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ABSTRACT The organization of the endosome compart-
ment in BHK-21 cells was studied by using horseradish
peroxidase as a fluid-phase marker and Semliki Forest virus as
an adsorptive marker. Stereo pairs of semithin sections
(0.2-0.5 m) and computer-aided reconstruction and tracing
of serial thin sections (CARTOS) were used to obtain three-di-
mensional images of the labeled compartments. Two types of
labeled organelles could be observed: (i) small vesicles and
tubules (=50 nm in diameter) and (i) large complex structures
consisting of central vesicular elements (with diameters up to
0.5 pm) and associated systems of radiating tubules. The large
endosomes were located either in the peripheral cytoplasm or
in the perinuclear region, and, importantly, they existed as
independent organelles and not as an interconnected reticulum.
Each endosomal vacuole had two to seven tubules oriented in
random directions from the central vesicle. The tubules were
60-100 nm in diameter and up to 4 um in length. Morpho-
metric estimates indicated that 60-70% of the endosomal
membrane was in the tubules, in contrast to 30-40% of the
volume. No structural continuity between endosomes and Golgi
cisternae was observed, although elements of the two systems
were frequently found in close proximity.

Endosomes constitute a ubiquitous prelysosomal compart-
ment with critical functions in the endocytic pathway (1-3).
They serve as intermediates in the transport of endocytosed
ligands, fluid-phase components, and membrane components
to lysosomes; they are involved in the dissociation of
ligand-receptor complexes and the recycling of receptors and
other plasma membrane components; and they constitute the
major site for molecular sorting in the endocytic pathway
(2-9). In some cell types, they also are thought to be involved
in storage and processing of incoming ligands, regulation of
receptor expression on the cell surface, and the maintenance
of plasma membrane polarity (10, 11). Endosomes are, in
addition, the sites of entry for certain enveloped viruses and
bacterial toxins (12-15). Many of these functions depend on
the acidic endosomal pH generated, at least in part, by
proton-translocating ATPases (16-18).

Available data from thin-section and whole-mount prepa-
rations indicate that endosomes comprise an extensive sys-
tem of vacuoles and membrane-bounded tubules (4-9, 19,
20). Here we have investigated the three-dimensional struc-
ture of endosomes and their overall organization in the
cytoplasm by a combination of semithin-section electron
microscopy and by computer-aided reconstruction of serial
thin sections (CARTOS).

MATERIALS AND METHODS

Cells, Labeling, and Electron Microscopy. Baby hamster
kidney (BHK-21) cells were maintained in minimal essential
medium, Glasgow variation (G-MEM), with 5% fetal calf
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serum and 10% tryptose phosphate broth as described (12).
For electron microscopy, monolayers of cells were grown to
confluence (>48 hr) on 35-mm plastic tissue culture dishes.

Horseradish peroxidase (HRP; type II, Sigma) was used to
label BHK-21 cell endosomes or lysosomes. For endosomes,
the cells were incubated with HRP (10 mg'ml~! in G-MEM)
for either 15 min at 37°C or for 2 hr at 20°C (13, 17, 21). In
some experiments, the endosomes were labeled with both
Semliki Forest virus (SFV) and HRP; in this case, the cells
were first incubated with 30 ug of SFV per ml in G-MEM at
0°C for 1 hr. The cells were then washed with 0°C medium and
warmed to 37°C for 15 min in G-MEM containing HRP at 10
mg'mi~! (13). To label the lysosomes, the cells were incu-
bated with HRP for 15 min as above, washed, and then
returned to culture for 2 hr in complete medium without HRP
(13, 17). After the cells were labeled, they were washed
rapidly with HRP-free medium and fixed for 30 min with cold
2.5% glutaraldehyde in 200 mM cacodylate buffer (12).

To visualize internalized HRP, fixed cells were washed
with 200 mM sodium cacodylate (pH 7.2) containing 7.5%
sucrose and were incubated with 0.1% diaminobenzidine
dissolved in the same buffer. The reaction was initiated by
adding H,0, to 0.01% (1, 7). After 1 min in the dark, the
diaminobenzidine solution was removed and the cells were
washed, post-fixed with OsQ,, block-stained with uranyl
acetate, dehydrated with ethanol, removed from the plastic
with propylene oxide, and embedded as described (22).
Semithin (0.25 um) and thin sections (50 nm) were examined
on a Phillips 400 electron microscope at 80 kV (thin) or 100
kV (semithin).

