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Abstract. Indirect immunofluorescence labeling of
normal rat kidney (NRK) cells with antibodies recog-
nizing a lysosomal glycoprotein (LGP 120; Lewis, V.,
S. A. Green, M. Marsh, P. Vihko, A. Helenius, and
I. Mellman, 1985, J. Cell Biol., 100:1839-1847) re-
veals that lysosomes accumulate in the region around
the microtubule-organizing center (MTOC). This
clustering of lysosomes depends on microtubules.
When the interphase microtubules are depolymerized
by treatment of the cells with nocodazole or during
mitosis, the lysosomes disperse throughout the
cytoplasm. Lysosomes recluster rapidly (within 30-60
min) in the region of the centrosomes either upon
removal of the drug, or, in telophase, when
repolymerization of interphase microtubules has oc-
curred. During this translocation process the lyso-
somes can be found aligned along centrosomal
microtubules.

Endosomes and lysosomes can be visualized by in-
cubating living cells with acridine orange. We have

analyzed the movement of these labeled endocytic or-
ganelles in vivo by video-enhanced fluorescence mi-
croscopy. Translocation of endosomes and lysosomes
occurs along linear tracks (up to 10 pm long) by dis-
continuous saltations (with velocities of up to 2.5
pum/s). Organelles move bidirectionally with respect to
the MTOC. This movement ceases when microtubules
are depolymerized by treatment of the cells with
nocodazole. After nocodazole washout and microtu-
bule repolymerization, the translocation and recluster-
ing of fluorescent organelles predominantly occurs in a
unidirectional manner towards the area of the MTOC.
Organelle movement remains unaffected when cells are
treated with cytochalasin D, or when the collapse of
intermediate filaments is induced by microinjected
monoclonal antivimentin antibodies. It can be con-
cluded that translocation of endosomes and lysosomes
occurs along microtubules and is independent of the
intermediate filament and microfilament networks.

brane are internalized by the cell via receptor-medi-

ated endocytosis. During this process receptor-li-
gand complexes are found sequentially in coated pits, coated
vesicles, and endosomes, where some ligands dissociate
from their receptors and the latter recycle back to the plasma
membrane. Remaining complexes and dissociated ligands
are then delivered to lysosomes (for reviews see 17, 19, 22,
34, 40, 49). Cytoskeletal structures appear to be required for
the delivery of internalized surface components to the lyso-
somes (7, 21, 27, 38). So far very little is known about the
mechanisms for sorting membrane components and internal-
ized material during endocytosis. Increasing organelle acid-
ity concomitant with the delivery of endocytosed material
from coated vesicles to endosomes and finally to the lyso-
somes may play an important role in this sorting process (35,
36). Whether or not the cytoskeleton is involved in the rout-
ing of endocytic organelles during the sorting of internalized
material remains an important question.

ENDS bound to specific receptors on the plasma mem-

Portions of this work have appeared in abstract form (1986. Eur. J. Cell Biol.
42[Suppl. 16}:16).
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The movement of endocytic organelles has been visualized
in vivo by light microscopy using phase-contrast (13, 21, 31),
darkfield (58), and video-intensified fluorescence (21, 57).
These approaches have shown that the organelles move in a
discontinuous, nonBrownian fashion, referred to as saltatory
movement (42). Vesicle formation has been observed to take
place at the cell periphery, and vesicles have been shown to
preferentially exhibit centripetal migration (13, 21, 31, 55).
Treatment of cells with various cytoskeleton-disrupting
drugs revealed the involvement of the cytoskeleton in the
translocation of endocytic vesicles. It was suggested that
microtubules were important for the movement of these or-
ganelles (13, 21, 41); an active role for microfilaments and in-
termediate filaments was also proposed (20, 41, 52).

The aim of this study was to further analyze the role of
cytoskeletal structures in the translocation and positioning of
endosomes and lysosomes in fibroblasts. Vital fluorescence
staining of these endocytic organelles and the application of
video-enhanced fluorescence microscopy (VEFM)! allowed

1. Abbreviations used in this paper: AQ, acridine orange; i-TFG, fluores-
cein-labeled transferrin-gold complexes; glu-tubulin, detyrosinated a-tubu-
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the dynamic interactions of these organelles within the
cytoskeletal network to be investigated. The data obtained
suggest that the movement of endosomes and lysosomes and
their final accumulation in clusters in the perinuclear region
of the microtubule organizing center (MTOC) requires an in-
tact microtubule framework, but is independent of microfila-
ments and intermediate filaments.

Materials and Methods

Cell Culture and Drug Treatment of Cells

Normal rat kidney (NRK) cells were grown in MEM containing 10% FCS,
1% nonessential amino acids, 1% penicillin and streptomycin, and 1%
L-glutamine (culture medium). For immunofluorescence, microinjection,
and in vivo labeling experiments, cells were grown on glass coverslips and
used 24-30 h after plating.

