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ABSTRACT Mucolipidosis, type IV (ML-IV) is an auto-
somal recessive storage disease that is characterized by lyso-
somal accumulation of sphingolipids, phospholipids, and acid
mucopolysaccharides. Unlike most other storage diseases, the
lysosomal hydrolases participating in the catabolism of the
stored molecules appear to be normal. In the present study, we
examined the hypothesis that the ML-IV phenotype might
arise from abnormal transport along the lysosomal pathway.
By using various markers for endocytosis, we found that
plasma membrane internalization and recycling were nearly
identical in ML-IV and normal fibroblasts. A fluorescent
analog of lactosylceramide (LacCer) was used to study plasma
membrane lipid internalization and subsequent transport.
Lipid internalization at 19°C was similar in both cell types;
however, 40–60 min after raising the temperature to 37°C, the
f luorescent lipid accumulated in the lysosomes of ML-IV cells
but was mainly concentrated at the Golgi complex of normal
fibroblasts. Biochemical studies demonstrated that at these
time points, hydrolysis of the lipid analog was minimal (;7%)
in both cell types. A fluorescence ratio imaging assay was
developed to monitor accumulation of f luorescent LacCer in
the lysosomes and showed that the apparent concentration of
the lipid increased more rapidly and to a greater extent in
ML-IV cells than in normal fibroblasts. By 60 min, LacCer
apparently decreased in the lysosomes of normal fibroblasts
but not in ML-IV cells, suggesting that lipid eff lux from the
lysosomes was also impaired. These results demonstrate that
there is a defect in ML-IV fibroblasts that affects membrane
sorting andyor late steps of endocytosis.

Mucolipidosis, type IV (ML-IV) is an autosomal recessive
lysosomal storage disease that is characterized clinically by
psychomotor retardation and ophthalmological abnormalities
including cornea opacity, retinal degeneration, and strabismus
(for reviews, see refs. 1–3). Most of the patients diagnosed with
ML-IV disease are Ashkenazi Jews living either in the United
States or Israel and range from 1 to approximately 40 years of
age. The prognosis beyond this age, and the life expectancy of
these patients is not known. Electron microscopy investiga-
tions have demonstrated lysosomal storage of lipids and water-
soluble substances in cells from every tissue or organ of ML-IV
patients. This heterogeneous storage characterizes the disease
as a mucolipidosis. The storage materials have been identified
as sphingolipids, phospholipids, and acid mucopolysacchar-
ides. The metabolic defect causing this accumulation has not
yet been identified nor has the relevant gene been mapped or
cloned. Unlike most other lipid storage diseases in which
lysosomal hydrolases or activator proteins are defective, ex-
tensive studies have shown normal activities of all the lysoso-

mal hydrolases participating in the catabolism of the stored
macromolecules in ML-IV cells (3), suggesting an alternative
mechanism for storage in this cell type. Preliminary studies
using exogenous radioactive phosphatidylcholine, one of the
major lipid classes that accumulates in ML-IV, showed in-
creased retention in the lysosomes of ML-IV fibroblasts but
normal degradation (4), suggesting an abnormality in endo-
cytosis rather than degradation as a cause for this storage. In
the present study, we examined the movement of various
markers along the lysosomal pathway and document a sub-
stantial alteration in the kinetics of intracellular transport in
ML-IV cells.

MATERIALS AND METHODS

Cells and Cell Culture. ML-IV cells were obtained from
skin biopsies of patients diagnosed with this disease at Ha-
dassah University Hospital. Normal human skin fibroblasts
(GM 5659C) and fibroblasts from patients with Hunter (GM
298) and Pompe disease (GM 1935) were obtained from the
Coriell Institute, Human Genetic Mutant Cell Repository
(Camden, NJ). Fibroblasts from patients with Hurler syn-
drome were obtained from the Department of Laboratory
Medicine and Pathology of the Mayo Clinic. Cells were
cultured as described (1, 5). All experiments were performed
on monolayer cultures grown to 30–50% confluency on acid-
etched glass coverslips for microscopy (6) or on 60- or 100-mm
diameter tissue culture dishes for biochemical experiments.

