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Two main problems in endocytosis are (1) the mechanism 
of fusion between endocytic vesicles and lysosomes, and 
(2) whether all endncytic vesicles fuse with lysosomes, or 
just certain types of vesicles. Analysis of these problems 
is made difficult by the circumstance that no common 
chemical agent is really a selective inhibitor of either pro- 
teolysis within the lysosomes or fusion between endocytic 
vesicles and lysosomes. 

Leupeptin acts primarily by inhibiting cathepsin B and 
related proteases [I]. Prolonged treatment of cells with 
leupeptin leads to a reduced rate of fusion between endo- 
cytic vesicles and lysosomes [2], probably because of the 
accumulation of undegraded protein in the lysosomes. 
Chloroquine or ammonia accumulate in the lysosomes [3]. 
causing a reduction in the rate of fusion [4,5], while the 
rate of proteolysis within the lysosomes may not be seriously 
impaired. Coincidentally, the equilibrium density of the 
lysosomes in a sucrose gradient becomes considerably lower 
[4]. Chloroquine also inhibits some systems of receptor- 
mediated endocytosis by inhibiting the recycling of the 
receptors to the cell surface [&8]. 

Concanavalin A does act on the rate of fusion between 
lysosomes and endocytic vesicles [9, lo], but it has to be 
added before the ligand [lo]. It may interfere with the 
binding of ligand [ 10. 111 and it may cause ‘capping’ in 
some cell types. 

In this paper, we suggest the use of benzyl alcohol as a 
selective inhibitor of the fusion between lysosomes and 
endocytic vesicles. In concentrations of about 50 mM, ben- 
zyl alcohol has been shown to have well-defined effects on 
model membrane systems [12, 131. In high concentrations, 
it may induce fusion between cells [ 141. 

Materials and methods 

Cells and incubations. Hepatocytes were prepared from 
rat liver by the collagenase perfusion method [15]. Non- 
parenchymal cells were removed by differential centrifug- 
ing [lh]. They were incubated in a minimal salt medium 
containing bovine serum albumin [16] in a shaking water 
bath. Viability of the cells was checked by the trypan blue 
exclusion method. 

Ligands. Orosomucoid was obtained from Calbiochem 
AC, Lucerne, Switzerland. It was desialylated by incu- 
bation with neuraminidase [ 171 and labelled with lzcI by the 
sodium hypochlorite oxidation method [17, 181 or conju- 
gated with [“Clsucrose by chemical coupling with 2.4.6- 
trichlorotriazine [2, 191. The advantage of the latter method 
is that the sucrose label does not leave the lysosomes, so 
that after fractionating the cells. a quantitative measure of 
the rate of transfer of labelled protein into the lysosomes 
may be obtained. In contrast, the label from iodine-labelled 
proteins leaves the cells very quickly (20). 

Determination of cell-associated ligand. The hepatocytes 
were separated from the medium by placing a 250 ~1 aliquot 
on top of 200 ~1 of dibutyl phthalate in a narrow test tube 
and centrifuging in a table centrifuge for 30 set [ 161. In 
these samples, the cell-associated radioactivity included 
surface-bound as well as internalized ligand. Before cen- 
trifugation through oil, surface-bound ligand may be 
removed by making an aliquot of the cell suspension 3 mM 
with respect to EGTA [17]. If the cells are incubated at 
lo”, the amount of internalized ligand is negligible if the 
incubation lasts for less than 30 min [ 171. so that the rate 

of binding to the cell surface may be studied. The rate 01 
binding may be taken as a measure of the number of 
available receptors on the cell surface. [6]. 

Determination of degradation. At selected time points. 
250 ~1 aliquots of the cell suspension were mixed with 250 ltl 
of 2% (w/v) phosphotungstic acid in 4 N HCI. After cen- 
trifuging the samples, the extent of degradation in the cell 
suspension is determined as acid-soluble radioactivity. Only 
cell-associated asialo-orosomucoid is degraded ( 161. 
Accordingly, the extent of degradation in the suspension 
varies with the percentage of cell-associated rndioactivit! 
as well as with the actual rate of degradation of cell-associ- 
ated ligand. In order to measure the latter rate sclcctivelv, 
the cells may be exposed to labelled asialo-orosomucoid 
for 10 min, then the medium is changed, the cell suspension 
is divided into a suitable number of portions. and the 
compounds to be tested are added. In this paper, only 
degradation measurements obtained by this procedure arc 
discussed. 

Isopycnic centrifuging in a sucrose gradiertt. This method 
shows the intracellular distribution of the radioactive label. 
Post-nuclear supernatants were prepared after homogen- 
ization of the cells and centrifuged in a linear sucrose 
gradient as described previously [4. 161. 

On fractionating hepatocytes that have been allowed to 
take [‘“Clsucrose-labelled asialo-glycoproteins for 15 min 
or more, two peaks of radioactivity are found in the gra- 
dient: one ‘endosomal’ peak at d = I. IS g/ml and one 
‘lysosomal’ peak at d = 1.20 g/ml. The size of the lysosomal 
peak increases throughout the incubation as a result of 
transfer of material from the endosomal peak [2.4. X]. 