CARTOS. The CARTOS system for the reconstruction of
serial sections has been described (23). Electron micrographs
from serial sections were successively aligned in the x and y
axes by correspondence with a suitably oriented starting
frame. Image alignment was facilitated by using a video
display monitor and storage system to alternately display the
sample image and a stored image of the previous section.
When aligned, the sample was photographed onto 35-mm
film, and the video image of the sample was made the
reference image for the next section. The aligned 35-mm
movie served as the source for the reconstructions. Each
frame was projected on a Vanguard film monitor equipped
with a sonic digitizer; contours of interest were traced by
hand with a digitizer probe, and the coordinates of these
contours were entered into the files on a Codata microcom-
puter (CARTOS loaner system) or a PDP 11/34. Subsequent-
ly, these files were assembled by the CARTOS programs
residing on a VAX 780 computer at Columbia University
(New York, NY). An Evans and Sutherland picture system
2 was used to display the reconstructed images, and photo-
graphic images of selected orientations were taken directly
from the screen.

Abbreviations: HRP, horseradish peroxidase; SFV, Semliki Forest
virus; CARTOS, computer-aided reconstruction of serial thin sec-
tions.
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The CARTOS system is considerably more versatile than
conventional modeling procedures. Reconstructions, such as
the one illustrated in Figs. 5 and 6, can be completed in 3 hr,
and the traces can be rapidly checked and edited. Further-
more, the picture system enables the entire reconstruction, or
selected areas, to be examined by rotation about any chosen
axis.

Stereology. Standard stereological techniques were used to
quantify the relative distribution of membrane surface and
internal volume associated with the vacuolar and tubular
domains of the endosomes. HRP-positive endosomes in
semithin sections or computer reconstructions (derived from
thin sections) were analyzed by overlaying the images with a
test grid consisting of 1-cm squares. The volume fraction was
given by the frequency with which grid intersections fell
within the vacuoles or tubules, and a surface area fraction
was given by the frequency with which grid lines intersected
with the limiting membrane of the vacuoles or tubules (24,
25). The tubular domains were defined as any HRP-labeled
structure with an apparent diameter of <100 nm; all other
labeled structures were classified as representing the vesic-
ular domain. Since only relative surface and volume esti-
mates were required, corrections for section thickness were
not made (26).

RESULTS

Endosome Labeling with HRP and SFV. Endosomes do not
have intrinsic properties that enable their unequivocal mor-
phological identification. Consequently, endocytosed tracers
such as viruses, colloidal gold conjugates, HRP-conjugates,
and HRP have been used as functional markers (4-9, 19, 20).
In our previous studies, we have used SFV, which is
internalized by adsorptive endocytosis in BHK cells (10, 11,
27). However, the virus particles may not label all endosomes
or be evenly distributed within individual endosomes. There-
fore, in this study, we used a fluid-phase marker, HRP, which
should be freely diffusible within endosomes and thus act as
a marker for the entire compartment. Our previous studies on
virus entry and endosome acidification have shown biochem-
ically, by cell fractionation and by morphology, that BHK-21
cell endosomes are labeled with fluid-phase markers when
cells are incubated for 15 min at 37°C or for 2 hr at 20°C (13,
17). In these cells, both fluid-phase and receptor-mediated
endocytosis occur predominantly through coated pits and
coated vesicles (28).

To confirm that HRP and SFV enter the same endosomes,
cells were allowed to internalize both markers either at 20°C
(2 hr) or for 15 min at 37°C. After fixation, the cells were
treated with diaminobenzidine, embedded, and processed for
thin-section electron microscopy. The electron dense
HRP/diaminobenzidine staining was found in large (200-500
nm) profiles of irregular outline, shown later to represent
vacuoles, and in small (50-100 nm) circular or elongated
profiles, frequently located close to the large vacuoles and
probably representing either vesicles or tubules. As previ-
ously described (13), some of the vacuoles contain vesicular
profiles and are referred to as multivesicular endosomes. The
reaction product was found in all SFV-containing endosomes
(Fig. 1) and in some compartments lacking SFV, indicating
more extensive labeling of endosomes with HRP. The viruses
were preferentially located in the larger profiles, whereas
HRP stained both large and small structures.

