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Abstract

Earlier studies have suggested that fluid phase endocytosis in rat hepatocytes takes place via a clathrin-independent
mechanism [1,2]. This observation suggests that a relatively large amount of plasma membrane outside coated pits may be
involved in hepatic endocytosis. Ricin, which binds to galactose residues on glycoproteins and glycolipids, has, in this report,
been used as a general marker for the plasma membrane of hepatocytes. The endocytosis of ricin was compared with that of
asialoorosomucoid (AOM) which is taken up exclusively via clathrin-coated pits. Hypertonic medium has been shown to
inhibit uptake via coated pits more effectively than clathrin-independent uptake [3-5]. It was found, in this study, that the
addition of 100 mM sucrose to the incubation medium inhibited the uptake of '>’I-tyramine-cellobiose-asialoorosomucoid
(»’I-TC-AOM) more extensively than that of >’ I-tyramine-cellobiose-ricin (*>’I-TC-ricin), compatible with the notion that
the two probes are internalised via different mechanisms. Subcellular fractionation experiments indicated that '>>I-TC-ricin
entered a denser endocytic organelle than that receiving '»I-TC-AOM. To determine whether the separation of the two
probes was due to a different transport kinetics (i.e. that '>I-TC-ricin is transported more rapidly to a later, denser
compartment than '2’I-TC-AOM) the cells were incubated at 18°C to allow a slower internalisation/transport of the labelled
probes. The results obtained showed, again, that the early endosomes containing >’ I-TC-ricin were significantly denser than
those containing '*’I-TC-AOM. We also employed the horseradish peroxidase (HRP)-diaminobenzidine (DAB) density shift
technique of Courtoy et al. [6] to determine whether '>I-TC-ricin and '2I-TC-AOM were in separate endosomes early after
their uptake. The results showed that early endosomes containing '2I-TC-AOM were density shifted whereas those
containing ' I-TC-ricin were unaffected by the density shift procedure. The use of probes labelled with '21-TC allowed us to
identify compartments involved in the degradation of '>’I-TC-AOM and '?’I-TC-ricin, by measuring acid soluble
radioactivities in the gradient fractions. It was found that '>I-TC-ricin was degraded mainly in endosomes, whereas '>1-TC-
AOM, as expected, was degraded mainly in lysosomes. © 1998 Elsevier Science B.V. All rights reserved.
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that clathrin-independent endocytosis may take place
in several cell types [3-5,7]. In COS-cells, clathrin-
dependent and clathrin-independent endocytosis
lead to the formation of primary endosomes of
slightly different sizes [8,9]. The two types of endo-
somes evidently both fuse with the same early endo-
somes. A special type of clathrin-independent endo-
cytosis is macropinocytosis which leads to the
formation of large endocytic structures that may
not communicate with the clathrin-dependent endo-
cytic pathway prelysosomally [10-12].

Hepatocytes contribute to blood homeostasis by
endocytosing a number of proteins present in plas-
ma. Ligands taken up by receptor-mediated endocy-
tosis include lipoproteins [13] (high density lipopro-
teins, low density lipoproteins, chylomicron
remnants, B-very low density lipoprotein), peptide
hormones (insulin, glucagon, epidermal growth fac-
tor) [14-16], catecholamines, haptoglobin, o,-macro-
globulin [17], asialoglycoproteins [18]. Few studies
have been focused on the mode of endocytic internal-
isation of ligands in hepatocytes, notwithstanding the
important physiological role of these processes. In
addition to uptake of ligands via receptor-mediated
endocytosis, the hepatocytes also internalise (macro)-
molecules in the fluid phase of the forming endocytic
vacuole, the primary endosome. The extent of fluid
phase endocytosis in hepatocytes is uncertain, but
may amount to about 0.1 ul per million cells per
hour [19]. This value has been obtained using
['*C]sucrose, [*H]raffinose or ['>I]polyvinylpyrroli-
done as fluid phase markers. The actual uptake of
fluid may be much higher, maybe 1 pl/h/10° cells,
since a large proportion of the internalised fluid is
recycled back to the extracellular medium. The
amount of fluid taken up may be subject to regula-
tion by adjusting the balance between endocytosis
and retroendocytosis. It may amount to 10 ml/day
in the liver of a 200 g rat.

It has been suggested that clathrin-dependent en-
docytosis may be selectively arrested by incubating
the cells with hypertonic medium, by acidifying the
cytosol, or by potassium depletion [1,20-22]. These
treatments do not affect clathrin-independent endo-
cytosis to the same extent, and may therefore be used
to determine whether a given endocytic process takes
place via clathrin-coated pits or via alternative mech-

anisms. By employing such treatments, it has been
found (using ['*C]sucrose or lucifer yellow as fluid
phase markers) that fluid phase endocytosis may
not take place via coated pits in rat hepatocytes
[1,2]. This result is surprising since hepatocytes are
well equipped with coated pits and since some fluid,
out of necessity, must be internalised via coated
pits. The finding that fluid phase endocytosis is
nearly unaffected by inhibitors of clathrin-dependent
endocytosis therefore suggests that a very large
proportion of endocytic plasma membrane in-
vagination takes place independent of clathrin-coated
pits.

In the present study, we have compared the uptake
and intracellular transport in rat hepatocytes of
['?°T]tyramine-cellobiose-labelled asialoorosomucoid
('*I-TC-AOM) and ['*’I]tyramine-cellobiose-labelled
ricin (!»I-TC-ricin). Ricin binds to numerous glyco-
lipids and glycoproteins with terminal galactose in
the plasma membrane of hepatocytes [23,24]. These
binding sites are distributed all over the plasma
membrane, and ricin may therefore be a useful tool
to follow plasma membrane traffic in general [25].
Asialoorosomucoid, on the other hand, is taken up
exclusively via clathrin-coated pits [26].

To characterise the endocytic pathways followed
by the two probes, we used subcellular fractionation.
We, furthermore, induced density shifts in the path-
way followed by '>I-TC-AOM to see if this affected
the density distribution of '>’I-TC-ricin. Finally, we
measured the uptake of the two markers under hy-
pertonic conditions (a treatment that inhibits clath-
rin-dependent endocytosis) to obtain further infor-
mation about the mode of uptake of the ligand and
the fluid phase marker.