The depolymerization of microtubules or microfilaments was achieved
by incubation of the cells in culture medium containing 10 uM nocodazole
(Sigma Chemical Co., 8t. Louis, MO) for 5 h or 1 uM cytochalasin D
{Calbiochem-Behring Corp., La Jolla, CA) for 1 h, both at 37°C. Nocoda-
zole treatment was followed in some experiments by three washes with, and
incubation in, nocodazole-free culture medium. Nocodazole was stored at
~20°C as a 10-mM stock solution in DMSO. Aliquots were thawed immedi-
ately before use and appropriately diluted with culture medium.

Labeling of Endocytic Organelles

Acidic organelles of living NRK cells were fluorescently labeled with acri-
dine orange (AO) (Calbiochem-Behring Corp.) Cells on coverslips were
rinsed with Hank’s balanced salt solution containing 2 mg/ml BSA (H-BSA)
and then incubated for 1 min at room temperature in H-BSA containing
20 uM AO. This short incubation was sufficient to allow the weak base AO
to partition into the lumen of acidic organelles and to accumulate as the pro-
tonated, fluorescent molecule. A fresh stock solution of AO (2 mM) in water
was prepared immediately before use. Excess AO was removed by washing
the cells with H-BSA for 2.5 min. The coverslips were then used for fluores-
cence visualization.

Endocytic organelles were also labeled in vivo with fluorescently labeled
transferrin complexed with 12 nm colloidal gold (1-TFG). FI-TFG was pre-
pared as follows. Human or rat transferrin-gold (kindly provided by Dr. G.
Griffiths, European Molecular Biology Laboratory, Heidelberg, Federal
Republic of Germany) was made to 35 uM in PBS, containing 100 mM Tris-
HCl, pH 7.4, and modified with 700 pM 6-iodoacetamido-fluorescein (Mo-
lecular Probes, Inc., Junction City, OR) for 15 min at room temperature.
Free fluorochrome was removed by chromatography over a Sephadex G-50
column (Pharmacia, Uppsala, Sweden) equilibrated with PBS. Then 200 mM
NaHCO;, pH 8.5, was added and further labeling for IS min at room tem-
perature was performed with 700 pM 5-(4 6-dichlorotriazinyl) aminofiuo-
rescein (Molecular Probes, Inc.). The reaction was quenched with 10 mM
glycine, pH 8.5, for 10 min at room temperature and free fluorochrome was
removed by gel filtration as described above. TFG was labeled with both
the sulfhydril- and the primary amino-reactive fluorescein derivative to ob-
tain maximal labeling. The final molar ratio of fluorochrome to protein was
1.5. The labeled protein was free of uncovalently bound fluorochrome as
judged by SDS-PAGE. Cells on coverslips were deprived of endogenous
transferrin by incubation in serum-free culture medium containing 2 mg/ml
BSA for 1 h at 37°C. Subsequently, fI-TFG (1.5 mg/ml) in serum-free culture
medium supplemented with 2 mg/ml BSA was added to the cells for 30 min
at 19.5°C. After a 15-min chase at 19.5°C in transferrin- and serum-free
medium containing BSA, cells on coverslips were rinsed with H-BSA either
immediately at 19.5°C, or after 1 h incubation at 37°C in serum-free
medium. The labeled cells on coverslips were then used for fluorescence
visualization. Binding of I-TFG was essentially blocked at 4°C by 20-fold
excess of free transferrin.

Cells grown on round glass coverslips with a diameter of 22 mm were
mounted into a stainless steel thermostatic chamber for visualization by
VEFM. The external jacket of the chamber was connected to a thermostat

lin; H-BSA, Hank’s balanced salt solution supplemented with 2 mg/ml BSA;
MTOC, microtubule-organizing center; VEFM, video-enhanced fluores-
cence microscopy.
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JULABO F 10-UC (JULABO Labortechnik, Seelback, FRG), allowing
continuous circulation of a thermostatic fluid at constant temperature within
the range of —20-60°C. The temperature of the medium in the chamber was
monitored by a temperature sensor.

Immunofiuorescence

Double immunofluorescence staining of lysosomes and microtubules was
carried out according to either of two different protocols. (a) Cells were
fixed in 3% paraformaldehyde/0.02% glutaraldehyde in PBS and permeabi-
lized in methanol at —20°C as described (32), Lysosomes and microtubules
were labeled using rabbit antibodies against a 120K lysosomal membrane
glycoprotein (anti-LGP120; 32), and a rat monoclonal antibody against
tubulin (YL1/2; 24). (b) Cells were fixed and extracted in methanol for
$ min at —~20°C for double immunofluorescence labeling of lysosomes
using a murine monoclonal antibody against the 120K lysosomal membrane
protein (LyIlC6; 32), and microtubules containing predominantly detyrosi-
nated a-tubulin subunits (glu-tubulin) using affinity-purified rabbit antibod-
ies specific for glu-tubulin (anti-glu-tubulin} (30a).