Determination of A TP levels. A SO rtl aliquot of the cell 
suspension was mixed with 1 ml of ice-cold 0.2 M perchloric 
acid. After centrifugation. an aliquot of the supernatant 
was neutralized. and the concentration of ATP was dctcr- 
mined using a highly purified luciferase preparation from 
LKB-Wallac (Bromma. Sweden) in a luminometer from 
the same company. When the pure luciferase IS used. the 
decrease in the light level is negligible over a period ol 
several minutes. The variability between samples taken at 
the same time from the same cell suspension is j-10”;. 
These measurements were used as a control on the con- 
dition of the cells. 

Results and discussion 

Effects of benzyl alcohol ON the uptake of usialo-glwo- 
proteins in isolated hepatocyres. Figure 1 shows the uptake 
of asialo-orosomucoid into cells that had been pre-incu- 
bated with benzyl alcohol for 30 min. The viability of the 
cells was better than 75% throughout the experiment. 
Forty mM benzyl alcohol reduced the viability of the cells 
to 65% by the end of the pre-incubation (the results at this 
concentration were not included in the figure). In cells that 
were incubated with 10 mM benzyl alcohol. the ATP levels 
declined to 90% of controls during a one-hour incubation. 
suggesting that toxic effects of benzyl alcohol wcrc not a 
problem. 

A relatively low concentration of asialo-orosomucoid 
was used in the experiment shown in Fig. I. In control 
cells, the uptake of the ligand was complete by the time 
the first samples were taken after 5 min. In these cells. the 
amount of cell-associated radioactivity decreased after 
10 min because radioactive degradation products left the 
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Fig. 1. Effect of benzyl alcohol on uptake of asialo- 
orosomucoid by isolated rat hepatocytes. To the cell sus- 
pensions (8 x 10h cells/ml) benzyl alcohol (0, 1OmM: 0 
20mM; n , no addition) was added and the cells were 
incubated at 37”. After 30 min. 0.25 nM “‘I-asialo-oroso- 

mucoid was added to each flask. 

cells. Both concentrations of benzyl alcohol reduced the 
rate of uptake to less than 15% of that in the control cells. 

In order to examine further the inhibition of asialo- 
orosomucoid uptake by benzyl alcohol, hepatocytes were 
incubated with the drug for S-30min at 37”. then the 
temperature was lowered to 10”. and the binding of 
asialo-orosomucoid to receptors on the cell surface 1171 
was studied (Fig. 2). In hepatocytes to which benzyl alcohol 
was added immediately before labelled asialo-orosomucoid 
at lo”, binding was only slightly impaired compared to 
untreated cells. showing that the presence of benzyl alcohol 
hardly affected the properties of the receptor itself. Accord- 
ingly, the progressive reduction in binding that was 
observed with increasing length of the pre-incubation with 
benzyl alcohol at 37” reflects a decrease in the number of 
receptors. This effect is very similar to that of chloroquine 
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Fig. 2. Effect of various times of pre-incubation with benzyl 
alcohol on the binding of asialo-orosomucoid to suspended 
hepatocytes at 10”. The cell suspensions were incubated at 
37”. To three of the flasks, benzvl alcohol (10mM) was 
added. so that the time of incubation with benzyl alcohol 
would be 30 min (A), 10 min (V) or 5 min (A) when the 
flasks were removed from the water-bath and put on ice. 
To a fourth flask (0), benzyl alcohol (10 mM) was added 
after it had been chilled. The fifth flask (m) received no 
addition. After 5 min on ice. 0.2nM ‘~51-asialo-oroso- 
mucoid was added to all of the flasks. which were placed 
on a shaking water bath at IO”. Under the conditions of 
this experiment, the amount of internalized asialo-glyco- 

protein is negligible [ 141. 

Effect of bennl alcohol on the drgrcrdatiotr o/ “‘I- 
asialo-orosomu&d. The effect of benzvl alcohol on degra- 
dation apart from its effect on uptake.ir shown in Fig. 3. 
In these experiments. extracellular labelled asiaIooro\o- 
mucoid was removed bv washing before the inhibitor \\a\ 
added, so that its effect is only on the intracellular handling 
of endocytosed protein. The effect of bcnryl alcohol (Fig. 
3A) is comparable to that of other powerful inhibitor\ ot 
protein degradation, such as chloroquine ill or leupeptin 
(211. A curve showing the effect of 10 mhl benzylamine i\ 
also included in Fig. 3A. As expected. this compound i’l 
a more powerful inhibitor than benzyl alcohol on a molar- 
basis, because benzylaminc, possessing an aliphatic amino 
group, may be expected to accumulate in the Iyao\omcs. 
just like other aliphatic amines [22]. and cause an incrca\c 
in intralysosomal pH (3). 

The effect of adding benzyl alcohol and leupeptin sini- 
ultaneously to the cells is shown in Fig. 38. If the incubation 
with leupeptin lasts for less than about one hour. it aflects 
intralysosomal degradation only 121. Addition of 20 JIM 
leupeptin reduces the extent of degradation after 2tLlI) min 
by about two-thirds. This relative reduction is the ~me 
whether leupeptin acts in the benzyl alcohol-treated ccIt\ 
or in untreated cells. This result is compatible with the 
suggestion that leupeptin and benzyl alcohol act on different 
stages of the degradation process. 