2. Materials and methods
2.1. Biochemicals

Vinblastine sulphate, collagenase, leupeptin, and
horseradish peroxidase were obtained from Sigma
(St. Louis, MO). Na!?I was from the Radiochemical
Centre (Amersham, UK). Tyramine-cellobiose was a
gift from professor Helge Tolleshaug (Nycomed,
P.O. Box 4220, Torshov, N-0401 Oslo, Norway).
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Fig. 1. Binding of '»I-TC-ricin to galactose residues on rat
hepatocytes at 0°C. Suspensions of rat hepatocytes (3 10°
cells/ml) were incubated at 0°C with I-TC-ricin at the indi-
cated concentrations, and then washed thrice in the presence
and absence of lactose (50 mM). The results represent the lac-
tose-sensitive binding and are presented as pmol/10° cells in
(A). In (B), the data are presented as a Scatchard plot. The re-
sults suggest that 'I-TC-ricin binds to about 107 sites with an
apparent Ky of 107% M. The figure shows results from a repre-
sentative experiment.

2.2. Cell preparation and incubation

Hepatocytes were prepared from 18 h starved male
Wistar rats (250-300 g) by collagenase perfusion [27].
The cells were incubated as suspensions (0.4 ml
aliquots in shaking centrifuge tubes at 37°C,
usually 50-75 mg wet wt/ml) in suspension buffer
[27] fortified with pyruvate (20 mM) and Mg>*
(2 mM).

2.3. Enzyme assays

B-Acetylglucosaminidase was determined as de-
scribed by Barrett [28].

2.4. Determinations of radioactivity

Radioactivities were measured in a Kontron gam-
ma counter. Degradation of '2I-TC-AOM and I-
TC-ricin was followed by measuring radioactivity
soluble in 10% (w/v) trichloroacetic acid (acid-soluble
radioactivity). Bovine serum albumin (0.5%) was
added as a carrier.

2.5. Subcellular fractionation

Cells were mixed with equal volumes of 0.25 M
sucrose/10 mM HEPES/1 mM EDTA (pH 7.3) and
homogenised by five strokes in a Dounce homoge-
niser (tight-fitting pestle). The homogenates, contain-
ing material from about 50 mg cells (wet weight)/ml,
were fractionated by differential centrifugation and/
or by isopycnic centrifugation in sucrose gradients.
Differential centrifugation started by centrifuging a
5 ml sample of the homogenate at 2000Xg for
2 min, the resulting nuclear fraction (N-fraction)
was resuspended in 5 ml 0.25 M sucrose/10 mM
HEPES/1 mM EDTA, homogenised (five strokes)
and centrifuged again at 2000 X g for 2 min. A large
granule fraction (ML-fraction) was sedimented from
the postnuclear fraction by centrifugation at
25000Xg for 9 min, and a particulate fraction
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Fig. 2. Uptake of '®I-TC-ricin in rat hepatocytes. Suspensions
of rat hepatocytes (5X10° cells/ml) were incubated at 0°C in
the presence of '2’I-TC-ricin (10 nM) for 20 min. The cells
were then washed in ice-cold PBS and incubated at 37°C. Ali-
quots of cells were removed at the indicated times and washed
thrice in PBS with or without 50 mM lactose. Cell-associated
(closed symbols) and internalized (open symbols) radioactivities
are presented as percent of total radioactivity added. Internal-
ized radioactivity is calculated as the difference between total
cell-associated radioactivity and radioactivity remaining in cells
washed in the presence of 50 mM lactose. The figure shows
mean values £ S.D. from at least two identical experiments.
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Fig. 3. Endocytosis of '»’I-TC-ricin and '>I-TC-AOM in rat hepatocytes. Suspensions of rat hepatocytes (5X 10° cells/ml) were incu-
bated at 37°C in the presence of either '>’I-TC-ricin (A) or '»I-TC-AOM (B). Aliquots (0.25 ml) of cells were removed at the indi-
cated times, washed thrice in either 10% sucrose (‘**I-TC-AOM) or in PBS containing 50 mM lactose (!>*I-TC-ricin) and then treated
with 10% (w/v) trichloroacetic acid. Acid soluble (open symbols) and acid precipitable (closed symbols) radioactivities were measured
and the results obtained are presented as % of total radioactivity (minus acid soluble radioactivity present initially) in the cell suspen-

sion. The figure shows results from a representative experiment.

(P-fraction) was sedimented from the postmitochon-
drial fraction at 48000X g for 60 min. In some ex-
periments a MLP-fraction (high speed sediment) was
prepared by centrifuging the postnuclear fraction at
48 000 X g for 60 min. Differential centrifugation was
carried out in a Sorvall RC-2B centrifuge using a
SS24 rotor and 13 ml centrifuge tubes. Homogenisa-
tions and centrifugations were carried out at 0-4°C.
In isopycnic centrifugation experiments 2-4 ml ali-
quots of a ML-fraction or a MLP-fraction were ini-
tially layered at the top of the gradients. The centri-
fuge tubes (38 ml) were centrifuged at 85000 X g in a
Beckman SW 28 rotor at 4°C for 4 h. Following
centrifugation, the gradients were divided into
18 X2 ml fractions by upward displacement using
Maxidens as displacement fluid. The densities of
the fractions were calculated from the refractive in-
dices [29].

2.6. DAB-induced density shift of endosomes

The DAB-induced density modification [6,30] was
based on the endocytic uptake of AOM-HRP 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 37°C for the chosen
time interval. Five ml portions of cells were washed
in ice-cold 10% sucrose. 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 PNF were
then incubated in the presence and absence of
H,0; (36.8 ul 6% H;0, added to 3.5 ml PNF) and
the incubation was continued for another 30 min in
the dark. The fractions were finally layered on top of
linear sucrose gradients and centrifuged at 85000 X g
for 4 h.

3. Results
3.1. Binding of ">’I-TC-ricin to isolated hepatocytes

To analyse binding of '>’I-TC-ricin to hepatocytes,
the cells were incubated at 0°C with increasing con-
centrations of the labelled probes, and subsequently
washed thrice in PBS in the presence and absence of
50 mM lactose. Surface bound '>’I-TC-ricin or '*I-
ricin was calculated as the difference between cell-
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associated radioactivity with and without lactose in
the washing medium. The results (Fig. 1) suggest that
125]-TC-ricin binds to about 107 sites with an appar-
ent Kg of 5X107% M. These data are comparable
with the numbers found by Decastel et al. [24].