Incubation of Cells with a Fluorescent Analog of Lactosyl-
ceramide (LacCer) and Fluorescent Dextran. In double-label
experiments, cell cultures were incubated with Cascade blue-
conjugated dextran (10 kDa, lysine fixable; Molecular Probes)
at 4 mgyml in culture medium for 48 hr at 37°C before
incubation with fluorescent lipid. Under these conditions,
almost all of the internalized dextran was found in lysosomes
as shown with another fluorescent dextran (5).

A f luorescent analog of lactosylceramide, N-[5-(5,7-
dimethyl BODIPY)-1-pentanoyl]-lactosyl sphingosine (C5-
DMB-LacCer), where BODIPY is boron dipyrromethene
difluoride, was synthesized and purified as described (6). A
BSA complex of the fluorescent lipid (7) was then prepared in
HMEM [10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfo-
nic acid-buffered MEM (pH 7.4) without indicator] and stored
at 220°C. Cells were incubated with 5 mM C5-DMB-LacCery
BSA at 19°C or 37°C, washed with ice-cold HMEM, back-
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exchanged with 5% BSA to remove fluorescent lipid present
at the plasma membrane (6, 8), and further incubated at 37°C
for various times.

Fluorescence Microscopy. Fluorescence microscopy was
performed as described (9). Details of quantitative microscopy
and image processing are given elsewhere (8). For Cascade
blue, samples were excited at 365 nm and fluorescence ob-
served at $420 nm. For BODIPY fluorescence, samples were
excited at 450–490 nm and viewed at ‘‘green’’ (520–560 nm),
‘‘green 1 red’’ (lem $ 520 nm) or ‘‘red’’ (lem $ 590 nm)
wavelengths.

Biochemical Analyses. Cells were incubated with C5-DMB-
LacCer under various conditions and back-exchanged. The
cells were then washed, scraped from the culture dish, and
centrifuged, and the fluorescent lipids were extracted (10).
Fluorescent lipids were analyzed by TLC using CyMeOHy15
mM CaCl2, 60:35:8 (volyvol), as the developing solvent. TLC
plates were photographed under UV light; individual spots
were identified by comparison with known fluorescent stan-
dards and quantified by image analysis (11). Endogenous
cellular lipids were extracted, saponified, and desalted as
described (12). In some cases, cells were incubated with 1
mCiyml [1-14C] palmitate (Amersham) for 4 days before lipid
extraction. Lipid extracts, corresponding to equal amounts of
cellular protein, were then separated by TLC using
CyMeOHy15 mM CaCl2 or CyMeOH, 9:1 (volyvol), as the
developing solvent, and visualized with anisaldehydeysulfuric
acid (13) or by autoradiography. For experiments with
[1-14C]palmitate, lipid extracts of cells from two ML-IV pa-
tients were used (five determinations). Radioactivity was
quantified by using a phosphoimager (Molecular Analyst
GS-363, Bio-Rad). Endogenous ceramide was identified by
using natural ceramide samples as standards.

Internalization of Various Markers at 19°C. For fluid phase
uptake, cells were incubated with horseradish peroxidase
(HRP) at 2 mgyml in HMEMy10% fetal bovine serum for 60
min at 19°C, and the uptake of HRP was quantified (14, 15)
and normalized to total cellular protein (16). For plasma
membrane lipid uptake, cells were incubated with C5-DMB-
LacCer for 60 min at 19°C and washed. Any fluorescent lipid
present at the plasma membrane was then removed by back-
exchange (6, 8). The amount of internalized C5-DMB-LacCer
was then quantified by extraction and analysis of the cell-
associated fluorescent lipid that remained after these proce-
dures. For receptor mediated endocytosis, human transferrin
(Tfn) was radiolabeled with 125I and chloramine T and purified
as described (17). Cells were incubated with iodinated trans-
ferrin (125I-Tfn) for 60 min at 19°C and washed. The cells were
then chilled to 4°C and briefly treated with acid saline to
‘‘strip’’ any 125I-Tfn from the cell surface (18), and the uptake
quantified by g counting. Data were normalized to cellular
protein (16). (In control experiments, $99% of the 125I-Tfn
bound at 4°C could be displaced with a 100-fold excess of
unlabeled Tfn.)