Endosome Morphology in Semithin Sections. The endosome
compartment viewed in thin sections appeared as a hetero-
geneous population of different-sized profiles. To gain a
better understanding of the overall spatial organization of
these structures, we observed labeled endosomes in sections
thick enough to contain a large portion of an endosome. Such
semithin sections were particularly informative when viewed
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Fi16. 1. Ligands internalized by fluid-phase endocytosis (HRP)
and receptor-mediated endocytosis (SFV) enter the same endo-
somes. BHK cell monolayers on coverslips were incubated with 30
ug of SFV for 1 hr at 0°C in MEM. The cells were washed and
warmed to 37°C in G-MEM containing HRP at 10 mg'ml~! for 15 min.
Subsequently, the cells were washeéd, fixed, and processed as
described. Both SFV particles and HRP/diaminobenzidine reaction
product are found within the same endosomal organelles. (x40,500.)

as stereo pairs, since they immediately indicate the shape and
connections of the bodies represented by the various profiles
seen in thin sections. Fig. 2 is a stereo pair of HRP-labeled
endosomes in a 0.25-um section; the label is contained in
complex vesicular structures, which can be located in both
the peripheral and perinuclear regions of the cells. No
morphological distinctions could be made¢ between endo-
somes in these different locations. Rather than a set of
independent structures, the endosomes appeared as large,
elaborate organelles with a central vacuolar body (300-500
nm in diameter) and several randomly oriented tubular
extensions (50-60 nm in diameter and up to 4 um in length).
Accordingly, most of the smaller circular and elongated
profiles seen in the thin sections were, in fact, part of these
tubular extensions and, thus, connected to the larger
endosomal vacuoles. Fig. 3 illustrates a group of perinuclear
endosomes adjacent to the nuclear membrane and to several
profiles of stacked Golgi cisternae. Again the vesicular
components and extensive tubular systems can clearly be
seen.

The semithin sections are useful for illustrating the three-
dimensional organizations and complexity of the organelles.
However, these sections can be misleading if the superim-
position of images gives the impression of interconnection
between structures (Fig. 2, uppermost two endosomes; Fig.
3, arrows). We could not distinguish between thése two
possibilities in stereo pairs of semithin sections or in thicker
sections (0.5 um) viewed by high-voltage electron microsco-
py. Hence, we have used computer-aided reconstruction of
thin sections to obtain high three-dimensional resolution.

Reconstruction of Serial Thin Sections. Endosomes were
reconstructed from serial thin (50 nm) sections by using
CARTOS, an advanced graphics display program. One sec-
tion from a consecutive series used for reconstruction is
shown in Fig. 4. The contour coordinates of the HRP-
containing vesicles were traced for each section, and the
complete series was reconstructed and displayed on an Evans
and Sutherland picture system 2. A group of three endo-
somes, obtained from one series of 18 sections, is shown in
Fig. 5. The endosomes consist of a 200- to S00-nm vacuole
portion from which extend a number of tubular processes,
50-60 nm in diameter. The central endosome is contained
completely within the series and is not connected to struc-
tures outside these sections or to adjacent endosomes. The
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rotation facility of the Evans and Sutherland picture system
enables the reconstructions to be viewed from different
perspectives. In Fig. 6 the three endosomes in Fig. 5 have
been rotated through 280°; the figure illustrates the point that,
although the endosomes are independent structures, they
may overlap and appear to be connected in some orientations
(see Fig. 6C, arrow).

We have now reconstructed four series of sections con-
taining a total of 16 complete endosomes; in one series, 8
complete endosomes were reconstructed. Each endosome

FiGc. 3. Semithin-section electron micrograph of endosomes.
BHK-21 cells were labeled as in Fig. 2. The endosome profiles in the
perinuclear region of the cell are seen in close proximity to stacked
cisternae of the Golgi complex. Arrows indicate tubular structures
that may connect adjacent endosomes. N, nucleus. (x32,000.)
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Fi1G. 2. Stereo-paired semithin-section
electron micrographs of HRP-labeled endo-
somes. BHK-21 cells were incubated with
HRP at 10 mg'ml~! for 15 min at 37°C, fixed,
and processed for electron microscopy.
Semithin sections (0.25 um) were cut and
viewed without staining. The HRP/diamin-
obenzidine reaction product can be seen in
an elaborate system of vacuoles and tubules.
(x18,000.)

had from two to seven associated tubules (approximate mean
of six) with apparently random orientation. Upon analysis of
the rotated images, we have not observed the tubules to
connect individual endosomes. Although this analysis does
not exclude the possibility that connections may exist tran-
siently, it is clear that such connections are not frequent,
even between closely apposed organelles. We conclude that
the endosome compartment in BHK-21 cells, processed as
described, is not an extensive reticulum but rather a set of
individual organelles with complex morphology.