Goat anti-rabbit, goat anti-mouse, and goat anti-rat, coupled with
fluorescein or rhodamine, were used as second antibodies as described pre-
viously (30). Both rabbit anti-LGP120 and the mouse LylC6 monoclonal
antibody were provided by Dr. I. Mellman (Yale University, New Haven,
CT); the rat monoclonal YLJ/2 anti-tubulin was obtained from Dr. J. Kil-
martin (Medical Research Council, Cambridge, United Kingdom).

Cells were also fixed and extracted in methanol according to protocol b
for immunolabeling with human autoimmune antiserum against centriolar
antigens (51). Antibodies against centrosomes and fluorescein-labeled goat
anti-human antibodies were both obtained from Dr. M. Kirschner (Univer-
sity of California, San Francisco, CA).

In some experiments cells were fixed immediately after visualization in
vivo of fluorescently labeled organelles by perfusing the thermostatic cham-
ber with the mixture of paraformaldehyde and glutaraldehyde as described
above (protocol 4). The field containing the observed cells was marked by
scratching the glass, which allowed orientation of the coverslip with respect
to the axis of the microscope stage. The coverslip was then removed from
the chamber and immunofluorescence labeling of lysosomes and microtu-
bules was performed as described above.

Conventional fluorescence microscopy and photography with fixed and
immunolabeled samples were performed as described, using a Zeiss pho-
tomicroscope III (29).

VEFM and Tracking of Organelle Movement

Movement of fluorescently labeled organelles was visualized in vivo by
VEFM. The following combinations of filter sets were used for fluorescence
microscopy: the N2.1 filter set for rhodamine (BP 515-560, RKP 580, LP
580) and the L2 filter set for fluorescein (BP 450-500, RKP 510, BP 515-
560). To avoid the diffuse background of AO in the cytoplasm visible in the
fluorescein filter set we monitored AO-labeled organelles using the rhoda-
mine filter set. An ISIT-66 camera (Dage-MTI Inc., Michigan City, IN) was
connected by a 0.5-6.25X zoom (Leitz, Stuttgart, FRG) to a Leitz Diavert
inverted fluorescence microscope. The signal from the ISIT camera was en-
hanced by an Image X real time image processor (Nippon Avionics, Tokyo,
Japan). For processing of the input image we applied recursive filtering by
means of the averaging algorithm of the processing unit, according to the
formula M; = k™'-L + (1 — k™')-M;. M; is the final image stored after pro-
cessing, L the unprocessed input image, M; the stored image at a given
time, and k the sampling constant corresponding to a given number of
frames. The averaging process results in an increased signal to noise ratio
by a factor I = V(2k — 1). For the visualization of organelle movement
we used a constant value for & of 128 frames. Periods of illumination of
the labeled cells were controlled by an electronic shutter system connected
to an iris that was inserted into the optical path of the fluorescence excitation
light. The intensity of the fluorescence excitation light was reduced (usually
1024-fold) by neutral density filters (Leitz). These low light levels aliowed
continuous recording of fluorescently labeled cells for more than 30 min
without significant alterations to the pattern of organelle motility. The
processed image was recorded onto National NV-P76H video tape (Pana-
sonic, Hamburg, FRG) by a National NV-8030 time-lapse video tape
recorder (Panasonic) and monitored in parallel on a Panasonic WV-5350
video monitor. Photographs of the recorded images were taken with a Po-
laroid camera from the video monitor onto positive-negative film (model
665).
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Figure 1. Microtubule-dependent clustering of lysosomes in the area of centrosomes. Lysosomes (a, ¢, and ¢) and centrosomes (b) or
microtubules (d and f) were visualized in NRK cells by double immunofluorescence labeling with specific antibodies (for details see
Materials and Methods). Identical cells are shown in a and b, ¢ and d, and e and f. The arrowheads in @ and b point to a typical cluster
of lysosomes in the region of the centrosome in untreated cells. Treatment of NRK cells with 10 uM nocodazole for 5 h completely
depolymerized the interphase microtubules (d) and induced scattering of the lysosomes throughout the cytoplasm (¢). Untreated cells in
metaphase are shown in the insets (¢ and d). Microtubules repolymerized after subsequent incubation of nocodazole-treated cells for 1 h
in normal culture medium without the drug (f) and lysosomes reclustered in the region of the MTOC (e). In untreated NRK cells in
telophase (insets in e and f) lysosomes clustered at the distal ends of the midbody microtubules (arrowheads) and around newly formed
MTOCs, but they were absent from the midbody region (double arrow). Bars: (a-f) 10 pm; (insets) 5 pm.
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The movement of the fluorescently labeled organelles was recorded by
VEFM. Tracks of the movement of individual organelles were transferred
by manual tracing onto transparent acetate sheets attached to the video mon-
itor during playback of the recorded videotapes.

Microinjection
An IgG fraction (3 mg/ml) of a monoclonal antibody against vimentin
(7A3), was microinjected into NRK cells. Microinjection was performed as
described elsewhere (28, 30). Cells were maintained in culture medium for
6 h postinjection and subsequently processed for drug treatment and im-
munofluorescence labeling as described above.