3.2. Uptake and degradation of %’ I-TC-ricin and
2. TC-AOM in isolated hepatocytes

To differentiate between internalised and surface-
bound !2°I-TC-ricin, the cells were washed thrice in
PBS with or without 50 mM lactose. It was found
that this treatment released a maximum amount of
the toxin from the cells. Incubation of cells for ex-
tended periods of time at 0°C with increasing con-
centrations of lactose did not alter the amount of
surface-bound '>I-TC-ricin further. Fig. 2 shows
cell-associated and the time-dependent increase in in-
ternalised '>’I-TC-ricin in hepatocytes that were in-
cubated at 37°C after having been given a pulse of
I25[-TC-ricin (20 nM) at 0°C. The results indicate
that at steady state, about 50% of the cell-associated
I25[-TC-ricin were bound to galactose residues at the
cell surface.

To measure uptake and degradation of '>’I-TC-
ricin and '2I-TC-AOM hepatocytes were incubated
with the labelled probes (10 nM) at 37°C. At increas-
ing time intervals, aliquots of the cell suspensions
were washed in presence of lactose (ricin) or 10%
sucrose (AOM). Washing in 10% sucrose effectively
removes surface-bound '2I-TC-AOM, the addition
of EGTA to the washing solution does not remove
additional surface-bound ligand. The amounts of in-
ternalised and degraded (acid soluble) ligands were
determined. Fig. 3 shows that both probes were in-
ternalised effectively; after 60 min about 65 and 25%
of, respectively, »I-TC-AOM and '>’I-TC-ricin were
internalised. '*I-TC-AOM was degraded much more
effectively than '>’I-TC-ricin. After 60 min, 20% of
the labelled AOM and only 1.5% of the '»I-TC-ricin
were degraded.

To test whether the endocytosis of '»I-TC-AOM
was affected by ricin, cells were incubated with and
without ricin (1 uM) for 1 h prior to the addition of
I25I.TC-AOM (10 nM) (ricin and AOM could not be
added simultaneously since ricin binds AOM). Up-
take and degradation of '’I-TC-AOM were meas-
ured in aliquots of cells removed after time intervals
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Fig. 4. The effects of vinblastine (25 uM) and leupeptin (100
uM) on the endocytosis of '’I-TC-AOM and '’I-TC-ricin in
hepatocytes. The cells were incubated with the inhibitors for
15 min at 37°C prior to the addition of '>’I-TC-AOM (100 nM,
A) and 'I-TC-ricin (10 nM, B). Acid soluble (hatched bars)
and acid precipitable (open bars) radioactivities were measured
in control cells and inhibitor-treated cells after 60 min of incu-
bation at 37°C. The figure shows results from a representative
experiment.

up to 3 h after the addition of the labelled ligand.
The lectin did not significantly affect uptake or deg-
radation of 'I-TC-AOM under these conditions (re-
sults not shown).

3.3. The effects of vinblastine and leupeptin on the
uptake and the degradation of ' I-TC-AOM
and ' I-TC-ricin

Fig. 4 shows the results of a typical experiment in
which the cells were preincubated for 15 min at 37°C
with vinblastine (25 uM) or leupeptin (100 uM). La-
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Fig. 5. Effects of hypertonic medium on the uptake and degradation of ' I-TC-ricin and '»I-TC-AOM in rat hepatocytes. Rat hepa-
tocytes were suspended in incubation medium without additions (filled symbols) or in incubation medium containing 100 mM sucrose
(open symbols) and incubated at 37°C for 15 min. '>’I-TC-ricin (10 nM) (A) or '*I-TC-AOM (100 nM) (B) were then added and the
incubation at 37°C was continued. Aliquots (0.25 ml) of cells were removed at the indicated times and washed thrice in PBS contain-
ing 50 mM lactose (A) or 10% sucrose (B). Uptake is presented as percent of total initial acid precipitable radioactivity in the suspen-

sions. The figure shows results from a representative experiment.

belled AOM (Fig. 4A) and ricin (Fig. 4B) were then
added, and cell-associated and degraded ligands were
determined at increasing time intervals. The results
presented in Fig. 4 show acid precipitable and acid
soluble radioactivities after 60 min of incubation
with the labelled probes. It is evident that leupeptin
inhibits degradation of either probe, whereas uptake
is unaffected. Vinblastine strongly inhibited uptake
of both »I-TC-ricin and '»I-TC-AOM.

3.4. Effects of hypertonic medium on the uptake and
degradation of '*I-TC-AOM and > I-TC-ricin

Numerous studies have shown that hypertonic me-
dium, potassium depletion or acidification of cytosol
inhibit clathrin-dependent endocytosis selectively,
while clathrin-independent endocytosis is less af-
fected by these treatments [4]. To study the effect
of hypertonic medium, we incubated hepatocytes
with or without 100 mM sucrose (the total osmolal-
ity was 400 mM). It was found consistently that the
hypertonic medium reduced uptake of both '»I-TC-
ricin and '2I-TC-AOM; the uptake of '>I-TC-ricin
was, however, reduced significantly less than that of
I2I.TC-AOM. The results of a typical experiment

are shown in Fig. 5. It can be seen that the uptake
of '21-TC-AOM (Fig. 5B) after 15 min was 90%
reduced, whereas the uptake of ' I-TC-ricin (Fig.
5A) was about 65% reduced.

3.5. Subcellular distribution of >I-TC-AOM and
123 [.TC-ricin

In order to determine whether 'I-TC-ricin and
I2.TC-AOM are endocytosed by different path-
ways, we studied the subcellular distribution of
both probes in a series of experiments employing
differential and isopycnic centrifugation.

3.5.1. Subcellular distribution of ' I-TC-AOM
and "> I-TC-ricin determined by means of
differential centrifugation
We also followed the time-dependent appearance
of the probes in fractions obtained by classical differ-
ential centrifugation (Fig. 6). The results obtained
show that !'»I-TC-ricin, initially found mainly in
the P-fraction, accumulated in the L- and the M-
fractions over time. '2’I-TC-AOM, on the other
hand, showed a temporary accumulation in the L-
fraction after 10-20 min. At later times, however,
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the amount of '>I-TC-AOM in the M-fraction in-
creased at the expense of the L- and P-fractions.