Transport from Endosomes to the Plasma Membrane. Cells
were incubated with 125I-Tfn for 60 min at 19°C as above. After
acid stripping, the cells were warmed to 37°C for various times.
At each time point, the amount of 125I-Tfn released into the
medium (and remaining in the cells) was quantified and
normalized to cellular DNA (19) to provide a measure of the
recycling of the Tfn receptor.

Lipid Transport from Endosomes to Lysosomes. Cells were
incubated 48 hr with fluorescent blue dextran to prelabel the
lysosomes (see above). The cells were then washed, incubated
with C5-DMB-LacCer at 19°C to label the sorting endosomes,
and back-exchanged to remove plasma membrane fluores-
cence. The cultures were then warmed to 37°C for various
times (to allow transport to the lysosomes to occur), chilled to
4°C, and observed under the fluorescence microscope at 4°C
using a temperature controlled stage.

For data analysis, three low-light-level images of a given cell
were acquired to observe blue dextran, and the ‘‘green’’ and
‘‘red’’ components of BODIPY fluorescence. [All images were
corrected for background fluorescence (8); ML-IV samples
were also corrected for high autofluorescence that is observed
in lysosomes (20).] A threshold level was then determined so
that all the lysosomes in a portion of the blue dextran image
were included, and a mask (8, 21) defined by that threshold
value was used to isolate the lysosomes within that region. The
mask was then used to identify those regions of the ‘‘red’’ and
‘‘green’’ images that corresponded to lysosomes so that the
‘‘red’’ and ‘‘green’’ intensity of each lysosome could be calcu-
lated. To minimize the possibility that fluorescence identified
by the ‘‘lysosome mask’’ might actually come from another
organelle, regions of the image were selected that contained no
obvious overlap with the Golgi apparatus. (Several hundred
lysosomes from a number of identically treated cells comprised
the data set for each time point.) The redygreen fluorescence
(RyG) ratio of the lysosomes were then averaged and displayed
vs. time to quantify temporal changes in the lysosomal accu-
mulation of the fluorescent lipid.

RESULTS AND DISCUSSION

Accumulation and Degradation of C5-DMB-LacCer in
ML-IV Cells. Lipid analogs labeled with the BODIPY fluoro-
phore exhibit a concentration-dependent spectral shift, emit-
ting at green wavelengths when present at low concentrations
in membranes and at red wavelengths when present at high
concentrations (9). Thus, increases in concentration are re-
f lected by an increase in the RyG ratio. This property can be
used to examine the lysosomal accumulation of BODIPY-
lipids in sphingolipid storage diseases (22). In the present
study, we used C5-DMB-LacCer, a BODIPY analog of LacCer,
and examined its distribution in normal vs. ML-IV fibroblasts
in pulse–chase experiments. A typical result is shown in Fig. 1.
Cells were incubated overnight with blue dextran to prelabel
the lysosomes (5) and then incubated with C5-DMB-LacCer
for 1 hr at 37°C. The cells were then washed and chased 1 hr
at 37°C before observation under the fluorescence micro-
scope. In ML-IV cells, a punctate pattern of BODIPY fluo-
rescence was observed that colocalized with a subset of the
blue dextran-labeled lysosomes, but in normal cells, a reticular
and perinuclear pattern of BODIPY fluorescence correspond-
ing to the Golgi apparatus (9, 23–25) was seen, with little
labeling of the lysosomes (Fig. 1a). Furthermore, observations
of BODIPY fluorescence in different regions of the spectrum
demonstrated a shift in BODIPY fluorescence toward red
wavelengths, consistent with the accumulation of C5-DMB-
LacCer (andyor its metabolites) in the lysosomes of ML-IV
(but not normal) cells (Fig. 1b). The lysosomal accumulation
seen in ML-IV cells was not unique to C5-DMB-LacCer but
was also observed using BODIPY-labeled sphingomyelin or
GM1 ganglioside (data not shown). Lysosomal accumulation of
these lipids in ML-IV cells was also seen after a 1-hr pulse at
19°C followed by a 30–60 min chase at 37°C (see below).

