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Abstract. The interaction between late endocytic 
structures and microtubules in polarized cells was 
studied using a procedure previously shown to cause 
microtubule-dependent redistribution of lysosomes in 
fibroblasts and macrophages (Heuser, J. 1989. J. Cell 
Biol. 108:855-864). In cultured rat hippocampal neu- 
rons, low cytoplasmic pH caused cation-independent 
mannose-6-phosphate receptor-enriched structures to 
move out of the cell body and into the processes. In 
filter grown MDCK cells lowering the cytosolic pH to 
,06.5 caused late endosomes to move to the base of 
the cell and this process was shown to be microtubule 
dependent. Alkalinization caused a shift in distribution 
towards the apical pole of the cell. The results are 

consistent with low pH causing the redistribution of 
late endosomes towards the plus ends of the microtu- 
bules. In MDCK cells the microtubules orientated ver- 
tically in the cell may play a role in this process. The 
shape changes that accompanied the redistribution of 
the late endosomes in MDCK cells were examined by 
electron microscopy. On low pH treatment fragmenta- 
tion of the late endosomes was observed whereas after 
microtubule depolymerization individual late en- 
dosomal structures appeared to fuse together. The late 
endosomes of the MDCK cell appear to be highly 
pleomorphic and dependent on microtubules for their 
form and distribution in the cell. 

I 
N fibroblasts, microtubules radiate out from the cen- 
trally located microtubule organizing center towards 
the periphery of the cell. The minus ends of the microtu- 

bules are associated with the centrioles while the plus (fast- 
growing) ends are peripherally located. This organization is 
important for maintaining the intracellular organization of 
the membrane-bound compartments of the exocytic and en- 
docytic pathways and for directed membrane traffic between 
these compartments (for review see Kelly, 1990). On the bio- 
synthetic pathway, the endoplasmic reticulum is extended out 
along microtubules to the cell periphery (Terasaki et al., 
1986) and the involvement of a mechanochemical ATPase, 
such as kinesin, which drives movement towards the plus 
ends of the microtubules has been suggested (reviewed by 
Terasaki, 1990). The Golgi apparatus is maintained in a cen- 
tral position apparently by interaction with minus-end di- 
rected motors (Ho et al., 1989). The interactions of both 
these compartments with microtubules are highly dynamic 
as shown by observations of living cells (Lee and Chen, 
1988; Cooper et al., 1990). On the endocytic pathway, vesi- 
cles containing internalized markers move from the cell 
periphery to the perinuclear region of the cell in a micro- 
tubule-dependent fashion (Herman and Albertini, 1984; 
De Brabander et al., 1988). Possible candidates for these 
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vesicles are large spherical structures, termed endosome 
carrier vesicles, in which internalized markers accumulate 
after microtubule depolymerization (Gruenberg et al., 
1989). Lysosomes also interact with microtubules and so are 
maintained in a perinuclear position in the cell (Matteoni 
and Kreis, 1987). In macrophages, the lysosomes are aligned 
on microtubules to form long tubules (Swanson et al., 1987; 
Knapp and Swanson, 1990) and experimentally induced cy- 
tosolic acidification causes them to move out along microtu- 
bules to the cell periphery (Heuser, 1989). 

Polarized ceils show specialized microtubule organization. 
For example, in neuronal cells, which have been extensively 
studied as a model system for microtubule-dependent move- 
ment of organelles (Adams, 1982; Allen et al., 1982; Vale 
et al., 1985), the microtubules are organized into bundles of 
uniform polarity (Heidemann et al., 1981). These microtu- 
bules mediate the vesicular transport of newly synthesized 
material from the cell body to the synapses at the tips of the 
axons whereas material destined for degradation is routed in 
the opposite direction (reviewed by Grafstein and Forman, 
1980). In polarized epithelial cells the microtubule network 
shows a different organization. The microtubules do not radi- 
ate out from a single nucleating center but the majority run 
vertically through the cell (Gorbsky and Borisy, 1985; Ach- 
Ier et al., 1989; Tucker et al., 1986; Bacallao et al., 1989). 
The plus ends of the microtubules are predominantly basal 
while the minus ends are close to the apical surface (Mogen- 
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sen et al., 1989; Bacallao et al., 1989). In addition, a dense 
cap of microtubules of mixed polarity lies underneath the 
apical surface and a sparse network lies at the base of the 
MDCK cell (Bacallao et al., 1989). The bulk of these micro- 
tubules are not organized by the centrioles, which lie directly 
under the apical surface (Buendia et al., 1990). Microtu- 
bules seem to play a role in the maintenance of the polarized 
phenotype by directing exocytic and endocytic traffic. For 
example, delivery of exocytic vesicles to the apical surface 
of epithelial cells appears to be mediated by microtubules 
(Rindler et al., 1987; Achier et al., 1989; Eilers et al., 1989) 
and microtubules are involved in endocytic transport from 
the two sets of early endosomes in the MDCK cell to the late 
endosomes (Bomsel et al., 1990). The positioning of endo- 
cytic organelles in differentiating epithelial cells also appears 
to involve microtubules (reviewed by Fleming and Johnson, 
1988). The role of the vertically orientated microtubules in 
these processes is at present unclear. 