3.5.2. Subcellular distribution of '*I-TC-AOM and
12 [.TC-ricin determined by means of isopynic
centrifugation in sucrose gradients

In initial experiments, MLP-fractions were sub-
jected to isopycnic centrifugation in linear sucrose
gradients. Fig. 7 shows the density distribution of
undegraded (acid precipitable) and degraded (acid
soluble) '>’I-TC-AOM and '?’I-TC-ricin in sucrose
gradients 30 and 120 min after the addition of the
labelled probes to the cells. The results indicated, in
accordance with earlier data [31,32], that 'I-TC-

AOM was early after uptake in endosomes banding

at relatively low density in the gradients; peak activ-

ity was at about 1.11-1.13 g/ml (Fig. 7). The ligand
was subsequently found in denser endosomes (at
1.14-1.16 g/ml, not shown) and eventually in organ-
elles coinciding with the lysosomal enzyme B-acetyl-
glucosaminidase (density about 1.18-1.20 g/ml). Acid
soluble degradation products from !*’I-TC-AOM
were already present after 30 min in this region of
the gradient. ' I-TC-ricin seemed to enter endo-
somes of higher density than the early '’I-TC-

AOM-containing endosomes. The density distribu-

tion of '»I-TC-ricin 120 min after initiation of up-

take indicated that some of the toxin had entered
vesicles coinciding with lysosomes. !2’I-TC-ricin
was degraded at a much slower rate than 'I-TC-

AOM, as noted above (Fig. 3). The density distribu-

tion of degradation products formed from '*’I-TC-

ricin showed after 2 h of incubation two peaks, one
coinciding with the endosomes at 1.14-1.15 g/ml and
one at the lysosomal position in the gradient.

3.6. Intracellular degradation of '?I-TC-ricin and
5. TC-AOM studied by means of subcellular
fractionation

Labelled degradation products formed from !*I-
TC-labelled probes do not readily pass biological
membranes and will therefore be trapped temporarily
at the site of formation [29,33]. They may, therefore,
serve as markers for the degradative compartments
that are involved in their formation. To identify en-
docytic compartments involved in the degradation of
I1.TC-ricin, we fractionated further both P-frac-
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Fig. 6. Subcellular distribution of '>’I-TC-ricin and '*>I-TC-
AOM following differential centrifugation of homogenates from
rat hepatocytes. The cells (5% 10° cells/ml) were incubated with
10 nM 'PI-TC-ricin (A) or 10 nM '2’I-TC-AOM (B). Aliquots
of cells (5 ml) were removed at the indicated times, homogen-
ized, and fractionated into M- (circles), L- (squares), and P-
fractions (triangles), as described in Section 2. The amounts of
radioactivities in the fractions are presented as percent of the
radioactivity in the homogenate from which the fractions were
prepared. Each fraction is derived from a homogenate prepared
from 25X 10° cells. The figure shows results from a representa-
tive experiment.

tions and ML-fractions by means of isopycnic cen-
trifugation in sucrose gradients. Parallel experiments
were performed on cells that had endocytosed '*°I-
TC-AOM. Fig. 8 shows the results of a typical ex-
periment in which cells incubated with '2°I-TC-ricin
(Fig. 8A) or '»I-TC-AOM (Fig. 8B) were fraction-
ated after 30 and 90 min. Undegraded (acid precip-
itable) and degraded (acid soluble) probes were
measured in the fractions. Only degraded ligands
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Fig. 7. Density distribution of '2I-TC-ricin or '>I-TC-AOM following isopycnic centrifugation of MLP-fractions prepared from cells
that had endocytosed ' I-TC-ricin (upper panels) or '2I-TC-AOM (lower panels). The cells were incubated with 10 nM '>’I-TC-ricin
or 10 nM '’I-TC-AOM. Aliquots of cells (5 ml) were removed after 30 min (left panels) and 120 min (right panels), homogenized,
and MLP-fractions were prepared as described in Section 2. The amounts of acid soluble (open symbols) and acid precipitable (closed
symbols) radioactivities in the fractions are presented as percent of total recovered radioactivity in the gradients. The distribution of
B-acetylglucosaminidase (triangles) is shown in the lower right panel. The figure shows results from a representative experiment.

(as percent of total recovered radioactivity in the
gradients) are shown. The main degradation of
I25I.TC-AOM is taking place in organelles with den-
sities around 1.18 g/ml (Fig. 8B). The degradation
products coincide in the gradient with B-acetylgluco-
samindase (not shown) and are most likely present in
lysosomes. The density distribution of labelled deg-
radation products from '2’I-TC-ricin was distinctly
different from that of '»I-TC-AOM: Acid-soluble
products formed from 'I-TC-ricin seemed to be
present both in endosomes and lysosomes. In fact,
the time-dependent distribution of degradation prod-
ucts in endosomes and lysosomes suggested that deg-

radation is initiated in endosomes and proceeds fur-
ther in lysosomes. To check whether the acid soluble
degradation products from I-TC-ricin were in ly-
sosomes of low density, we also measured B-acetyl-
glucosaminidase following fractionation of P-frac-
tions in sucrose gradients. The trace of -
acetylglucosaminidase in the P-fraction was found
to band at about 1.18 g/ml (results not shown).
The prelysosomal degradation of !'*I-TC-ricin
seemed to take place in the endosomes present in
the P-fraction. This is consonant with the observa-
tion that degradation of ! I-TC-ricin commences
very early after initiation of endocytosis. The degra-
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dation of '>’I-TC-AOM, on the other hand, starts
after a lag of about 12 min.

3.7. "B LTC-AOM and '’ I-TC-ricin are internalised
into early endosomes that may be separated by
isopycnic centrifugation

The differential centrifugation experiments had
shown that initially most of the labelled probes sedi-
mented in the P-fraction (Fig. 6). Early endosomes,
containing '»I-TC-AOM or 'I-TC-ricin should,
therefore, be present in this fraction. Fig. 9A shows
the density distribution of '»I-TC-AOM and '»I-
TC-ricin following isopycnic centrifugation of P-frac-
tions prepared from cells that had internalised the
probes for 10 min at 37°C. The results show that
the early endosomes containing '>’I-TC-AOM and
I25[-TC-ricin can be clearly separated in sucrose gra-
dients, the !'’I-TC-AOM-containing endosomes
equilibrate at 1.12 g/ml whereas those containing
I25[-TC-ricin are banding at 1.16 g/ml.