For in vivo visualization cells were microinjected with rhodamine-
labeled 7A3 (0.75 mg/ml). Rhodamine labeling of the antibody was carried
out as described (30). The distribution of injected rhodamine-labeled anti-

body was recorded by VEFM before staining of the organelles with AO and
tracking of their movements.

Results

Clustering of Lysosomes in the Area of the
Centrosome Depends on Microtubules

Immunofluorescence labeling of interphase NRK cells with
anti-L.GP120, recognizing a specific lysosomal membrane
antigen (32), revealed the perinuclear accumulation of most
of the lysosomes (Fig. 1). Double immunolabeling with an-
ticentrosome antibodies (Fig. 1 ) indicated that the lyso-
somes clustered in the area of the MTOC (Fig. 1 a@). The
Golgi apparatus was localized in this same region when im-
munolabeled with an antibody recognizing a cytoplasmic
Golgi membrane-associated 110K protein (2) but the two
compartments did not overlap (data not shown). The lyso-
somes in metaphase cells were usually randomly scattered
(insets in Fig. 1, ¢ and d). In telophase they reclustered in
the centrosomal area of the two daughter cells and clusters
of lysosomes were also consistently observed at the distal
ends of the midbody microtubules (insets in Fig. 1, e and ).

Lysosomes became scattered in the cytoplasm when inter-
phase microtubules were completely depolymerized by treat-
ment of NRK cells for 5 h with 10 puM nocodazole (Fig. 1,
c and d). Lysosomes were randomly distributed in the cyto-
plasm in >90% of these cells, whereas in the absence of the
drug ~80% of the cells exhibited clustered lysosomes (Table
I). Lysosomes rapidly reclustered in the centrosomal region
when cells with depolymerized microtubules were trans-
ferred to normal culture medium without nocodazole (Fig.
1, e and f). Within 60 min >90% of the cells contained a dis-
tinct centrosomal cluster of lysosomes (Table I and Fig. 2).

Table I. Clustering of Lysosomes Depends on the
Organization of Microtubules

Cells containing  Average No. of

lysosome lysosome clusters
Treatment of NRK cells clusters per cell (SD)
%
Normal culture medium 79.2 0.9 (0.5
10 uM nocodazole for 5 h 8.2 0.1 (0.3)
10 uM nocodazole for 5 h fol-
lowed by incubation in nor-
mal culture medium for 1 h 93.7 1.0 (0.2)

Clustering of lysosomes after drug treatment was analyzed in cells labeled for
immunofluorescence microscopy with specific antibodies as described in the
legend to Fig. 1. For each assay 500 cells were analyzed. Typical cells with
clustered or spread lysosomes are shown in Fig. 1.
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This reclustering began when the microtubules had repoly-
merized to an average length that exceeded the mean distance
from the MTOC to the cell periphery (see Fig. 2). Therefore,
the accumulation of lysosomes in the region of the MTOC
clearly depends on the presence of microtubules.

Association of Lysosomes with Centrosome-nucleated
Microtubules

The association of lysosomes with microtubules during
reclustering after removal of nocodazole was analyzed by in-
direct immunofluorescence labeling (Fig. 3). The rate of
microtubule repolymerization was reduced by incubating the
drug-treated cells in medium containing low concentrations
of nocodazole (0.02-0.1 pM). In such cells lysosomes were
often seen aligned along distinct centrosome-nucleated
microtubules (Fig. 3, a-d). The distribution of these aligned
lysosomes resembled the pattern of short centrosome-nucle-
ated microtubule asters (Fig. 3, c, e, and f). Such an align-
ment of lysosomes was also detected, albeit more rarely, in
untreated NRK cells (Fig. 4 a). Occasionally lysosomes
were found associated with non-centrosome-nucleated mi-
crotubules (Fig. 3 g, corresponding microtubule staining not
shown), which emanated from foci not overlapping with the
centrosome area (data not shown). Control experiments re-
vealed that the antilysosome serum did not stain any cyto-
skeletal structures (data not shown, see also Fig. 1 a).
The alignment of lysosomes appeared to occur rather
selectively along a subset of microtubules. To investigate
whether alignment of lysosomes occurred along the subset
of interphase microtubules predominantly containing glu-
tubulin (18), double-labeling with murine LylC6 (32) and
rabbit anti-glu-tubulin was performed. Lysosomes did not
align along the microtubules heavily labeled by anti-glu-
tubulin (Fig. 4). Furthermore, within 30 min after nocoda-
zole washout >50% of NRK cells had clustered lysosomes
(Fig. 2), but no labeling of microtubules with anti-glu-
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Regrowth of centrosomal microtubules (e—e}
Percent of cells with clustered lysosomes (a—a)