The lysosomal accumulation of C5-DMB-lipid was surpris-
ing because there are no reported defects in ML-IV cells in the
enzymes (b-galactosylceramidase and GM1-b-galactosidase)
or the activator proteins (sap-A, sap-B, and sap-C) that
participate in the lysosomal degradation of LacCer. In agree-
ment with this, lipid extraction and analysis of cells that were
pulse-labeled with C5-DMB-LacCer under various conditions
showed that the amount of C5-DMB-LacCer hydrolysis in
ML-IV cells and normal fibroblasts were very similar (Table
1). Furthermore, when C5-DMB-LacCer was incubated with
Hunter, Hurler, or Pompe disease fibroblasts that contain
enlarged lysosomes with stored materials, a pattern of fluo-
rescence similar to that shown for normal human skin fibro-
blasts (see Fig. 1) was seen (data not shown), ruling out the
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possibility that fluorescent lipid accumulation in the lysosomes
of ML-IV cells was due to the general storage of various
macromolecules in the lysosomes or to the enlarged volume of
these organelles.

These studies demonstrate that C5-DMB-LacCer accumu-
lates in the lysosomes of ML-IV cells and show that its
degradation is similar to that seen in normal cells. Similar
results on the accumulation and degradation of radiolabeled
lipids have been observed previously (3, 4). Thus, the accu-
mulation of BODIPY-LacCer in the lysosomes of ML-IV cells
is not due to an alteration in its degradation but rather to some
other process. To examine the possibility that the ML-IV
phenotype results from an alteration in membrane transport
andyor recycling along the endocytic pathway, we carried out
a detailed study of endocytosis in this cell type with a variety

of markers to study different portions of the pathway dia-
grammed in Fig. 2.

Membrane Internalization and ‘‘Recycling.’’ We first exam-
ined endocytosis of various markers at 19°C, a temperature at
which internalization of components from the plasma mem-
brane (or bathing medium) occurs but a temperature that
inhibits transport beyond the ‘‘sorting endosome’’ compart-
ment (26–29). No differences in the uptake of a fluid-phase
marker (HRP), a marker for receptor-mediated endocytosis
(125I-Tfn), or a plasma membrane lipid marker (C5-DMB-
LacCer) were seen between normal and ML-IV fibroblasts
(Table 2). Furthermore, no obvious differences in the number
and distribution of endosomes was seen by fluorescence mi-
croscopy of the two cells types after a 60-min incubation at
19°C with C5-DMB-LacCer (and back-exchange with defatted
BSA; see Fig. 4, 0 min). Next, transport from the sorting
endosomes to the plasma membrane (‘‘recycling’’) was studied.
Cells were incubated with 125I-Tfn for 1 hr at 19°C, washed,
‘‘acid stripped’’ to remove any labeled Tfn from the cell
surface, and then warmed to 37°C for various times. The
amount of 125I-Tfn present within the cells, at the cell surface,
and released into the medium was determined (Fig. 3). Con-
sistent with previous studies of membrane recycling in human
skin fibroblasts (5, 30), recycling of 125I-Tfn was very rapid.

b

a

FIG. 1. Lysosomal accumulation of C5-DMB-LacCer in ML-IV
cells. Normal and ML-IV fibroblasts were incubated overnight with a
blue fluorescent dextran to label the lysosomes and subsequently
pulse-labeled with C5-DMB-LacCer (see text). (a) In ML-IV cells,
many of the punctate structures labeled with the fluorescent lipid
colocalized with the dextran-stained lysosomes (e.g., at arrows), but in
normal fibroblasts most of the fluorescent lipid was observed at the
Golgi complex (G), with little present in the lysosomes. (b) Observa-
tions of BODIPY fluorescence in different regions of the spectrum
also demonstrated a shift in BODIPY fluorescence toward red wave-
lengths in ML-IV (but not in normal) fibroblasts.