In the present study we examined the interaction of endo- 
cytic organelles with microtubules in these two types of po- 
larized cells using cultured rat hippocampal neurons and 
MDCK epithelial cells. In neurons, low cytoplasmic pH 
caused a dramatic redistribution of cation-independent man- 
nose-6-phosphate receptor (C1-MPR)~-positive late endo- 
cytic structures that moved out of the cell body and into the 
processes. We studied this in more detail in MDCK cells. 
Late endosomes, and to a partial extent, lysosomes moved 
to the base of the cells. The Golgi apparatus and early endo- 
somes showed no apparent change in distribution. The late 
endosomes, but not the lysosomes, also underwent fragmen- 
tation at low pH. Movement was shown to be microtubule 
dependent and towards the plus ends of the microtubules in 
MDCK cells. On alkalinization the distribution of late endo- 
somes was shifted towards the apical pole of the cell. On 
microtubule depolymerization, individual late endosomal 
structures appeared to fuse with each other. These results 
suggest that under normal conditions the distribution of late 
endosomes in both these polarized ceils is maintained 
through interactions with microtubules and that they can 
move retrogradely (apically) or anterogradely (basally) upon 
manipulating the cytosolic pH. 

Materials and Methods 

Cell Culture 
MDCK. MDCK strain II cells were plated on polycarbonate filters (Trans- 
well 3412; Costar, Cambridge, MA) at low density and maintained in cul- 
ture for 5 d before use, as described by Bacallao et al. (1989). 

Rat Hippocampal Neurons. Hippocampal cultures were prepared as de- 
scribed previously (Banker and Cowan, 1977; Bartlett and Banker, 1984). 

Acidification and Alkalinization Media 
The following is as described in Heuser, 1989. Ringers' solution: 155 mM 
NaCI; 5 mM KCI; 2 mM CaClz; 1 mM MgCI2; 2 mM NaH2PO4; 10 mM 
Hepes pH 7.20; 10 mM glucose; 0.5 mg/rnl BSA. Acetate Ringers': as 
above, with the following changes: 80 mM NaC1, 70 mM Na acetate, 10 
mM Hepes, pH as appropriate. Ammonium chloride Ringer's: 20 mM 
NI-14C1 in normal Ringer's solution (above). All solutions were allowed to 
equilibrate with air and were warmed to 37°C before use. 

1. Abbreviations used in this paper: BCECF-AM, 2',7'-biscarboxyethyl 5,6 
carboxy-fluorescein acetoxymethyl ester; CI-MPR, cation-independent 
mannose-6-phosphate receptor; pHi, cytosolic pH. 

Optimization of Cytosolic Acidification Conditions 
In preliminary experiments the optimal acidification conditions described 
by Heuser (1989) were used. Acetate Ringers: pH 6.90 (see above), which 
decreased the cytosolic pH (pHi) to 6.50 in macropbages (Heuser, 1989) 
consistently produced a redistribution of late endocytic structures in neu- 
ronal cells. However, only a partial and somewhat variable effect was ob- 
served in MDCK cells. We felt this may reflect the ability of epitbelial ceils 
to efficiently regulate their internal pH (Boron, 1986) and so we determined 
pHi under these conditions as described below. Resting pHi was 7.05 + 0.15 
(mean of three experiments 5: SD). Acetate Ringers; pH 6.90, caused a 
rapid decrease in pHi to ,06.50 but then the pH increased to 6.70 within 
2 rain (Fig. 3 a). We tested the ability of buffers of lower pH to decrease 
pHi. Acetate Ringers; pH 6.60, quickly lowered pHi to 6.27 (Fig. 3 b). After 
2 rain pHi increased to 6.46 and after 15 rain, when the distribution of la- 
beled structures was examined, pHi was 6.57 + 0.10. The optimal buffer 
for the redistribution of endocytic structures was found to be acetate 
Ringer's, pH 6.65. This buffer was therefore used in all subsequent experi- 
ments with MDCK cells. Acetate Ringers' pH 6.65 or 6.90 caused similar 
effects on the distribution of late endocytic structures in neurons. 

Fluorescent Measurement of lntracellular pH 
pHi was measured as described previously (Kurtz and Golchini, 1987). The 
fluorescent probe 2',7"biscarboxyethyl-5,6 carboxyfluorescein acetoxymethyl 
ester (BCECF-AM) (Molecular Probes Inc., Eugene OR) was used to moni- 
tor the pHi (Rink et al., 1982). All experiments were conducted at 37"C. 
The MDCK cells were grown as described above. The filter was cut out of 
the holder and immersed in Ringers; pH 7.20, at 37°C for 30 rain be- 
fore the start of the experiment. The filter was cut into two rectangular seg- 
ments and mounted between two plastic coverslips. The coverslips had a 
6 × 9-mm oval hole which allowed free access of buffer to both sides of 
the filter. The entire assembly was positioned at a 45 ° angle in plastic cu- 
vettes which were placed into a thermoregulated chamber in an LS-5 flu- 
orometer (Perkin-Elmer Corp., Pomona, CA). The fluorescence emission 
was monitored at 530 um and the excitation wavelength was alternated be- 
tween 500 and 440 nm (isobestic wavelength). Before loading the cells 
with BCECF, the background intensity at both wavelengths was measured 
and electronically subtracted from the fluorescence measurements in all ex- 
periments. The cells were loaded with 13/zM BCECF-AM for 10 min in 
the Ringers" pH 7.20 buffer. After the loading period, the filter was washed 
several times with dye-free Ringers', pH 7.20 and allowed to equilibrate for 
an additional 5 min in this buffer. The buffer was changed once again and 
the fluorescence emission was continuously monitored. The Ringers" pH 
7.20, was aspirated and replaced with acetate Ringers', pH 6.60 or 6.90. Cal- 
ibration of intracellular BCECF-AM was performed by monitoring the 
500/440 rim excitation ratio at various values of pHi. The phi  was set to 
the external pH by exposing the cells to a solution containing 130 mM KCI, 
20 mM CaCI2, 1 mM MgCI2, 5 mM Hepes, and 1/~M nigericin (Sigma 
Chemical Co., St. Louis, MO). The resultant calibration curve (the result 
of three determinations) was used to convert all the fluorescent data to pHi. 

