents by £uid phase endocytosis
[15,27]. Endocytosis involves internalisation of plas-
ma membrane and may therefore contribute to the
control of its composition of phospholipids and pro-
teins. Of particular importance is the role of endocy-
tosis in the control of the structure and function of
the basolateral and the apical plasma membranes of
hepatocytes [22].

Notwithstanding the physiological importance of
hepatic endocytosis, relatively few studies have been
done to characterise the modes of endocytosis in
hepatocytes. It is generally accepted that endocytosis
may take place both via clathrin-dependent and
clathrin-independent pathways [23,33]. The present
report shows, in agreement with earlier observations
[24^26], that £uid phase endocytosis continues, albeit
at a reduced rate, under conditions that block clath-
rin-dependent endocytosis of AOM. Such observa-
tions indicate that a major proportion of plasma
membrane must be internalised via a clathrin-inde-
pendent pathway, if one assumes that clathrin-de-
pendent and clathrin-independent endocytosis lead
to the formation of primary endosomes of compara-
ble size. Extensive clathrin-independent endocytosis
of plasma membrane in hepatocytes has been re-

Fig. 8. E¡ect of hypertonic medium on the endocytosis of
[125I]TC-AOM and [125I]TC-BSA. Hepatocytes were incubated
at 37³C in incubation medium in the absence (closed symbols)
or presence (open symbols) of 0.2 M sucrose. [125I]TC-AOM
(A, 100 nM) and [125I]TC-BSA (B, 100 nM) were added to the
cells and cell-associated radioactivities were determined in ali-
quots removed at the indicated time points. The cells were
treated with 0.3% pronase at 0³C for 1 h prior to measurements
of cell-associated radioactivity.

Fig. 7. Endocytic density shift induced by Au10BSA. [125I]TC-
AOM (squares, 10 nM) or [125I]TC-BSA (circles, 100 nM) were
added to rat hepatocytes that had been preincubated at 37³C
with (closed symbols) or without (open symbols) Au10BSA (100
nM) for 30 min. Postnuclear fractions, prepared from cells
(treated with 0.3% pronase for 1 h) after 5 min were applied on
top of sucrose density gradients. Radioactivities were assayed
across the gradients.
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Fig. 9. Electron microscopy of hepatocytes that had internalised Au10AOM and Au5BSA were found in separate endosomes 5 min
after internalisation. Hepatocytes were incubated for 5 min with Au10AOM and Au5BSA. The cells were washed in suspension bu¡er
containing 10 mM EGTA prior to ¢xation at 4³C. A shows AuAOM in small, clathrin-coated vesicles, while B shows AuBSA in larg-
er vesicles without clathrin coat. Bar = 100 nm.
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cently demonstrated using ricin as a general marker
of the plasma membrane [6].

Other studies have indicated that £uid phase endo-
cytosis in hepatocytes may be nearly una¡ected by
the type of hypertonic treatment that was used in the
present investigation. In our experiments the uptake
of the £uid phase marker was reduced more than
50% by hypertonic medium. We do not know the
reason for quantitatively di¡erent results. Part of
the explanation may be the use of di¡erent types of
£uid phase markers. We found, using labelled su-
crose or ra¤nose, that hypertonic medium was with-
out e¡ect on the uptake of these probes. These low-
molecular-mass probes were, however, found to pen-
etrate the plasma membrane of hepatocytes at low
temperature (data not shown), and were for this rea-
son found unsuitable as markers for £uid phase en-
docytosis in our hands. A proportion of the £uid
phase markers must, out of necessity, be internalised
via coated pits and our subcellular fractionation data
indicate indeed that some [125I]TC-BSA coincide with
[125I]TC-AOM in sucrose gradients.

It is therefore reasonable that hypertonic medium
also a¡ects uptake of the £uid phase markers.

Inhibition of clathrin-dependent endocytosis may
lead to a compensatory increase in clathrin-inde-
pendent endocytosis [10,11]; the endocytosis ob-
served in presence of inhibitors may therefore to
some extent be an experimental artefact. The present
study was initiated to try to get a direct estimation of
the proportions of clathrin-dependent and clathrin-
independent endocytosis. To this end subcellular
fractionation was used combined with density shift
techniques that presumably should selectively a¡ect
the density of endocytic organelles containing either
[125I]TC-AOM or [125I]TC-BSA. As a marker for £u-
id phase endocytosis we used BSA labelled with
[125I]TC. This probe was, in accordance with an ear-
lier report [36], found to be a reliable £uid phase
marker in rat hepatocytes. By labelling BSA with
[125I]TC, it was possible to assess the true net uptake
of the probe and to label organelles involved in its
degradation [29].

Di¡erential centrifugation combined with subcellu-
lar fractionation in sucrose density gradients indi-
cated that most of the £uid phase marker was intern-
alised into an early endosome that was denser than

the early endosomes containing [125I]TC-AOM. By
using P-fractions as starting material for fractiona-
tion in sucrose gradients, some of the marker was
found to coincide with the peak of [125I]TC-AOM
whereas the main peak was at a higher density. These
data are consonant with the notion that [125I]TC-
BSA is mainly internalised via a clathrin-independent
pathway. The peak coinciding with [125I]TC-AOM
shows, however, that some [125I]TC-BSA is internal-
ised via the coated pits. Uptake of a proportion of
£uid phase marker via coated pits is also compatible
with the ¢nding that hypertonic medium reduced
uptake of [125I]TC-BSA. By inducing density shift
in the endosomal pathway followed by [125I]TC-
AOM (by HRP-AOM combined with DAB/H2O2),
it was again seen that the bulk of [125I]TC-BSA en-
tered a separate route. By using Au10BSA it was
veri¢ed that the £uid phase marker could be sepa-
rated from the [125I]TC-AOM early after uptake. It
could be argued that the £uid phase marker may
enter a late endocytic compartment more rapidly
than [125I]TC-AOM (which binds to the receptor)
and that the separation of the two probes is due to
a di¡erence in the rate at which they enter the later
compartment and not to di¡erent routes of entrance.
The ¢nding that a lowering of the incubation temper-
ature, which should keep the probes in early endo-
somes [14], did not a¡ect the density distribution of
the probes, support the notion that [125I]TC-BSA
and [125I]TC-AOM are to a large extent internalised
via separate routes.

At what stage do the two pathways meet?
Although some [125I]TC-BSA evidently enters the
same early endosome as [125I]TC-AOM (Fig. 4), their
main entrance routes are probably separate. Experi-
ments using density shift techniques showed, on
the other hand, that the two probes were degraded
in the same lysosomes. Moreover, these techniques
also indicated that an encounter of [125I]TC-BSA
and [125I]TC-AOM took place even in a prelyso-
somal compartment, by de¢nition a `late' endosome.
The late endosomes as a rendezvous for di¡erent
types of endosomes is reminiscent of results obtained
with polarised cells : in MDCK-cells, early endo-
somes from the basolateral and the apical plasma
membrane meet in the same late endosomes [7,
28].
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