Table 1. Hydrolysis of BODIPY-LacCer in normal vs.
ML-IV fibroblasts

Incubation conditions

% hydrolysis

Normal ML-IV

Pulse (1 hr; 19°C) 3 Chase (1 hr; 37°C) 7 6
Pulse (1 hr; 37°C) 3 Chase (1 hr; 37°C) 42 32
Pulse (1 hr; 37°C) 3 Chase (3 hr; 37°C) 74 68

Cells were incubated with C5-DMB-LacCeryBSA for 1 hr at 19°C or
37°C, washed, and further incubated for 1 or 3 hr at 37°C before lipid
extraction and analysis. Percent hydrolysis is [(C5-DMB-metabolites)y
(C5DMB-LacCer 1 C5-DMG-metabolites)] 3 100, where the C5-
DMB-metabolites were C5-DMB-Cer, -GlcCer, and -SM. For a 1-hr
pulsey1-hr chase (both at 37°C), the values in normal vs. ML-IV cells,
respectively, were C5-DMB-LacCer (58.2 6 1.1% vs. 68.2 6 0.4%),
-Cer (16 6 0.6% vs. 11.6 6 0.2%), -GlcCer (12.3 6 0.2% vs. 9.9 6
0.1%), and -SM (13.3 6 0.2% vs. 10.3 6 0.1%). GlcCer, glucosylce-
ramide; SM, sphingomyelin.

FIG. 2. Vesicular transport along the lysosomal pathway. Pathway
I, transport from the plasma membrane (PM) to ‘‘sorting endosomes.’’
The latter is experimentally defined by the use of a 19°C temperature
block. Pathway II, ‘‘recycling’’ from sorting endosomes back to the
plasma membrane. Pathway III, transport from sorting endosomes to
lysosomes, was studied by measuring the concentration-dependent
spectral changes in fluorescence as a BODIPY-lipid accumulated in
the lysosomes. Pathway IV, alternative pathways for lipid transport to
the Golgi complex. TGN, trans-Golgi network.
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Furthermore, no differences in the recycling kinetics were seen
between normal and ML-IV fibroblasts. Because previous
studies using a fluorescent lipid analog demonstrated similar
recycling kinetics of lipid and labeled Tfn (31, 32), we did not
carry out additional recycling studies using labeled lipids.
Thus, these data demonstrate that both the internalization and
recycling pathways (Fig. 2, pathways I and II) are normal in
ML-IV cells.

Transport from Sorting Endosomes to Lysosomes. We
developed an assay to observe and quantify C5-DMB-LacCer
accumulation in the lysosomes (Fig. 2, pathway III). Cells were
preincubated with blue dextran to label lysosomes and then
incubated with C5-DMB-LacCer for 60 min at 19°C (and
back-exchanged) to label the sorting endosomes. The cells
were then warmed for various times at 37°C to initiate trans-
port to lysosomes. Images of the same cell were acquired at
green and red wavelengths for the BODIPY-lipid and at blue
wavelengths for the fluorescent dextran. Representative im-
ages at several times points are shown in Fig. 4. From 0 to 20
min (both cell types), the fluorescent lipid was present mostly
in endosomes that were widely distributed throughout the
cytoplasm and these endosomes did not coincide with the
dextran-labeled lysosomes. At later times (20–60 min), colo-
calization of the BODIPY-lipid with a fraction of the lyso-
somes became increasingly apparent in ML-IV cells (see Fig.
4 Inset). Furthermore, large amounts of red fluorescence were

seen at these time points, indicating an accumulation of the
BODIPY-lipid in this compartment. Some BODIPY-lipid
could also be seen in the lysosomes of normal fibroblasts at 40
min; however, accumulation was less pronounced than in
ML-IV cells. Finally, labeling of the Golgi apparatus was
readily apparent in normal cells at 60 min, whereas little or no
labeling of this organelle was seen in ML-IV fibroblasts at this
time point.