Internalization of Endocytic Markers 
and AcidiJication/Alkalinization 
Horseradish peroxidase (HRP; 10 mg/ml; type II; Sigma Chemical Corp.) 
was internalized basally in incubation medium (MEM containing 0.2% 
BSA, 350 m~/liter NaHCO3, and 10 mM Hepes) for 30 rain at 37"C. After 
washing, the cells were reincubated in marker-free medium for 30 rain. For 
the last 10 rain of the chase period, the medium was replaced by Ringers' 
solution, pH 7.20. In some experiments the HRP-contalnlng medium was 
removed and the filters were immediately immersed in Ringers" pH 7.20. 
At this stage the filters were usually removed from their holders and cut into 
pieces. The pieces of filter were then transferred to the different solutions 
described above for various times at 37"C. 

In some experiments, BSA-gold (5 urn, ODs2o 2-5) was incubated in 
complete medium basally for 3 h at 37"C and then chased in marker-free 
medium overnight in order to label lysosomes (i.e., CI-MPR negative, late 
endocytic structures; Partun et al., 1989). 

Lucifer Yellow 
Lucifer yellow (dilithium salt; Sigma Chemical Co.) was inactivated as de- 
scribed previously (Bomsel et al., 1989) and internalized at a concentration 
of 10 mg/ml in glia-conditioned neuronal growth medium (Banker, 1980). 
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Electron Microscopy 

MDCK cells were embedded in Epon as described previously (Patton et 
al., 1989) and sectioned perpendicular to the plane of the filter. 

Fluorescence Microscopy 

Hippocampal cells incubated with inactivated lucifer yellow were fixed in 
4 % paraformaldehyde/0.25 % glutaraldehyde, briefly rinsed in PBS, mounted 
in PBS/glycerol (1:1) and immediately observed and photographed under a 
fluorescence microscope (Axiophot; Zeiss). 

The intracellular distribution of late endosomal structures after treatment 
with Ringers' pH 7.20 or acetate Ringers' pH 6.90 (see above) was analyzed 
by indirect immunofluorescence with a specific antibody raised against the 
chicken cation-independent marmose-6-pbosphate receptor by B. Hoflack 
and K. R6misch (European Molecular Biology Laboratory, Heidelberg, 
Federal Republic of Germany) (Parton et al., 1989). After incubation in the 
appropriate buffer for 15 rain the cells were fixed for 6 rain in freezing cold 
methanol. Indirect immunofluorescence was then continued as described 
previously (Dotti and Simons, 1990). 

Microtubule Depolymerization 

Endocytic markers were internalized as described above and then the cells 
were transferred to ice for 30 rain. The cells were then incubated in incuba- 
tion medium containing 33/~M noeodazole (Sigma Chemical Co.) for a fur- 
ther 10 rain on ice before being incubated in normal medium, Ringers' 7.20 
or acetate Ringers' 6.65 each containing 33/LM nocodazole for various times 
at 37"C. This procedure has been shown to cause complete microtubule 
depolymerization as judged by immunofluorescence confocal microscopy 
(Bacallao, R., and K. Simons, unpublished observations). 

Quantitation 

The distribution of HRP-|abeled structures was quantitated by measuring 
the relative volume of the labeled structures in arbitrarily defined zones of 
the MDCK cell as follows (see Table I). Epon-embedded cells were cut per- 
pendicularly to the plane of the filter to generate vertical sections (Baddeley 
et al., 1986). At least two blocks were sectioned from each experiment and 
care was taken not to section the same cell more than once by cutting (and 
discarding) thick sections between the thin sections. Pairs of micrographs 

Table L Distribution and Size of HRP-labeled Endocytic Organelles in MDCK Cells after Treatment 
with Various Acidification and Alkalinization Media 

Percent of total volume 
of labeled structures 
in different regions 

HRP of the cell~: Mean 
incubation structure 
conditions Treatment* Ap BI Bas diameter 

30-rain incubation Ringers' 
and 30-min chase pH 7.20 67 33 21 

Acetate Ringers' 
pH 6.65 27 73 59 

Acetate Ringers' 
pH 6.65, 

then Ringers' 
7.20 10 rain 88 12 6 

20 mM NI-hC1 88 12 7 

MT-depol¢ 
Ringers' pH 7.20 73 27 10 

MT-depol~ 
ace t a t e  Ringers' 

pH 6.65 83 17 12 

15-rain incubation Ringers'll 
pH 7.20 72 28 8 

Acetate Ringers'[[ 
pH 6.65 77 23 6 

0.30 + 0.06 

0.17 + 0.04 

0.20 + 0.06 

* All treatments were for 15 min at 370C unless otherwise stated. 
The volume of HRP-containing structures in each of the three zones of the cell shown diagrammatically below was determined. 

tAp 
0 BI 

§ Micrombules were del~lymerized using cold treatment and then noeod~ole as described in Materials and Methods. They were then incubated in the appropriate 
buffers containing nocodazole. 
tP HRP was internalized for 15 rain in the Ringers' or acetate Ringers' to preferentially label the early endosomes. 
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Figure 1. Low pH-induced redistribution of late endocytic structures in rat hippocampal neurons. Stage 3 hippocampal cells were incubated 
for 30 min in lucifer yellow-containing medium, chased for 30 min in marker-free culture medium, and further incubated for 15 min in 
Ringers' solution, pH 7.20 (a and b), or acetate Ringers', pH 6.90 (c). Note that at pH 7.20 virtually all the dye is concentrated in the 
cell body (double arrows in b). Axons (ax, arrows) and the minor processes destined to become dendrites (de, arrowheads) seen in the 
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were taken at random ~ong the monolayer at a primary magnification of 
10,500. First, the fraction of the cytoplasm occupied by HRP-labeled struc- 
tures (the total volume density) was estimated by point-counting as de- 
scribed previously (Patton et al., 1989). The volume density was not 
significantly affected by any of the protocols tested. 