A possible explanation of the different distribution
of 12’I-TC-AOM and '»I-TC-ricin (early after initia-
tion of uptake) could conceivably be that '>’I-TC-
ricin very rapidly passes the early >’ I-TC-AOM-con-
taining endosomes. To slow down the transport, we
therefore allowed the cells to internalise the labelled
probes at 18°C. Fig. 9B shows the density distribu-
tion of endosomes containing '*’I-TC-AOM and
I25[-TC-ricin after 10 min of incubation at 18°C.
Since the internalisation (particularly of ' I-TC-ri-
cin) was reduced at this low temperature, the cells
were treated at 0°C for 60 min with pronase (0.3%)
prior to homogenisation to remove remnants of sur-
face-bound ligands. The gradient profiles show that
I2.TC-AOM bands at about 1.08 g/ml, whereas
I25[-TC-ricin is found at 1.13 g/ml. These data sup-
port the notion that '*I-TC-AOM and '>’I-TC-ricin
are internalised into different populations of early
endosomes.

3.8. Density distribution of 'I-TC-AOM and
12 [.TC-ricin after DAB cytochemistry

In order to determine whether AOM and ricin
were present in the same endocytic organelle, we in-
duced density shift in the AOM-containing compart-
ment by means of HRP-induced cross-linking of
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Fig. 8. Density distribution of degraded (acid soluble) '>I-TC-
ricin or '2I-TC-AOM following isopycnic centrifugation. ML-
fractions (squares) and P-fractions (circles) were prepared from
cells that had endocytosed ZI-TC-ricin (A) or 'I-TC-AOM
(B) for 30 min (closed symbols) or 90 min (open symbols). The
fractions were dissolved in homogenization buffer, placed on
top of linear sucrose gradients, and centrifuged at 85000X g for
7 h. Acid soluble radioactivities were measured in the fractions
and are presented as % of total recovered radioactivities in the
gradients. The figure shows results from a representative experi-
ment.

DAB in the presence of H,O, [6,30]. Hepatocytes
were incubated with saturating concentrations of
AOM conjugated to HRP for 30 min, in order to
charge the endocytic pathway with the ligand. The
cells were then washed in cold incubation medium
and re-incubated at 37°C in the presence of either
I25I.TC-AOM or 'PI-TC-ricin. At various time inter-
vals during the re-incubation, aliquots of cells were
removed from the incubator, and MLP-fractions
were prepared and incubated with DAB in the pres-
ence and absence of H,O,. Results obtained with
cells incubated for 15 min are shown in Fig. 10.
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Fig. 9. The effect of reduced temperature on the density distribution of '>’I-TC-ricin and '’I-TC-AOM following isopycnic centrifuga-
tion of P-fractions in sucrose gradients. Density distribution of '*I-TC-ricin or '>’I-TC-AOM following isopycnic centrifugation of
P-fractions prepared from cells that had endocytosed '>I-TC-ricin or '>I-TC-AOM. The cells were incubated with 10 nM »I-TC-
ricin (circles) or 10 nM '>I-TC-AOM (squares) at 37°C (A) or at 18°C (B). Aliquots of cells were removed after 10 min, homogen-
ized, and P-fractions were prepared as described in Section 2. The fractions were dissolved in homogenization buffer, placed on top of
linear sucrose gradients, and centrifuged at 85000 X g for 7 h. Radioactivities in the fractions are presented as % of total recovered ac-
tivities in the gradients. The figure shows results from a representative experiment.

The data show that a clear density shift is obtained
for the '»I-TC-AOM after 15 min. The density dis-
tribution of '2I-TC-ricin, on the other hand, was not
affected after 15 min of incubation. Both probes were
density shifted after 30 min or longer incubation
times (not shown). These results are therefore com-
patible with the notion that the two probes, '*I-TC-
AOM or 'I-TC-ricin enter the cells via different
endocytic pathways, but that the two pathways meet.

4. Discussion

Ricin, injected intravenously into rats, is cleared
rapidly from the blood by the liver [34-36]. The man-
nose receptor of the liver endothelial cells is respon-
sible for the bulk of the hepatic uptake [34]. In the
parenchymal liver cells, the binding and uptake are
mediated by numerous (=107 per cell) glycoproteins
and glycolipids with terminal galactose. These bind-
ing sites are distributed all over the plasma mem-
brane, and ricin may therefore be useful as a tool
to follow plasma membrane traffic in general.

Receptor-mediated endocytosis of a number of li-

gands has been shown to take place via coated pits
and may therefore be termed clathrin-mediated en-
docytosis. The receptors, along with their ligands, are
concentrated (10-20-fold) in coated pits, in part
through direct interactions between defined internal-
isation signals on their cytoplasmic domains and the
adaptor proteins of the coat [7]. Most of the glyco-
lipids and glycoproteins that ricin binds to probably
do not contain internalisation signals in their cyto-
plasmic domains. Such membrane constituents may,
therefore, either be internalised via coated pits at a
much slower rate than those containing the internal-
isation signal, or, alternatively, they may be internal-
ised by a clathrin-independent mechanism. Evidence
of clathrin-independent uptake of ricin has been ob-
tained by exposing cells to conditions that selectively
inhibit endocytosis via coated pits: i.e. hypertonic
medium, K*-depletion, acidification of cytosol [4].
Both biochemical and morphological data suggest
that such conditions affect ricin uptake less than up-
take known to take place exclusively via clathrin-
coated pits [4,20,37,38]. In the present study, we
found that hypertonic medium reduced ricin uptake
about 50%. Uptake of AOM which takes place ex-
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Fig. 10. Density distribution of '’ I-TC-ricin and '>’I-TC-AOM
after DAB cytochemistry. Hepatocytes were first incubated at
37°C in the presence of AOM-HRP (200 nM) for 30 min. The
cells were subsequently washed to remove extracellular AOM-
HRP and then incubated at 37°C for 15 min in the presence of
either 10 nM '»I-TC-ricin (A) or 10 nM '»I-TC-AOM (B).
The cells were washed in 10% sucrose solution, homogenized in
0.25 M buffered sucrose solution (3 mM imidasol, pH 7.3) and
centrifuged at 4000 X g for 2 min to remove nuclei. The nuclear
fraction was resuspended in buffered sucrose and re-centrifuged.
The combined postnuclear fractions were incubated with DAB
in the presence (open symbols) or absence (closed symbols) of
H,0, as described in Section 2. The postnuclear fractions were
placed on top of linear sucrose gradients and centrifuged at
85000 X g for 7 h. Radioactivities in the fractions are presented
as % of total recovered radioactivity in the gradient. The figure
shows results from a representative experiment.