1 E [ 50
Incubation in normal medium {min)

Figure 2. Clustering of lysosomes depends on the presence of
microtubules. Cells were treated with nocodazole as described in
Fig. 1 and subsequently transferred to normal culture medium. At
the indicated time points after nocodazole washout cells were fixed
and double-labeled with antilysosome and antitubulin antibodies.
The number of cells out of 20 containing clustered lysosomes was
counted and the average length of repolymerized centrosome-
nucleated microtubules measured. The index for microtubule re-
growth was calculated by dividing the average microtubule length
by the average maximal distance between the centrosomal area and
the cell periphery (29 + 7 um).
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Figure 3. Alignment of lysosomes along centrosomal microtubules during rectustering. NRK cells were incubated for 4 h in medium contain-
ing 1 uM nocodazole to disassemble microtubules. They were subsequently transferred to medium containing 0.02 pM nocodazole (c,
d, and e), or 0.1 uM nocodazole (a, b, f, and g) and fixed after 5 min (a-e and g) or 30 min (f). Double immunofluorescence staining
was carried out using antilysosome (a, ¢, ¢, f, and g) and antitubulin (b and d) antibodies. Arrowheads indicate linear arrays of lysosomes
along centrosome-nucleated microtubules. Association of lysosomes appeared to occur with a distinct subset of microtubules (b and d).
Bars: (a-d) 10 um; (e-f) 5 pm.
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tubulin antibodies could be detected by this time (data not
shown). Cells with linear arrays of lysosomes very often
lacked microtubules containing glu-tubulin and had a large
number of the lysosomes scattered in the cytoplasm (Fig. 4).

Visualization of the Translocation of
Endosomes and Lysosomes

NRK cells were stained with AO to visualize the movement
of acidic endocytic organelles in vivo. To establish which ele-
ments of the endocytic pathway were labeled with AO we ap-
plied the following triple-staining protocol using fl-TFG, AO,
and anti-LGP120 (Fig. 5). Cells were first incubated at 20 or
37°C with fl-TFG to visualize and record the endosomal
compartment by VEFM (Fig. 5, a and d). Cells kept at 20
or 37°C were then quickly incubated with AO and again the
pattern of labeled organelles was recorded (Fig. 5, b and e).
Immediately afterwards the same cells were fixed and im-
munofluorescence labeling for lysosomes was performed
with anti-LGP120 (Fig. 5, c and f). These experiments lead
to the following conclusions. (a) Virtually all of the endo-
somes labeled at 20°C with fi-TFG were AQO positive (Fig.
S, a and b; e.g., cf. small arrowheads). They were more
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Figure 4. Lysosomes are not found aligned
along microtubules predominantly containing
glu-tubulin. Cells kept in culture medium were
processed for double immunoftuorescence
staining using the monoclonal antilysosome an-
tibody, LylC6 (a) and rabbit anti-glu-tubulin
antibodies (b) as described in Materials and
Methods. Lysosomes form linear arrays (ar-
rowheads in a) in a cell lacking glu-tubulin
containing microtubules. Arrows indicate the
centrosomal region containing the centrioles,
stained by anti-glu-tubulin antibodies (b). Bar,
10 um,

peripherally located in the cells than most of the lysosomes
(Fig. 5, a and ¢) and very little fl-TFG was detected in the
lysosome cluster in the cytocenter (Fig. 5, a-c, large arrow-
heads). (b) Internalization at 37°C for 1 h resulted in an ac-
cumulation of fl-TFG in the region of the lysosome clusters
(Fig. 5, d—f, arrowheads). The overall patterns of labeling at
37°C with each of the three markers, fl-TFG, AO, and anti-
LGP120, appeared very similar, although some of the labeled
organelles scattered in the cytoplasm were not labeled with
the lysosomal marker anti-LGP120. Such differences in the
labeling pattern may be due both to movement of labeled or-
ganelles during the time span between recording in vivo and
fixation of the same cells, and incomplete delivery of endocy-
tosed fl-TFG to lysosomes within 1 h. (¢) AO labeling did
not reveal other distinct organelles than those containing
fi-TFG and/or the anti-LGP120 antigen. Thus, AO labels
both the endosomes and lysosomes in NRK cells, but label-
ing with AO does not distinguish between endosomes and
lysosomes.

Movement of AQO-labeled endosomes and lysosomes was
recorded with VEFM using 1000-1400-fold attenuated exci-
tation light. Virtually all the labeled organelles seen by con-
ventional fluorescence microscopy could be detected by
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Figure 5. AO labels endosomes and lysosomes in living NRK cells. NRK cells were incubated at 20°C with fl-TFG for 30 min and for
15 min more in medium lacking the fluorescent ligand. The ligand was then visualized by VEFM (see Materials and Methods) of the living
cells, which were either maintained at 20°C (a-c), or incubated for 1 h more at 37°C (d-f). Immediately after recording of the distribution
of the fl-TFG (a and d), the cells were labeled with AO and the pattern of the AO-positive organelles was recorded by VEFM (b and e).
Subsequently the same cells were fixed and labeled with antilysosome antibodies. The distribution of lysosomes was monitored by VEFM
(c and f). Small arrowheads point to identical organelles labeled with fl-TFG, AO, and antilysosome antibodies. Large arrowheads indicate
the area of clustered lysosomes. No clustering of fl-TFG-positive endocytic organelles is observed at 20°C (a), whereas incubation of the
cells at 37°C induces accumulation of the fluorescent ligand in the region of the lysosome cluster (d). Bars, 10 pm.
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Figure 6. Visualization of saltatory movement of AO-labeled organelles. NRK cells were stained with AO and incubated at 37°C on the
fluorescence microscope stage. Movement of labeled organelles was recorded by VEFM. The upper arrowhead indicates a labeled organelle
moving along a linear track by two subsequent saltations. The lower arrowhead indicates an immebile AO-positive organelle. Numbers
at the bottom right indicate the time in h/min/s. The recorded image of the moving organelle appears as a line because the image processing
averages over 5 s (third photograph from the left at time 19:27:08). Bar, 2.5 um.