We then estimated the volume of the HRP-labeled structures in the apical 
part of the cell as compared to the basal region, the "midpoint" being defined 
as the midpoint of the nucleus of the nearest cell. In addition, the relative 
volume of structures in the most basal 2 #M of the cell was measured. The 
distribution of lysosomes (BSA-gold containing, HRP-negative structures, 
see above) was assessed on the same negatives. 

To estimate the size of the labeled structures before and after acidifica- 
tion, the diameters of over 150 HRP-labeled profiles were measured (on the 
same negatives used above). After plotting the data, the graphs were cor- 
rected according to Weibel (1979) to compensate for overestimation of 
mean particle diameter size due to the difficulties in seeing the smallest 
profiles (~lost caps"). The mean structure diameter and standard error were 
calculated according to De Hoff (1968) assuming the structures to be 
spherical. 

Results 

pH-induced Redistribution of  Late Endocytic 
Structures in Neurons 

The neuronal cell is an excellent system to study the micro- 
tubule-dependent movement of organelles owing to the spa- 
tial separation of the cell bodies and the process tips. There- 
fore, in initial experiments we examined the effects of low 
pH on the distribution of late endocytic structures in rat 
hippocampal neurons. Primary cultures kept for either 3 or 
10 d in vitro were used. At the earlier stage (stage 3; see 
Dotti et al., 1988) the axons and the minor processes des- 
tined to become dendrites show the same microtubule polar- 
ity with the plus ends at the tips of the processes and the mi- 
nus ends centrally located (Baas et al., 1989). In contrast, 
the dendrites of mature cells (stage 5) contain microtubules 
of mixed polarity (Baas et al., 1988). 

Stage 3 cells were incubated with lucifer yellow for 30 min 
and chased for a further 30 min in marker-free medium in 
order to label late endoeytic structures. The cells were 
washed in Ringers', pH 7. 20 and then reincubated in the same 
buffer or in acetate Ringers' pH 6.90 for a further 15 min be- 
fore fixation and analysis by fluorescence microscopy. Con- 
trol cells kept in Ringers', pH 7.20, contained lucifer yellow 
almost exclusively in the cell body (Fig. 1 b). Only occasion- 
ally were punctate structures in the neurites observed. In 
contrast, after reincubation in acetate Ringers" pH 6.90, 
punctate staining was evident in both the minor processes 
and in the axons (Fig. 1 c) suggesting that small vesicles had 
moved out of the cell body. Labeled structures were evident 
in the tips of processes up to 100 txm long. A similar effect 
was observed with stage 5 neurons (results not shown). Re- 
turn of pH-treated cells to Ringers', pH 7.20, caused a return 
to the control distribution within 15 min. 

Antibodies to the CI-MPR have been previously used as 
markers of the late endosomal compartment (Griffiths et al., 

1988; Geuze et al., 1988). We examined the location of CI- 
MPR in stage 3 hippocampal neurons before and after 
acidification. Under control conditions labeling was almost 
exclusively found in the cell body but after acidification la- 
beled structures were evident along the neuronal processes 
(Fig. 1, d-f).  These results suggest that low pH induces the 
movement of CI-MPR-enriched late endosomes out of the 
cell body. 

pH-induced Redistribution of  Late Endocytic 
Structures in M D C K  Cells 

Further experiments were performed using polarized mono- 
layers of MDCK cells. These cells, like neurons, show a po- 
larized organization of microtubules but their role in cyto- 
plasmic organization is presently unknown. The endocytic 
pathway in MDCK cells is well-characterized (Bomsel et al., 
1989; Parton et al., 1989; Van Deurs et al., 1990; Bomsel 
et al., 1990) and these cells are amenable to quantitative 
electron microscopic studies. 

Previously we showed that in polarized MDCK strain 1 
cells fluid-phase markers internalized from the two surface 
domains initially entered two distinct sets of peripherally lo- 
cated early endosomes (Parton et al., 1989). After 15 min 
at 37°C, markers from the two sets of early endosomes then 
appeared within a single set of late endosomes enriched in 
the CI-MPR which were shown to be located in the Golgi 
region of the cell as well as basal to the nucleus. Finally 
markers entered CI-MPR-negative lysosomes. Using similar 
incubation conditions with MDCK II cells we labeled late en- 
dosomes with HRP (30-min incubation plus 30-min chase) 
and lysosomes with BSA-gold (3-h incubation with overnight 
chase) (Fig. 2). As in MDCK I cells, the late endosomes were 
situated in both the apical and basal regions of the cell where- 
as the lysosomes generally showed a more apical distribu- 
tion. We examined the effect of low cytosolic pH on the form 
and distribution of these structures. The buffer used to de- 
crease the cytosolic pH was acetate Ringers" pH 6.65, which 
decreased the cytosolic pH to '~6.50 (see Fig. 3 and Mate- 
rials and Methods). 

A 15-rain incubation in this buffer caused a dramatic redis- 
tribution of HRP-labeled structures (late endosomes; Fig. 
4). The labeled structures were now predominantly found in 
the basal portion of the cell. Clusters of small HRP-labeled 
vesicles were evident close to the filter and even in basal 
projections into the filter pores (Fig. 4, e and f ) .  Few labeled 
structures were observed in the supranuclear portion of the 
cells after low pH treatment and no accumulation was ever 
observed under the apical surface, showing that the low pH 
conditions did not simply cause a random dispersal of struc- 
tures to the cell periphery. The gold-labeled HRP-negative 
lysosomes showed only a partial redistribution to the base of 
the cell and no differences in morphology were observed 
(e.g., see Fig. 4 e). 