clusively via coated pits was, however, nearly
blocked by this treatment, compatible with clathrin-
independent uptake of ricin.

Clathrin-dependent and -independent endocytosis
may relate differently to the cytoskeleton. It has
been shown, for instance, that cytochalasin D and
colchicine inhibit uptake of ricin in Vero cells with-
out reducing transferrin uptake (to the same extent)
[20]. We found that cytochalasin (not shown) and
vinblastine inhibited uptake of ricin and AOM to
the same extent. In vinblastine-treated isolated hep-
atocytes gold-AOM conjugates are found in early

endosomes [41], consonant with an effect of the
drug on the microtubule-dependent conveyance of
endosomes [39-41]. The comparable effect of vinblas-
tine on the uptake of ricin and AOM suggests that
the intracellular transport of ricin-containing endo-
somes is also mediated by microtubules. The inhib-
ited transport to later compartments will also reduce
the net uptake, since the recycling of the toxin con-
tinues.

Subcellular fractionation by isopycnic centrifuga-
tion in sucrose gradients showed that ricin was con-
sistently found in denser endosomes than those con-
taining AOM. Could the density distribution of the
two probes differ if they were, after all, internalised
via the same pathway? Two possibilities were consid-
ered. First, ricin could be transferred very rapidly
through the early endosome containing AOM; sec-
ond, surface-bound ricin could mask its true intra-
cellular distribution. To check these possibilities we
incubated the cells at 0°C with pronase to remove
remnants of surface-bound ricin, and we also allowed
the cells to internalise the probes at 16°C to retard
the transport of the ligand to later endosomes. None
of these treatments led to coinciding density distribu-
tion of ricin and AOM and we therefore believe that
ricin and AOM are internalised into different endo-
cytic pathways. These data are in agreement with
results obtained in studies of fluid phase endocytosis
in rat hepatocytes [1,2,42,43]: Weigel and coworkers
showed that potassium depletion and hypertonic me-
dium had only a modest effect on pinocytosis of
["*CJsucrose or Lucifer yellow in isolated rat hepato-
cytes, whereas uptake of AOM was nearly blocked
[1,2,42]. Since fluid phase endocytosis is dependent
on membrane internalisation, it is reasonable to as-
sume that the bulk of membrane internalised in hep-
atocytes takes place outside coated pits.

AOM was transferred from the light endosomes
(mainly present in the P-fraction) to denser endo-
somes (sedimenting in the ML-fraction) from which
the ligand was transferred to lysosomes. These ob-
servations are in perfect agreement with earlier data
[31,32,41]. The denser endosomes with which AOM
was associated could conceivably also be receivers of
ricin. To determine whether ricin and AOM colocal-
ised in later endocytic compartments, we used the
DAB cytochemistry, followed by gradient centrifuga-
tion in sucrose gradients. The results obtained indi-
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cated that a rendezvous of ricin and AOM took
place after 15-30 min. It is, therefore, likely that ricin
and AOM enter the cells via different gates, but that
they meet in a late(r) endocytic compartment.

Other studies of the relation between clathrin-de-
pendent and clathrin-independent endocytosis have
given divergent data. Tran et al. showed that oj-
macroglobulin-gold internalised via a clathrin-de-
pendent pathway and cholera toxin-gold internalised
via a clathrin-independent pathway meet in early en-
dosomes [44]. Similar results were obtained by Han-
sen et al. [9] studying endocytosis of ConA-gold and
transferrin in HEp2 cells. Other studies have indi-
cated that a rendezvous may not take place: in ruf-
fling A431 cells, clathrin-independent endocytosis
seems to give rise to vesicles that are able to fuse
with each other and not with transferrin-receptor-
containing endosomes [10]. Becich et al. [45] com-
pared the endocytosis of wheat germ agglutinin
(WGA) (conjugated to iron-dextran particles) and
AOM in Hep G2 cells. Both WGA and ricin bind
to glycoconjugates expressed on the cell surface. The
finding that WGA and AOM are internalised via
different sites is, therefore, in agreement with the
data obtained in our study. We found, however,
that ricin and AOM meet in late endocytic vesicles
and that ricin is degraded (albeit at a much slower
rate than AOM). The WGA and the AOM did not
seem to meet in the HepG2 cells. Moreover, the
WGA was not degraded. The reasons for the differ-
ences between rat hepatocytes and the liver cell line
are not clear.

By using '’I-TC-labelled probes we found that
ricin was degraded primarily in endosomes whereas
AOM was degraded mainly in lysosomes. Degrada-
tion of either ligand was inhibited by leupeptin, in-
dicating that the process required thiol proteinases.
Degradation products from ricin also accumulated in
lysosomes. The kinetics of degradation in endosomes
and lysosomes suggested that these two degradative
compartments were connected in series rather than in
parallel. Endosomal/prelysosomal degradation has
earlier been demonstrated, particularly well, in mac-
rophages [46,47], in which processing of antigens,
hormones, and other protein ligands may take place
in endosomes [48]. Blum et al. [46] showed that ricin
was particularly susceptible to endosomal degrada-
tion in macrophages. In hepatocytes, both insulin

and glucagon have been found to be degraded in
endosomes [48-50]. Even a small proportion of
AOM seems to be degraded in endosomes [29].
Maybe the fraction of AOM that is available for
endosomal degradation is that taken up by the group
of galactose receptors that are termed state I recep-
tors by Weigel [18]. He showed that ligands internal-
ised via the state I receptors started to be degraded
without a lag phase, similar to what we found with
ricin.