VEFM (data not shown). These light levels did not signif-
icantly disturb translocation of endosomes or lysosomes in
NRK cells continuously illuminated for up to 30 min. A typi-
cal example of saltatory translocation of an AO-positive or-
ganelle is shown in Fig. 6. The average length of such salta-
tions observed in NRK cells was 5-10 pm, with a maximal
velocity of ~2.5 um/s.

The Translocation and Clustering of Endosomes
and Lysosomes Depends on Intact Microtubules

The tracks of moving AO-positive organelles were recorded
during 10-15 min in normal or drug-treated NRK cells (Fig.
7). Typical linear saltations were observed in untreated celis
(Fig. 7 A), similar to those reported by other authors (13, 21,
55). Translocation appeared to proceed both towards and
away from the MTOC. About 73% of the recorded AO-la-
beled organelles translocated, and ~40% moved towards the
area of the MTOC (Table II). Cells which were treated with
10 uM nocodazole for 4-5 h to completely depolymerize the
microtubules and to disrupt the lysosome cluster exhibited
almost no saltatory movements of labeled endosomes and
lysosomes; a small proportion of the organelles showed
Brownian motion (4%; Fig. 7 B, Table II). However, when
nocodazole-treated cells were returned to normal culture
medium without nocodazole, saltatory movements of or-
ganelles resumed within 5-10 min (Fig. 7 C; for the kinetics
of microtubule repolymerization see also Fig. 2). In contrast
to untreated cells, >78% of the saltations were now directed
towards the MTOC (Fig. 7 C, Table II). At later times (30-40
min) when reclustering of the AO-labeled organelles in the
centrosomal region had occurred, bidirectional movement
resumed (data not shown).

Attempts were made to colocalize the tracks of moving
AQO-labeled organelles with individual microtubules im-
mediately after recording in vivo. Recorded cells were fixed
and immunolabeled with antitubulin. The tracks of saltations
seemed to follow microtubules (data not shown). However,
due to the high density of microtubules in the areas of the
cells where most movement occurred, an overlap between
the tracks of moving organelles and individual microtubules
could not be demonstrated unambiguously.
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Translocation of Endosomes and Lysosomes
Is Independent of Microfilaments and Intermediate
Filaments

To study the possible role of microfilaments or intermediate
filaments in translocating endosomes and lysosomes, two
methods were used to specifically disrupt the organization of
these cytoskeletal structures. The intermediate filaments
were induced to collapse by the microinjection of a monoclo-
nal antibody against vimentin (7A3; Kreis, T. E., unpublished
results). Within 6 h after microinjection of this antibody the
entire intermediate filament network was aggregated into a
patch close to the nucleus (Fig. 8 b, 4, and f; cf. also refer-
ences 14 and 26). No individual intermediate filaments re-
mained in the cytoplasm. By immunofiuorescence labeling
it was observed that lysosome clusters remained intact in
cells with collapsed intermediate filaments (Fig. 8 a). Lyso-
some clusters dispersed normally after nocodazole treatment
of the microinjected cells and the reclustering which oc-
curred when the nocodazole was removed was similar to that
of normal uninjected cells, (Fig. 8, ¢ and e). Furthermore,
there was characteristic saltatory movement of AQ-positive
organelles in the cells lacking a normal intermediate filament
network. The patterns and kinetics of movements were simi-
lar to those observed in the neighboring uninjected cells
(Fig. 9).

The microfilament cytoskeleton could be completely de-
polymerized by treating NRK cells for 1 h with 1 uM cyto-
chalasin D. No significant effect upon saltatory movement of
AO-labeled organelles could be detected after this treatment
(data not shown). The dissociation of lysosome clusters after
the addition of nocodazole and their subsequent reclustering
after washing it out occurred normally in the cells lacking
a microfilament network (data not shown). We conclude,
therefore, that neither microfilaments, nor intermediate fila-
ments are involved in the movement and clustering of endo-
somes and lysosomes in NRK cells.