Temporal changes in the accumulation of BODIPY-lipid at
the lysosomes could be determined by measuring the change
in the RyG ratio of the lysosomes with time at 37°C. After the
19°C incubation, quantitative studies showed that the RyG
ratio of individual endosomes was nearly the same (0.287 6
0.10 for normal vs. 0.247 6 0.07 for ML-IV), indicating the
concentration of C5-DMB-LacCer in endosomes was similar in
the two cell types. The cells were then warmed to 37°C for
various times and the RyG ratio of the lysosomes was deter-
mined. (Because only a fraction of the endocytic vesicles at any
given time corresponded to lysosomes, a ‘‘mask’’ based on the
blue dextran image of each cell was used to identify those
vesicles that would be used in the calculation of the RyG ratio.)
As shown in Fig. 5, the lysosomal RyG ratio increased more
rapidly in ML-IV cells than in normal fibroblasts between 0
and 40 min, suggesting that the apparent concentration of the
BODIPY-lipid increased more rapidly in ML-IV cells relative
to normal fibroblasts. After 40 min at 37°C, the RyG ratio of
the lysosomes in ML-IV cells reached a plateau, whereas in
normal cells the RyG ratio decreased, presumably reflecting a
loss of BODIPY-lipid from the lysosomes.

Lipid Transport to the Golgi Complex. When cells were
incubated with C5-DMB-LacCer for 1 hr at 19°C, washed,
back-exchanged, and further incubated for 1 hr at 37°C,
labeling of the Golgi apparatus was readily seen in normal but
not in ML-IV cells (see Fig. 4, 60 min). The pathway by which
fluorescent lipid is transported beyond the ‘‘19°C block’’ to the
Golgi complex (Fig. 2, pathway IV) is unknown. One possi-
bility is that in normal cells, direct transport from the late
endosomes to the Golgi complex occurs, but transport to the
lysosomes is relatively minor. Consistent with this pathway are
the observations that (i) a fraction of endocytosed Shiga toxin,
a glycolipid-binding toxin, is transported to the trans-Golgi
network (33–36) during internalization and (ii) some exoge-
nous glycosphingolipid analogs are transported in part to the
Golgi complex during endocytosis (37, 38). In this model,
‘‘lipid sorting’’ between the Golgi and the lysosomes would be
altered in ML-IV cells, perhaps due to alteration of membrane
properties or lysosomal accumulation of endogenous lipids. A
second possibility is that some fluorescent lipid moves to the
Golgi complex by a nonvesicular pathway. This would be
consistent with the in vitro properties of BODIPY-Cer (spon-
taneous transbilayer movement and free diffusion between
membranes; ref. 39) and with its high affinity for the Golgi
apparatus (7, 23–25, 40). However, at the 60-min time point
shown in Fig. 4, only 6–7% of the C5-DMB-LacCer had been
hydrolyzed in both cell types (Table 1), suggesting that the
majority of Golgi f luorescence was due to C5-DMB-LacCer, a
lipid that does not exhibit spontaneous transbilayer movement
in vitro (unpublished observations).

Analysis of Endogenous Ceramide. Endogenous lipids from
normal and ML-IV cells were extracted and analyzed by
several different methods. In each method, we found elevated
levels of ceramide in ML-IV cells compared with normal
fibroblasts. This elevation of ceramide could be quantified by
using cells that were labeled to steady state with [1-14C]palmi-
tate and was found to be 5- to 12-fold higher than that seen in
normal cells. Lysosomal accumulation of various sphingolipids
and phospholipids has been extensively documented in ML-IV
cells, and now we report increased ceramide levels in this cell
type. Previous studies have shown that elevation of intracel-
lular ceramide (achieved by incubating cells with exogenous

FIG. 3. Recycling kinetics in normal vs. ML-IV cells. Normal (F,
■, and Œ) and ML-IV (E, h, and ‚) fibroblasts were incubated with
125I-Tfn for 60 min at 19°C, washed, and ‘‘acid-stripped’’ to remove any
labeled Tfn at the plasma membrane. The cells were then warmed to
37°C for various times after which the amount of cell-associated
125I-Tfn (surface, Œ and ‚; intracellular, ■ and h) and 125I-Tfn released
into the medium (F and E) was determined.