Acknowledgements

This study was supported by The Norwegian Re-
search Council, Novo Nordisk Foundation and The
Norwegian Cancer Society. A.B. is supported
through a fellowship from the Norwegian Research
Council.

References

[1] J.A. Oka, M.D. Christensen, P.H. Weigel, Hyperosmolarity
inhibits galactosyl receptor-mediated but not fluid phase en-
docytosis in isolated rat hepatocytes, J. Biol. Chem. 264
(1989) 12016-12024.

[2] J.A. Oka, P.H. Weigel, The pathways for fluid phase and
receptor-mediated endocytosis in rat hepatocytes are differ-
ent but thermodynamically equivalent, Biochem. Biophys.
Res. Commun. 159 (1989) 488-494.

[3] B. Van Deurs, P.K. Holm, K. Sandvig, S.H. Hansen, Are
caveolae involved in clathrin-independent endocytosis,
Trends Cell Biol. 3 (1993) 249-251.

[4] K. Sandvig, B. Van Deurs, Endocytosis without clathrin,
Trends Cell Biol. 4 (1994) 275-277.

[5] C. Watts, M. Marsh, Endocytosis: what goes in and how,
J. Cell Sci. 103 (1992) 1-8.

[6] P.J. Courtoy, J. Quintart, P. Baudhuin, Shift of equilibrium
density induced by 3,3’-diaminobenzidine cytochemistry: a
new procedure for the analysis and purification of peroxi-
dase-containing organelles, J. Cell Biol. 98 (1984) 870-876.

[7] C. Lamaze, S.L. Schmid, The emergence of clathrin-inde-
pendent pinocytic pathways, Curr. Opin. Cell Biol. 7
(1995) 573-580.

[8] S.H. Hansen, K. Sandvig, B. Van Deurs, The preendosomal
compartment comprises distinct coated and noncoated endo-
cytic vesicle populations, J. Cell Biol. 113 (1991) 731-741.

[9] S.H. Hansen, K. Sandvig, B. Van Deurs, Molecules internal-
ized by clathrin-independent endocytosis are delivered to en-
dosomes containing transferrin receptors, J. Cell Biol. 123
(1993) 89-97.



A. Brech et al. | Biochimica et Biophysica Acta 1373 (1998) 195-208 207

[10] L.J. Hewlett, A.R. Prescott, C. Watts, The coated pit and
macropinocytic pathways serve distinct endosome popula-
tions, J. Cell Biol. 124 (1994) 689-703.

[11] E.L. Racoosin, J.A. Swanson, M-CSF-induced macropino-
cytosis increases solute endocytosis but not receptor-medi-
ated endocytosis in mouse macrophages, J. Cell Sci. 102
(1992) 867-880.

[12] M.A. West, M.S. Bretscher, C.A. Watts, Distinct endocy-
totic pathways in epidermal growth factor-stimulated human
carcinoma A431 cells, J. Cell Biol. 109 (1989) 2731-2739.

[13] R.J. Havel, R.L. Hamilton, Hepatocytic lipoprotein recep-
tors and intracellular lipoprotein catabolism, Hepatology 8
(1988) 1689-1704.

[14] W.A. Dunn, A.L. Hubbard, Receptor-mediated endocytosis
of epidermal growth factor by hepatocytes in the perfused
rat liver: ligand and receptor dynamics, J. Cell Biol. 98
(1984) 2148-2159.

[15] J.B. Jaspan, K.S. Polonsky, M. Lewis, J. Pensler, W. Pugh,
A.R. Moossa, A.H. Rubenstein, Hepatic metabolism of glu-
cagon in the dog: contribution of the liver to overall meta-
bolic disposal of glucagon, Am. J. Physiol. 240 (1981) E233-
E244.

[16] 1.P. Gladhaug, T. Christoffersen, Kinetics of epidermal
growth factor binding and processing in isolated intact rat
hepatocytes. Dynamic externalization of receptors during
ligand internalization, Eur. J. Biochem. 164 (1987) 267-
275.

[17] J. Bergsma, M.K. Boelen, A.M. Duursma, W.G. Schutter,
J.M.W. Bouma, M. Gruber, Complexes of rat alphal-mac-
roglobulin and subtilisin are endocytosed by parenchymal
liver cells, Biochem. J. 226 (1985) 75-84.

[18] P.H. Weigel, Endocytosis and function of the hepatic asia-
loglycoprotein receptor (Review), Subcell. Biochem. 19
(1993) 125-161.

[19] 1.G. England, L. Naess, R. Blomhoff, T. Berg, Uptake, in-
tracellular transport and release of 125I-poly(vinylpyrroli-
done) and [14C]-sucrose-asialofetuin in rat liver parenchymal
cells. Effects of ammonia on the intracellular transport, Bio-
chem. Pharmacol. 35 (1986) 201-208.

[20] K. Sandvig, B. Van Deurs, Selective modulation of the en-
docytic uptake of ricin and fluid phase markers without al-
teration in transferrin endocytosis, J. Biol. Chem. 265 (1990)
6382-6388.

[21] S.H. Hansen, K. Sandvig, B. Van Deurs, Clathrin and HA2
adaptors: effects of potassium depletion, hypertonic me-
dium, and cytosol acidification, J. Cell Biol. 121 (1993) 61—
72.

[22] H. Damke, T. Baba, A.M. van der Bliek, S.L. Schmid,
Clathrin-independent pinocytosis is induced in cells overex-
pressing a temperature-sensitive mutant of dynamin, J. Cell
Biol. 131 (1995) 69-80.

[23] D.N. Skilleter, A.J. Paine, F. Stirpe, A comparison of the
accumulation of ricin by hepatic parenchymal and non-pa-
renchymal cells and its inhibition of protein synthesis, Bio-
chim. Biophys. Acta 677 (1981) 495-500.

[24] M. Decastel, G. Haentjens, M. Aubery, Y. Goussault, Dif-

ferential entry of ricin into malignant and normal rat hep-
atocytes, Exp. Cell Res. 180 (1989) 399-408.

[25] K. Sandvig, B. Van Deurs, Endocytosis and intracellular
sorting of ricin and Shiga toxin (Review), FEBS Lett. 346
(1994) 99-102.