Discussion

Receptor-mediated endocytosis is an example of directed in-
tracellular transport. Ligands bound to specific receptors lo-
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Figure 7. The effect of nocodazole on the saltatory movement of
AO-labeled organelles. NRK cells, kept either in normal culture
medium (4) or in medium containing 10 uM nocodazole for 5 h
(B-C), were labeled with AO. Movement of labeled organelles was
continuously recorded on videotape by VEFM for 10 min during
incubation of the cells in H-BSA (4 and C) or H-BSA containing
10 pM nocodazole (B). Tracks of moving organelles were manually
transferred during playback of the videotape from the monitor onto
transparent acetate sheets. Solid circles indicate the position of la-
beled organelles at the beginning of recording. Asterisks mark the
position of clustered organelles. Dashed lines correspond to the cell
periphery and the border of nuclei. Bars, 10 um. A and B are shown
at the same magnification.
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cated on the plasma membrane are internalized and trans-
ported centripetally (13, 21, 31, 55). Immunolabeling of fixed
NRK cells revealed that lysosomes accumulate in the region
of the centrosomes (Fig. 1). This suggests that endocytic or-
ganelles formed at the cell periphery must ultimately migrate
towards this perinuclear region. The distance from the cell
periphery to the MTOC may extend to >50 um, as is the case
in motile cells where considerable endocytosis occurs, at the
leading edge (22). Increasing evidence suggests that the
cytoskeleton is involved in this process of endocytosis (7, 21,
38, 56). The goal of this study was to further characterize
the role of cytoskeletal elements that may provide the frame-
work for spatial positioning and translocation of endosomes
and lysosomes.

In vivo analysis was required to provide further informa-
tion on the involvement of cytoskeletal components in the
movement of endocytic organelles. AO was used as a vital
stain for endogenous acidic compartments (16, 21, 43). With
an appropriate filter combination red fluorescence of AO was
found exclusively in endosomes and lysosomes. These endo-
somes and lysosomes were identified by endocytosis of fl-
TFG at 20°C (9, 33, 37) and by lysosome-specific antibodies,
respectively (Fig. 5). We used VEFM to visualize the move-
ment of AO-labeled endosomes and lysosomes in living
NRK cells. At steady state the overall movement of labeled
organelles consisted of randomly oriented linear saltations.
Within 15 min virtually all the peripheral AO-positive or-
ganelles moved. This observation suggests that the periph-
eral endosomes are not spatially fixed units within the
cytoplasm.

Our study confirms previous findings that the movement
of endosomes and lysosomes is dependent on microtubules
(13, 21, 41). However, contrary to other reports (20, 41, 52),
our data strongly suggest that neither the microfilament nor
the intermediate filament networks are required for the trans-
location or positioning of these organelles (see also reference
8). The patterns of saltatory movements of endocytic or-
ganelles in NRK cells closely resembled those observed in
various other cell types (13, 21, 55, 58). The maximal veloc-
ity for translocation of AQ-positive elements in NRK cells
(2.5 um/s) was also comparable to the velocities of saltations
of vesicular organelles measured in a number of other cells
(for reviews see 42, 44, 45), the movement of microinjected
beads in tissue culture cells or axons (1, 4), and the transloca-
tion of vesicles along microtubules in vitro (3, 15, 53).

Although at steady state the movements of endosomes and
lysosomes along microtubules in NRK cells appeared to be
random, the following three observations suggest that under
certain conditions, translocation of endosomes and lyso-
somes may be predominantly unidirectional, namely from
the peripheral ends (the “plus” ends) of centrosomal microtu-
bules, towards the “minus” ends associated with the MTOC
(25). (a) Some endosomes and most of the lysosomes are
usually clustered in the region of the MTOC in interphase
NRK cells. (b) Lysosomes accumulated at the distal “minus”
ends of midbody microtubules in telophase (insets Fig. 1, e
and f; cf. also 10, 56) where Golgi elements also accumulate
(6), in contrast to secetory granules in AtT20 cells which ac-
cumulate in the center of the mid-body (50). (¢) Transloca-
tion of endocytic organelles is predominantly (~80%)
unidirectional towards the MTOC during the initial phase of
reclustering following release from nocodazole-induced de-
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Table II. Quantitative Analysis of the Movement of Endosomes and Lysosomes

Labeled Organelles Organelles Ratio of
organelles moving towards moving towards inward to outward Moving
Treatment of NRK cells scored MTOC cell periphery moving organelles organelles
No. % No. % %
Normal culture medium 161 62 39 55 34 1.1 73
10 uM nocodazole for 5 h 242 5 2 5 2 1 4
10 uM nocodazole for 5 h followed by incubation
in normal culture medium 148 116 78 19 13 6.0 91

NRK cells were labeled with AO and movement of fluorescent organelles analyzed as described in Fig. 7. Cell culture and drug treatment is described in Fig.
1. For each condition movement of AO-positive organelles was analyzed in three different cells. The percentage of moving organelles is the percentage of all the

labeled organelies which were scored.

polymerization of interphase microtubules and dispersal of
the endosome/lysosome clusters.