corresponding phase contrast micrographs, are almost completely unlabeled. After incubation at pH 6.90 (c), lucifer yellow-labeled struc- 
tures are seen along the cell's processes (double arrows). (d-f) Immunofluorescence localization of the cation-independent marmose-6- 
phosphate receptor in stage 3 hippocarnpal cells. Cells were incubated for 15 min in Ringers', pH 7.20 or acetate Ringers" pH 6.90, fixed 
and then incubated with an antibody against the CI-MPR. At pH 7.20, the labeling is exclusively located in the cell body (double arrows 
in e) whereas at pH 6.90 the labeled structures are also seen along the neurites (double arrows in f) .  Exposure times during photography 
and printing were the same in all the fluorescence micrographs. Bar, 10 #m. 
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Figure 2. Control distribution of late endosomes and lysosomes in MDCK ceils. MDCK cells on filters were incubated for 3 h with 5 nm 
BSA-gold in the basal medium and then overnight in marker-free medium. They were then incubated for 30 rain with HRP in the basal 
medium and for a further 30 min in marker-free medium. Pieces of the filter were transferred to Rin_gers' solution, pH 7.20, for 15 min 
before fixation and processing for EM. HRP labels large vesicular structures, previously shown to be MPR-enriched late endosomes (Parton 
et al., 1989), which are mainly in the apical part of the cell but are also found basal to the nucleus. A BSA-gold-labeled HRP-negative 
lysosome (arrowhead) with characteristic electron-dense interior is present close to the Golgi apparatus (g), also shown at higher 
magnification in b. f, filter. Bars: 1 tLm (a); 0.25 #m (b). 

To quantitate the effect of pH on the distribution and size 
of labeled structures, stereological methods were used on 
random sections cut perpendicular to the basal cell surface 
(vertical sections). The volume density of the HRP-labeled 
compartment was not significantly changed upon acidifica- 
tion (1.1 + 0.3% of the cytoplasmic volume under control 
conditions; 0.9 + 0.2 % after 15 min at pH 6.65). The volume 
density of HRP-labeled structures in each of the three zones 
of the cell shown in Table I was then determined. After a 30- 
min incubation followed by a 30-min chase, and then reincu- 
bation in Ringers' pH 7.20, 67% of the labeled structures 
were apically located and 33% basal (Table I). Approxi- 
mately 20% of the labeled structures were found basal to the 
nucleus. In contrast, after acidification only 27% of the 
structures were in the apical portion of the cell and 59% of 

the total were now basal to the nucleus. The percentage of 
lysosomes in the apical portion of the cell decreased from 
70-90 to 30-50%. 

We examined the morphological changes that accompa- 
nied the movement of the late endosomes (Table I). Under 
control conditions the mean diameter of labeled structures 
determined by measurement of over 150 profiles was ~0.30 
#m with a maximum profile diameter of 0.90 #M. After the 
pH 6.65 incubation the number of profiles of smaller diam- 
eter had greatly increased. Under these conditions the mean 
structure diameter was estimated to be 0.17 #m with a maxi- 
mum of 0.47 #m. Although some small tubular structures 
were observed at the base of the cell, serial section analysis 
showed that the bulk of the basaUy-accumulated structures 
were individual vesicles and not part of a reticulum under 
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Figure 3. Cytosolic pH mea- 
surements in MDCK ceils. 
Filter-grown MDCK cells were 
incubated with the fluorescent 
dye BCECF-AM in Ringers', 
pH 7.20. They were then 
washed and incubated in the 
same buffer while monitoring 
the fluorescence emission at 
530 nm. The buffer was re- 
placed with acetate Ringers', 
pH 6.90 (a), or pH 6.60 (b). 

a certain extent lysosomes, of MDCK cells, show pH-de- 
pendent apical to basal movement. We investigated whether 
the early endosomes of these cells were similarly affected by 
acidification. HRP was internalized from both the apical and 
basolateral surfaces during a 15-min incubation in acetate 
Ringers', pH 6.65. Under these conditions the predominant 
structures labeled were early endosomes with the character- 
istic morphology described previously (Parton et al., 1989) 
as well as coated vesicles. The peripheral distribution of the 
early endosomes in pH 6.65 (Fig. 7) medium appeared ex- 
actly the same as previously observed in control cells (Par- 
ton et al., 1989; Bomsel et al., 1989). This was confirmed 
by quantitative analysis of the distribution of early endo- 
somes before and after acidification (Table I). In addition, 
there was no obvious redistribution of the Golgi complex 
(e.g., Fig. 4). 

these conditions (results not shown). This was also evident 
in thick (0.5 #m) sections (see Fig. 9 b). 

Next we looked at the reversibility of the basal movement. 
After removing the low pH medium and reincubation for 10 
rain in pH 7.20, Ringers', there was a dramatic shift of labeled 
structures to the apical portion of the cell with very few 
structures left basal to the nucleus. In many cells a line of 
vesicles underlying the apical surface was apparent (Fig. 5). 
Quantitative analysis confirmed that as compared to control 
conditions more of the labeled structures were apically lo- 
cated with 88% in the apical half of the cell. Many of the 
labeled structures were of smaller diameter than under con- 
trol conditions (mean diameter 0.20/~m; Table I). After a 
further 5-10-min incubation in Ringers', pH 7.20, the control 
distribution and size of late structures was attained (results 
not shown). 

The shift in the distribution of late endosomes to the apical 
part of the cell on removal of the low pH medium may be 
due to the pH increasing above normal as described in mouse 
macrophages (Heuser, 1989). This was shown to cause a 
more pronounced central clustering of the endocytic struc- 
tures in these cells. We therefore looked at the effect of cyto- 
solic alkalinization on the distribution of late endosomes 
by using NI-LC1. Incubation of MDCK cells with 20 mM 
NI-LC1 caused an instant rise in pHi to 7.59 + 0.24 (mean 
+ SD of three experiments). After 15 min, ph i  had de- 
creased to 7.42 + 0.21. This treatment caused an apical shift 
of late endosomes (Fig. 6) with 80 % being found apical after 
a 15-min incubation (Table I). The only morphological change 
observed after treatment with NH4C1 was a slight swelling 
of the HRP-labeled structures. Similar results were obtained 
with nigericin in Na+-free medium at pH 7.9 or 8.1 (results 
not shown). 