In an effort to elucidate the mechanism of inhibition of 
degradation, hepatocytes wcrc allowed to rndocyto\e 
[“‘CJsucrose-labelled asialo-orosomucoid. then bcnzyl 
alcohol was added to a portion of the cell suspension. and 
intracellular processing was allovvcd to proceed. ‘I’he 
sucrose label does not escape from the lyaosomcs 17. 191 
allowing an estimation of the rate of transfer from the 
endosomal peak (at d = I. 15 g/ml in the gradient) to the 
lysosomal peak (d = 1.20 g/ml). 

The plasma membrane marker enzyme. i’-nucleottdase. 
showed a shift towards higher density in the benzyl 
alcohol-treated cells (Fig. 4B). The lysosomcs 01 benzyl 
alcohol-treated cells were. in contrast. rccovcrcd at the 
same density as the control cells. indicating that benzyl 
alcohol does not accumulate in the lysosomes to the extent 
that chloroquine or ammonia do: these compounds induct 

Fig. 3. Comparison of the effects of bcnzyl alcohol and 
various other inhibitors. The cell suspension (X r IO” 
cells/ml) was made 0.25 nM with respect to “‘I-asialo- 
orosomucoid and incubated at 37” for IO min. The suspen- 
sion was put on ice. and extracellular labelled protcin wa\ 
removed by a change of medium. The suspension WH\ 
divided into six portions, to which were added. respectively. 
10 mM (0) or 20 mM (0) bcnzyl alcohol. 10 mM hen7yl- 

amine (a). 20~M leupeptin (A), IO mM benzyl alcohol 
and 20pM leupeptin (0) or no addition (m). All of the 
points in panel A and panel B are from the ~rnc 

experiment. 
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Fig. 4. Effect of benzyl alcohol on the intracellular distri- 
bution of asialo-orosomucoid. The cell suspension (X x lOh 
cells/ml) was made 115 nM with respect to [“Clsucrose- 
asialo-orosomucoid and incubated for 30 min at 37”. Extrn- 
cellular asialo-orosomucoid was removed by two changes 
of medium, and the suspension was divided into two por- 
tions, one of which was made 10 mM with respect to benzyl 
alcohol. The incubation was continued for 2 hr at 37”. when 
the cells were put on ice and fractionated by isopycnic 
centrifugation in a sucrose gradient [3, 131. Panel A: dis- 
tributionsof 5’.nucleotidase (marker enzyme for the plasma 
membrane); B: acid phosphatase (marker enzyme for the 
lysosomes): C: radioactivity from [“Clsucrose. Dotted line: 
Benzyl alcohol-treated cells: continuous line: control cells 

a migration of the lysosomal marker enzymes towards much 
lower densities on fractionation in a sucrose gradient, 
reflecting the presence of a high concentration of osmoti- 
cally active particles in the lysosomes of cells that have 
been treated with chloroquine or ammonia [3]. 

After 2 hr of incubation. the distributions of acid phos- 
phatase and radioactivity were very similar in the control 
cells, indicating a substantially complete transfer of the 
endocytosed material into the lysosomes. In the benzyl 
alcohol-treated cells. much of the radioactivity in the gra- 
dient remained at a lower density than the ly5osomes. Thus. 
the rate of transfer of labelled asialo-orosomucoid was 
much slower in the treated cells. 

In the present report, we have shown that benzyl alcohol 
in concentrations of 1&20mM reduces the uptake of 
asialo-glycoproteins into rat hepatocytes in suspension. 
Several other local anaesthetics also have this effect (H. 
Tolleshaug. unpublished observations). along with chloro- 
quine. which has been shown to interfere with receptor 
recycling in several systems [4-61. The local anaesthetics 
and chloroquine. which are amines, accumulate in the 

lysosomes. as shown by the reduced equilibrium density 
of lysosomes from treated cells in a sucrose density gradient. 
Intralysosomal pH is increased [3] and the rate of 
endosome-lysosome fusion is reduced ([4]. H. Tolleshaug. 
unpublished). In contrast to the amines. bcnzyl alcohol 
does not reduce the equilibrium density of lysosomes in a 
sucrose density gradient. The simplest explanation for this 
is that benzyl alcohol is not present in the lysosomcs in 
high concentrations. Benzyl alcohol Iowcrs the rate ol 
degradation ofendocytosed asialo-glycoprotcins. From the 
change in intracellular distribution of the radioactive label 
on addition of bcnzyl alcohol. it may be concluded that 
benzyl alcohol affects degradation by reducing the rate of 
transfer of endocytosed protein from the endosomes to the 
lysosomes. The binding properties of the receptor Nere 
substantially unchanged in the presence of hcnryl alcohol. 
Accordingly. the simplest explanation of the reduced degr:i- 
dation is that benzyl alcohol rcduccs the rate of 
endosome-lysosome fusion. Further work is required in 
order to establish whether benzyl alcohol acts primarily on 
the endosomes or on the lysosomes. 
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