Table 2. Uptake of various markers into sorting endosomes

Marker Normal ML-IV

HRP, ngymg of cell protein 0.70 6 0.20 0.67 6 0.10
C5-DMB-LacCer, pmolymg

of DNA 6.10 6 0.90 6.80 6 0.20
125I-Tfn,* cpmymg of protein 0.974 6 0.083 0.970 6 0.042

Cells were incubated with the indicated marker for 1 hr at 19°C and
washed. For C5DMB-LacCer and 125I-Tfn, cells were then back-
exchanged or “acid stripped,” respectively, to remove any marker from
the plasma membrane before analysis.
*In a typical experiment, each sample contained at least, 1,000–1,500

cpm above background.
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short-chain ceramide analogs or by treating cells with sphin-
gomyelinase) can modulate transport along the secretory (41,
42) and endocytic (15) pathways. In the latter study, elevated
levels of ceramide induced a redistribution of lysosomes to the
perinuclear region of cells, reminiscent of the distribution of
lysosomes in ML-IV cells that appeared to be larger than in
normal cells and clustered about the nucleus (Figs. 1 and 4).
Elevated ceramide levels also partially inhibit both fluid-phase
and receptor-mediated endocytosis. Although this result
seems inconsistent with the enhanced lysosomal accumulation
of lipid found in the present study, the treatments described
above are likely to elevate ceramide throughout the cell,
whereas in ML-IV cells, increases in ceramide may be re-
stricted to the lysosomes. If so, its presence there could exert
a ‘‘local’’ effect on transport into and out of this organelle, as
observed in our study. Further studies on the distribution of
endogenous ceramide in ML-IV cells would help address this
question. Experiments to determine whether decreasing intra-
cellular ceramide (e.g., by use of inhibitors of ceramide
synthesis) affects the ML-IV phenotype are also of great
interest.

In summary, we have performed a detailed analysis of
transport through the endocytic and lysosomal compartments
of ML-IV cells and have shown that there is a defect in this cell
type that affects late steps in the endocytic pathway. This is in
contrast to the majority of endocytosis mutants described to
date that are defective in earlier steps in this pathway. Our
findings are consistent with the recent studies by Bargal and
Bach (4) who showed that although the degradation of exog-
enously supplied radiolabeled lipids was normal in ML-IV
cells, there was nevertheless accumulation in the lysosomes as
assessed by subcellular fractionation studies. A defect in in

sorting andyor transport along the late endocytic pathway,
rather than a defect in degradation might explain the absence

FIG. 5. Temporal changes in accumulation of C5-DMB-LacCer at the
lysosomes. Normal and ML-IV cells were incubated with blue dextran
and C5-DMB-LacCerydefatted BSA as in Fig. 4. Images were acquired at
each time point and the RyG ratio of individual lysosomes was quantified.
Attempts to quantify the RyG ratio at earlier time points were not reliable
because there was often substantial overlap of lysosomes and endosomes
in the same region of the cell at these times, making it difficult to generate
an appropriate ‘‘lysosome mask’’ for these calculations.

FIG. 4. Transport of C5-DMB-LacCer from sorting endosomes to lysosomes in normal vs. ML-IV cells. Normal or ML-IV cells were
preincubated with blue dextran to label the lysosomes. The cells were then incubated for 1 hr at 19°C with 5 mM C5-DMB-LacCerydefatted BSA,
washed, back-exchanged with 5% defatted BSA, and further incubated for the indicated times at 37°C. Samples were photographed in the blue
(dextran), green (BODIPY), and red (BODIPY) regions of the spectrum. (Inset) Bracketed regions show that some of the BODIPY-labeled vesicles
are coincident with the lysosomes of ML-IV cells (e.g., at arrows). Also, note the labeling of the Golgi complex (G) in normal but not ML-IV
fibroblasts at 60 min. (Bar 5 10 mm.)
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of massive buildup of materials as seen in other storage
diseases. This, in turn, could explain some of the unique
features of ML-IV such as (i) the lack of progression in clinical
manifestations of the disease and the apparent ‘‘steady state’’
attained by these patients for at least two to three decades of
life, (ii) the lack of organomegaly, despite the fact that
lysosomal storage is seen in the liver and spleen, as well as
other organs and tissues, and (iii) the unique spectrum of
stored materials that is unlike that in most other lysosomal
storage disorders.
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