[26] D.A. Wall, G. Wilson, A.L. Hubbard, The galactose-specific
recognition system of mammalian liver: the route of ligand
internalization in rat hepatocytes, Cell 21 (1980) 79-93.

[27] P.O. Seglen, Preparation of isolated rat liver cells (Review),
Methods Cell Biol. 13 (1976) 29-83.

[28] A. Barrett, in: J. Dingle (Ed.), Lysosomes; A Laboratory
Handbook, Elsevier, Amsterdam, 1972, pp. 46-135.

[29] T. Berg, G.M. Kindberg, T. Ford, R. Blomhoff, Intracellular
transport of asialoglycoproteins in rat hepatocytes. Evidence
for two subpopulations of lysosomes, Exp. Cell Res. 161
(1985) 285-296.

[30] P.J. Courtoy, Analytical subcellular fractionation of endo-
somal compartments in rat hepatocytes (Review), Subcell.
Biochem. 19 (1993) 29-68.

[31] 1. Holen, P.B. Gordon, P.E. Stromhaug, T.O. Berg, M.
Fengsrud, A. Brech, N. Roos, T. Berg, P.O. Segeln, Inhi-
bition of asialoglycoprotein endocytosis and degradation in
rat hepatocytes by protein phosphatase inhibitors, Biochem.
J. 311 (1995) 317-326.

[32] G.M. Kindberg, T. Ford, R. Blomhoff, D. Rickwood, T.
Berg, Separation of endocytic vesicles in Nycodenz gra-
dients, Anal. Biochem. 142 (1984) 455-462.

[33] R.C. Pittman, T.E. Carew, C.K. Glass, S.R. Green, C.A.
Taylor Jr., A.D. Attie, A radioiodinated, intracellularly
trapped ligand for determining the sites of plasma protein
degradation in vivo, Biochem. J. 212 (1983) 791-800.

[34] S. Magnusson, T. Berg, Endocytosis of ricin by rat liver cells
in vivo and in vitro is mainly mediated by mannose receptors
on sinusoidal endothelial cells, Biochem. J. 291 (1993) 749—
755.

[35] S. Magnusson, T. Berg, E. Turpin, J.P. Frenoy, Interactions
of ricin with sinusoidal endothelial rat liver cells. Different
involvement of two distinct carbohydrate-specific mecha-
nisms in surface binding and internalization, Biochem. J.
277 (1991) 855-861.

[36] A. Brech, S. Magnusson, E. Stang, T. Berg, N. Roos, Re-
ceptor-mediated endocytosis of ricin in rat liver endothelial
cells. An immunocytochemical study, Eur. J. Cell Biol. 60
(1993) 154-162.

[37] M. Moya, A. Dautry-Varsat, B. Goud, D. Louvard, P. Bo-
quet, Inhibition of coated pit formation in Hep2 cells blocks
the cytotoxicity of diphtheria toxin but not that of ricin
toxin, J. Cell Biol. 101 (1985) 548-559.

[38] K. Sandvig, S. Olsnes, O.W. Petersen, B. van Deurs, Acid-
ification of the cytosol inhibits endocytosis from coated pits,
J. Cell Biol. 105 (1987) 679-689.

[39] S.O. Kolset, H. Tolleshaug, T. Berg, The effects of colchicine
and cytochalasin B on uptake and degradation of asialo-
glycoproteins in isolated rat hepatocytes, Exp. Cell Res.
122 (1979) 159-167.

[40] F. Aniento, N. Emans, G. Griffiths, J. Gruenberg, Cytoplas-



208 A. Brech et al. | Biochimica et Biophysica Acta 1373 (1998) 195-208

mic dynein-dependent vesicular transport from early to late
endosomes, J. Cell Biol. 123 (1993) 1373-1387.

[41] 1. Holen, P.E. Stromhaug, P.B. Gordon, M. Fengsrud, T.O.
Berg, P.O. Seglen, Inhibition of autophagy and multiple
steps in asialoglycoprotein endocytosis by inhibitors of tyro-
sine protein kinases (tyrphostins), J. Biol. Chem. 270 (1995)
12823-12831.

[42] J.A. Oka, P.H. Weigel, Effects of hyperosmolarity on ligand
processing and receptor recycling in the hepatic galactosyl
receptor system, J. Cell. Biochem. 36 (1988) 169-183.

[43] P.E. Stromhaug, T.O. Berg, T. Gjoen, P.O. Seglen, Differ-
ences between fluid-phase endocytosis (pinocytosis) and re-
ceptor-mediated endocytosis in isolated rat hepatocytes, Eur.
J. Cell Biol. 73 (1997) 28-39.

[44] D. Tran, J.L. Carpentier, F. Sawano, P. Gordon, L. Orci,
Ligands internalized through coated pits or noncoated in-
vagination follow a common intracellular pathway, Proc.
Natl. Acad. Sci. USA 84 (1987) 7957-7961.

[45] M.J. Becich, S. Mahklouf, J.U. Baenziger, Wheat germ ag-

glutinin is selectively transported to multivesicular bodies,
Eur. J. Cell Biol. 55 (1991) 83-93.

[46] J.S. Blum, M.L. Fiani, P.D. Stahl, Proteolytic cleavage of
ricin A chain in endosomal vesicles. Evidence for the action
of endosomal proteases at both neutral and acidic pH,
J. Biol. Chem. 266 (1991) 22091-22095.

[47] S. Diment, P. Stahl, Macrophage endosomes contain pro-
teases which degrade endocytosed protein ligands, J. Biol.
Chem. 260 (1985) 15311-15317.

[48] T. Berg, T. Gjoen, O. Bakke, Physiological functions of en-
dosomal proteolysis, Biochem. J. 307 (1995) 313-326.

[49] F. Authier, B. Desbuquois, Degradation of glucagon in iso-
lated liver endosomes. ATP-dependence and partial charac-
terization of degradation products, Biochem. J. 280 (1991)
211-218.

[50] F. Authier, M. Janicot, F. Lederer, B. Desbuquois, Fate of
injected glucagon taken up by rat liver in vivo. Degradation
of internalized ligand in the endosomal compartment, Bio-
chem. J. 272 (1990) 703-712.