None of the manipulations caused any obvious change in 
the general cell morphology or in cell height. In addition, 
no changes in the microtubule network were evident after 
immunolabeling low pH-treated ceils and observation by 
confocal microscopy (Bacallao, R., unpublished observa- 
tions). 

Effect o f  Low pH Medium on the Distribution 
of  Early Endosomes 

The above results demonstrate that late endosomes and, to 

Redistribution of Late Endosomes Is 
Microtubule Dependent 

The basal movement of late endosomes on low pH treatment 
suggests an involvement of the vertically running microtu- 
bules of the MDCK cell in the redistribution. We tested this 
by changing the cytosolic pH after first labeling the late en- 
dosomes with HRP, and then inducing microtubule depoly- 
merization using cold treatment and incubation in nocoda- 
zole. The apical/basal distribution was identical in cells 
treated with control medium or with low pH medium (Table 
I) showing that the redistribution is indeed microtubule de- 
pendent. Unexpectedly, however, microtubule depolymer- 
ization and reincubation (with or without low pH medium) 
caused a clustering of the HRP-labeled structures (Fig. 8). 
Virtually all the labeled structures were in distinct groups 
which, although predominantly in the apical part of the cell, 
were also observed basal to the nucleus. This effect was seen 
after a 15-60-min incubation with medium containing nocoda- 
zole after incubation on ice but not immediately after the 
cold treatment. On removing the nocodazole the clusters be- 
came less compact and a normal distribution was attained 
(results not shown). By serial section analysis of the "clus- 
ters" it was evident that many of the apparent vesicles were 
actually interconnected and this was also supported by ob- 
servations of thick (0.5 ~m) sections (Fig. 9 c). Lysosomes 
(containing BSA-gold but not HRP) also appeared to associ- 
ate with the clusters, although they did not fuse with the 
HRP-labeled structures (Fig. 8). 

These results suggest that microtubules are important in 
maintaining the distribution of late endosomes throughout 
the cell. It has previously been shown that in macrophages 
lysosomes interact with microtubules to produce long tu- 
bules and that conventional fixation caused a breakdown of 
these tubular structures (Swanson et al., 1987). We therefore 
examined whether tubular lysosomal profiles can also be vi- 
sualized in MDCK cells under control conditions. After fixa- 
tion at 37°C in 2.5 % glutaraldehyde as described by Swan- 
son et al. (1987), no extensive tubules were evident even in 
0.5-#m sections (see Fig. 9 a). Other fixatives such as a re- 
cently described paraformaldehyde/cyclohexylamine mix- 
ture (Luther and Bloch, 1989) gave similar results (results 
not shown). Finally, living cells were examined by confocal 
microscopy after lucifer yellow intemaliTation (Bomsel, M., 
personal communication). Under control conditions a punc- 
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Figure 4. Low pH-induced redistribution of late endosomes in MDCK cells. Late endosomes and lysosomes of filter-grown MDCK cells 
were labeled as described in the legend to Fig. 2 but pieces of the filter were immersed in acetate Ringers' solution, pH 6,65, rather than 
Ringers' solution, 7.20. a, b, and c are low magnification images showing the basal accumulation of HRP-labeled late endosomes. Clusters 
of small vesicles are evident in places (arrows). No redistribution of the Golgi apparatus (8) is evident, d, e,f, and g show higher magnifica- 
tion views of the small vesicles and tubules at the base of the cell. e shows lysosomes (small arrows) close to the base of the ceU and 
in e andfHRP-labeled structures arc evident in basal projections into the filter (/arse arrows). Note that although the mitochondria appear 
swollen under these conditions, their morphology returns to normal after removal of the low pH medium (see Fig. 5). Bars: 1/zm (a-c); 
0.25/~m (d-g). 



Figure 5. Reincubation of low pH-treated MDCK cells in Ringers', pH 7.20. Cells were treated with low pH medium exactly as described 
in the legend to Fig. 4 but were reincubated in Ringers' solution, pH 7.20 for 10 rain before fixation. Few HRP-labeled structures remain 
in the basal portion of the cell and in some cells, an example of which is shown at higher magnification in b, small vesicles are evident 
underneath the apical surface (arrowheads). Bars, 1 pm. 
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Figure 6. Incubation of MDCK cells in Ringers' solution containing ammonium chloride. Filter-grown cells were incubated with HRP 
as described in the legend to Fig. 2. Pieces of filter were then incubated for 15 min in Ringers' solution containing 20 mM NI-L,C1 before 
fixation. Few HRP-labeled structures are present in the basal part of the cell. Bar, 1 /~m. 

tate distribution of label was evident. Late structures were 
observed both apical and basal to the nucleus. This shows 
that fixation, which causes a transient lowering of  intracellu- 
lar pH (Johnson, 1985), has no major effect on the distribu- 
tion or  morphology of  late endosomes in MDCK cells, al- 
though we cannot rule out the presence of narrow tubules 

between vesicular structures which may be unresolved by 
these techniques. 