The simplest explanation compatible with these observa-
tions is that a single translocator unit is capable of interacting
with both microtubules and endosomes and lysosomes; a
translocator unit which moves these organelles from the plus
towards the minus ends of microtubules. It is widely ac-
cepted that the majority of the microtubules in motile cells
are centrosome nucleated (23, 25). Therefore, the density of
centrosomal microtubules increases towards the MTOC,
and, hence, the probability of interaction of an endosome or
lysosome with a microtubule increases. Thus, the frequency
of translocation of endosomes and lysosomes should in-
crease towards the region of the centrosome and result in an
accumulation of these organelles close to the MTOC. Depo-
lymerization of interphase microtubules (induced at the on-
set of mitosis or by drug treatment of the cells) leads to dis-
persion of these organelles. Additionally, interaction of
lysosomes with one another or with endosomes may cause
retention of these clusters in the perinuclear region. Cen-
trosomal microtubules have been reported to be dynamic
polymers (25, 46, 48). Such a process of continuous assem-
bly and disassembly may ensure that each area within the
cytoplasm can be reached by microtubules, allowing interac-
tion with peripherally located endosomes or lysosomes. Fi-
nally, the random movement of AO-labeled organelles ob-
served under steady state conditions in untreated NRK cells,
or at later time points after recovery of nocodazole treat-
ment, may be caused by the presence of non-centrosome-
nucleated microtubules randomly oriented in the cytoplasm
(data not shown; cf. also 5 and 23). Some of these microtu-
bules could conceivably be aligned with centrosomal micro-
tubules, but exhibit opposite polarity. Since we postulate
here that only one motor exists we suggest that a number of
endosomes or lysosomes are translocated in the wrong direc-
tion along these microtubules, namely, away from the cluster
in the area of the MTOC.

An alternative model to explain the translocation of endo-
somes and lysosomes along microtubules, both to and from
the cell center, would involve the existence of two transloca-
tor units. In our opinion this model is more unlikely than the
model proposed above. Proteins with activities for trans-
locating beads in opposite directions along microtubules
have been identified in squid axoplasm (54). This model
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could readily explain bidirectional movement of organelles
along individual microtubules. To explain the three situa-
tions discussed above, however, one would have to postulate
that one of the translocator units could be transiently inacti-
vated, or that its interaction with microtubules or organelles
could be inhibited (e.g., during reclustering of organelles af-
ter nocodazole washout). Moreover, adhesive factors (as dis-
cussed above) must then be postulated to explain the cluster-
ing of these organelles in the region of the MTOC.

Why do endosomes and lysosomes accumulate in very
close proximity to the Golgi complex? Does the adjacent
positioning of these different compartments in the area of the
MTOC facilitate intercompartmental transport? Increasing
evidence suggests that some endocytosed material passes
through the Golgi complex proper, or through a compart-
ment intimately linked with the Golgi complex, before it is
recycled back to the plasma membrane (11, 12, 39, 40, 47,
57). Reassembly of the Golgi complex following its dispersal
after treatment of cells with nocodazole, exhibits similar ki-
netics to clustering of endosomes and lysosomes and de-
pends also on the presence of repolymerized microtubules
(Ho, W. C,, V. 1. Allan, and T. E. Kreis, manuscript in prep-
aration). We suggest that the physiological reason for trans-
location of endosomes and lysosomes along microtubules is
to establish, by spatial apposition in the area of the MTOC,
a link between the endocytic (endosomes and lysosomes) and
the exocytic (Golgi complex) membrane pathways.

Clearly, further work is required to characterize the nature
of the translocator unit(s) and putative adhesive factors in the
centrosomal area. An appropriate in vitro reconstituted
model system, analogous to the one described by Vale et al.
(54), using microtubules with defined polarity, should pro-
vide a powerful approach for the identification and biochem-
ical characterization of the proteins involved in the process
of translocation and clustering of endosomes and lysosomes
in mammalian cells.
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Figure 8. Reclustering of lysosomes is independent of intermediate filaments. The intermediate filament network was induced to collapse
in NRK cells by microinjection of 7A3 antibodies as described in Materials and Methods. Cells were kept in normal culture medium (a
and b), treated for 5 h with 10 uM nocodazole (¢ and d), or treated with 10 pM nocodazole for 5 h and then incubated for 1 h more
in normal culture medium (e and f). Cells were then fixed and indirect double immunofluorescence labeling was carried out to visualize
lysosomes (a, ¢, and e) and aggregated vimentin filaments (b, d, and f). Bar, 10 pM.
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Figure 9. Saltatory movement
of AO-labeled organelles is
independent of intermediate
filaments. NRK cells were
microinjected with a rhoda-
mine-labeled monoclonal anti-
vimentin antibody (7A3) that
induced, within 6 h, complete
collapse of the vimentin fila-
ment network into a perinu-
clear aggregate (hatched area
in the cell on the right). The
cells were then labeled with
AO. Tracks of moving or-
ganelles were recorded as de-
scribed in Fig. 7. Asterisks
indicate the position of clus-
tered organelles. Bar, 10 um.
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