Discussion 

In this study we examined the interaction of endocytic or- 

Figure 7. Effect of low pH medium on early endosomes of MDCK cells. MDCK cells were washed for 10 min in Ringers' solution, pH 
7.20, and then were incubated with HRP in acetate Ringers', pH 6.65, for 15 rain at 37°C. HRP labels structures with the characteristic 
morphology of early endosomes. These structures are peripherally located in the cell with no evidence of redistribution to the base of 
the cell. L, lateral space. Bar, 1 ~m. 
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Figure 8. Effect of microtubule depolymerization on the pH-induced redistribution of MDCK cell late endosomes. BSA-gold and HRP 
were used to label lysosomes and late endosomes, respectively, as described in the legend to Fig. 2. The cells were then incubated at 0°C 
to induce microtubule depolymerization. Pieces of filter were incubated for 15 min at 37°C in acetate Ringers" pH 6.65, containing 33 
/tM nocodazole. The late endosomes in the low pH-treated cells have not redistributed to the base of the cell (of. Fig. 4) showing that 
the low pH-induced redistribution is indeed microtubule dependent. The late endosomes show different morphology to the control cells 
(Fig. 2) and have grouped together indicating that under control conditions the distribution of the late endosomes in the cell is dependent 
on microtubules. Lysosomes (BSA-gold-labeled, HRP-negative structures; arrowheads) also sometimes appear to associate with the 
clusters. Bar, 1/~m. 

ganelles with microtubules in two types of polarized cells: 
neurons and epithelial cells. We used these model systems, 
in which the organization of the microtubule network is well 
defined, in order to gain an insight into the role of microtu- 
bules in maintaining the distribution and form of endocytic 
organelles. More specifically, we investigated whether the 
vertically-running microtubules in epithelial (MDCK) cells 
play a role in the organization of the endocytic apparatus. 

Our results suggest that the form and distribution of late 
endocytic structures in these cells is maintained through in- 
teractions with microtubules. In neuronal cells, late endo- 
cytic structures were found to be exclusively located in the 

cell body. Conditions previously shown to cause plus end- 
directed movement of lysosomal structures in fibroblasts and 
macrophages (Heuser, 1989) caused late endocytic struc- 
tures to move anterogradely out of the cell body and into 
processes. These results are consistent with the predominant 
location of the plus ends of the microtubules distal to the cell 
body (Heidemann et al., 1981). Late endosomal structures 
were found at the tips of long processes after just 15 rain in 
low pH medium suggesting that fast axonal transport is in- 
volved in the redistribution. Removal of the low pH medium 
caused a rapid retrograde transport back to the cell body sug- 
gesting that under physiological pH conditions the late endo- 
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Figure 9. Morphology of late endosomes in thick sections of MDCK cells. (a) Control distribution of late endosomes; cells were treated 
as described in the legend to Fig. 2 but were fixed in 2.5% glutaraldehyde at 37°C as described by Swanson et al. (1987). After processing 
for EM thick sections (,o0.5 #m) were cut and were viewed unstained. HRP labels apparently unconnected vesicular structures dispersed 
throughout the cell. (b) Basal accumulation of late endosomes at low pH; thick sections of cells treated as described in the legend to Fig. 
4. Discrete small structures are evident at the base of the cell. (c) Distribution of late endosomes in nocodazole-treated cells; thick sections 
of cells treated as described in the legend to Fig. 8 but incubated in pH 7.20 medium after microtubule depolymerization. Groups of HRP- 
labeled structures (possibly fused) are evident. Bars, 1 /zm. 

somes, like the Golgi apparatus, may be maintained in the 
cell body via minus-end directed transport. 

In MDCK cells the late endosomes are distributed through- 
out the cell under control conditions (Parton et al., 1989, and 
this study). Lowering the cytosolic pH caused them to ac- 
cumulate basally suggesting that they interact with the verti- 
cally running microtubules that have their plus ends predom- 
inantly towards the base of the cell (Bacallao et al., 1989). 
Consistent with this, alkalinization of the cytosol caused the 
late endosomes to assume a more apical distribution. Late 
endosomes moved to within 0.5 #m of the apical or basal sur- 
face suggesting that the ends of the microtubules must be 
very close to the plasma membrane. In Drosophila epider- 
mal cells microtubules are attached to the apical and basal 
surfaces via electron dense attachment sites (Tucker et al., 
1986) but no similar structures have so far been observed in 
MDCK cells. Although the conditions used to induce these 
changes are nonphysiological, the results suggest that the 
polarized vertically orientated microtubules in the MDCK 
cell may have a role in the positioning of the late endosomes 
in the cell under normal growth conditions. This view is sup- 
ported by the observation that after microtubule depolymer- 
ization the distribution of late endosomes in these cells is al- 
tered and individual late endosomal structures associate and 
fuse with one another. Whether the fused structures are as- 
sociated with residual segments of incompletely depolymer- 
ized microtubules is presently unclear. 

The endocytic pathway in MDCK cells has been well 
characterized (Bomsel et al., 1989; Parton et al., 1989; Van 
Deurs et al., 1990; Bomsel et al., 1990) and this enabled 
us to identify the endocytic organelles that showed pH- 
dependent redistribution. The major effect of the low pH 
treatment was on the MPR-enriched late endosomes or 
prelysosomes. These structures also showed a dramatic reor- 
ganizhtion after microtubule depolymerization, as described 
above. The late endosomes appear to form a highly dynamic 

compartment that is dependent on microtubules for its form 
and distribution in the cell. It may therefore be analogous to 
the tubular lysosomes observed in macrophages that form an 
extensive reticulum spread out on microtubules (Swanson et 
al., 1987; Knapp and Swanson, 1990). In MDCK cells the 
predominant form of this compartment appears to be vesicu- 
lar, rather than tubular, although we cannot rule out the pres- 
ence of narrow interconnections between apparent vesicles. 
However, the late endosomes may in fact form one functional 
compartment so that the endocytic load, and perhaps also 
lysosomal enzymes and membrane proteins, are distributed 
throughout all the structures. This is supported by in vitro 
studies showing that late endocytic structures of MDCK cells 
(distal to endosome carrier vesicles) mixed their content 
with an efficiency similar to that of early endosomes (Bomsel 
et al., 1990). In interspecies cell-fusion experiments, mixing 
of markers in late endocytic structures was shown to be to- 
tally dependent on microtubules (Deng and Storrie, 1988) 
and recent ultrastructural data suggest that the late endo- 
somes or prelysosomes fuse into a large complex under these 
conditions (Deng, Y., G. Griffiths, and B. Storrie, manu- 
script in preparation). Taken together the available evidence 
suggests that the late endosomes form a dynamic compart- 
ment undergoing lateral fusion events that may be facilitated 
by microtubules. 

As previously observed in macrophages, the redistribution 
of the late endosomes in MDCK cells was accompanied by 
fragmentation of the compartment. Based on measurements 
of the mean diameter before and after acidification, our 
results suggest that one late endosome could form five to six 
small vesicles on acidification. For this to occur (as the vol- 
ume of the compartment stayed the same and the surface to 
volume ratio must increase) there must be recruitment of 
membrane into the periphery of the vesicles. This may be 
provided by the internal membranes of the late endosomes. 
These internal membranes, which are heavily labeled with 
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anti-CI-MPR antibodies, are a prominent feature of the late 
endosomes in MDCK cells (Parton et al., 1989) and other 
cell types (Griffiths et al., 1988, 1990) and it has been sug- 
gested that they are in continuity with the limiting membrane 
(Griffiths et al., 1988). Consistent with the view that frag- 
mentation involves recruitment of membrane from the in- 
terior of the late endosomes, no internal membranes were 
evident in the small vesicles that accumulated at the base of 
the cell on low pH treatment (results not shown). The basis 
of the low pH-induced fragmentation is unclear. It may be 
a direct effect of low pH or could be related to the redistribu- 
tion of the late endosomes. Our data tend to support the latter 
view as the basally accumulated vesicles did not fuse to- 
gether immediately after washing out the low pH medium 
but only when the control distribution was attained. 

The MPR-negative lysosomes, which under control condi- 
tions are mainly apically-located, showed only a partial basal 
redistribution on lowering the cytosolic pH and no fragmen- 
tation was observed. Possibly the optimal experimental con- 
ditions required to cause the fragmentation and redistribu- 
tion oflysosomes are different than those for late endosomes. 
Alternatively, this may reflect inherent differences in the 
structure and function of the two organelles. Whereas the 
late endosomes are highly variable in form, the CI-MPR 
negative lysosomes in MDCK cells (Parton et al., 1989) as 
in many other cell types (Alquier et al., 1985; Griffiths et 
al., 1988) are spherical, electron dense, and of a uniform di- 
ameter. In cell fusion experiments lysosomes mixed their 
content without changing morphology (Deng, Y., G. Grif- 
fiths, and B. Storrie, manuscript in preparation). The struc- 
tures referred to as "residual bodies" in macrophages (Heuser, 
1989) may in fact correspond to MPR-negative lysosomes. 
In the latter study low pH had no significant effect on these 
structures. 

Early endosomes, which are peripherally located in the 
MDCK cell, showed no change in distribution after low pH 
treatment (this study) or after microtubule depolymerization 
(Bomsel et al., 1990). Microtubules do not appear to play 
a role in delivery of material to this compartment from the 
cell surface (Gruenberg et al., 1989) or in the in vitro lateral 
transfer of material between early endosomes (Bomsel et al., 
1990). Other cytoskeletal elements may be involved in main- 
tainlng the peripheral location of these structures in the 
MDCK cell. 

The mechanism of the pH-induced redistribution of late 
endosomes is presently unclear. Further experiments in vivo 
and in vitro are required to determine whether the pH effects 
are direct (by modulation of motor activity) or indirect. The 
results are consistent with cytosolic pH causing the modula- 
tion of the activity and direction of a single motor or of the 
involvement of two different microtubule motors, such as 
kinesin and cytoplasmic dynein, in the redistribution. The 
clustering of endocytic structures around the microtubule or- 
ganizing center of fibroblasts (Matteoni and Kreis, 1987) 
may be mediated by a minus end-directed motor such as cy- 
toplasmic dynein whereas in macrophages the extension of 
tubular lysosomes along microtubules was shown to involve 
kinesin (HoUenbeck and Swanson, 1990). In the present 
study neuronal late endosomes moved anterogradely into 
axons suggesting the involvement of kinesin in the plus-end 
directed movement (Vale, 1987). In MDCK cells, the in- 
volvement of both cytoplasmic dynein and kinesin in the 

microtubule-dependent transport steps from the apical and 
basolateral early endosomes to the single set of late endo- 
somes has been shown (Bomsel et al., 1990). A model was 
proposed in which endosome carrier vesicles derived from 
the apical early endosomes moved in the basal direction on 
the vertically-running microtubules using kinesin whereas 
basolaterally derived carrier vesicles moved in the opposite 
direction via dynein; both would then fuse with late endo- 
somes. The late endosomes may interact with microtubules 
via both these motors and this would be consistent with our 
observations of microtubule-dependent movement towards 
both the plus and minus ends of microtubules in MDCK 
cells. During cytosolic acidification kinesin activity would 
be favored over dynein (possibly through an indirect effect) 
and the late endosomes would move basaUy (and in neurons 
anterogradely). Consistent with this hypothesis, under con- 
trol conditions the late endosomes of MDCK ceils are not 
clustered under the apical surface at the minus-ends of the 
microtubule bundles but are spread throughout the cell. 
Their position may be maintained by an interplay between 
kinesin and cytoplasmic dynein. The interactions between 
organdies, motors, and microtubules and the regulation of 
motor activity are fundamental to understanding microtu- 
bule-dependent membrane traffic. The systems described 
here may prove to be useful in understanding the mecha- 
nisms involved. 
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