The thin-section reconstructions and the semithin sections
have enabled us to examine both the organization and the
spatial relationships between endosomes and other morpho-
logically identifiable organelles. For example, perinuclear
endosomes were often closely apposed to Golgi cisternae
(e.g., Fig. 3). However, in reconstructions, we have not

Fi1G. 4. Thin-section electron micrograph of endosomes. BHK
cells were labeled and processed as described for Fig. 2, and 50-nm
sections were cut. A representative section shown here displays a
collection of HRP/diaminobenzidine-stained small vesicles in addi-
tion to several larger vacuolar structures. N, nucleus. (X29,600.)
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Fi1G. 5. CARTOS reconstruction of HRP-labeled endosomes.
Eighteen serial sections (one of which is shown in Fig. 4) were used
to reconstruct HRP-labeled endosomes by using the CARTOS
system. The reconstructed image was displayed, with the hidden
lines removed, on an Evans and Sutherland picture system and
photographed directly from the screen. (x16,200.)

observed continuity of HRP-labeled endosomes with Golgi
stacks.

Given the structure of the endosome, it seemed likely that
most of its surface area was contained in the tubular exten-
sions. This impression was confirmed by stereological anal-
ysis in both reconstructed images and semithin sections.
From both measurements, we estimated that the tubules
contained 60-70% of the total endosome surface area. In
contrast, only 30-40% of the volume was located in the
tubules, indicating that most of the endosome’s fluid content
(up to 70%) was contained in the vesicular portion. Since
corrections for section thickness were not included, it is
likely that the tubule volume was overestimated relative to
the volume fraction contained within the vesicles (26). The
determination of precise values must await a more detailed
morphometric analysis.

In addition to the large vacuole/tubule system, we also
observed in the reconstructions a number of profiles present
in only one or two sections (see Fig. 5). These were usually
short tubules or circular profiles of about 50-nm diameter.
Thus, not all the HRP-positive small vesicular or tubular
images seen in the thin sections were derived from sectioned
extensions of larger endosomes but appeared to constitute
separate structures.

Morphology of Lysosomes. In BHK-21 cells, internalized
SFV and HRP are delivered to lysosomes after passing
through the endosome compartment (13, 17, 28). We have
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established conditions to label the lysosome compartment
with fluid-phase markers, and these organelles can be dis-
tinguished from endosomes by cell fractionation (17). In
semithin sections (not shown), the lysosomes appear as
nearly spherical bodies, often multivesicular, with very few
of the tubular profiles that characterize the endosomes. The
labeled organelles tended to be located in the perinuclear
regions of the cells. On reconstruction, the lysosomes appear
as a series of distirict, almost spherical, organelles (Fig. 7).

DISCUSSION

Previous studies using thin sections, whole-mount prepara-
tions, and frozen sections have shown that endosomes are
organelles of considerable structural complexity (4-6, 8, 9,
13, 19, 20). The tubular extensions, the multivesicular
vacuoles, and the dual distribution in the peripheral and
perinuclear (centrosomal) regions are common features ob-
served in many cell types (2). Here we describe the three-di-
mensional structure of BHK-21 cell endosomes identified by
labeling with horseradish peroxidase. Our labeling criterion is
based on a functional definition of endosomes as an early
acidic endocytic compartment, which is the site of SFV
penetration and which by cell fractionation can be biochem-
ically distinguished from lysosomes and other organelles (2,
13, 17, unpublished data).

The results show that endosomes are morphologically
complex organelles composed of a large vacuolar component
and a number of associated tubules. The endosomes are not
extensively interconnected and the tubules do not form an
anastomosing reticulum. Furthermore, the studies indicate
that most of the membrane surface area of endosomes
residues in the tubular extensions, whereas the bulk of the
endosome’s volume is contained in the large vacuolar com-
ponents. Given the complex structure and close proximity of
endosomes to each other, this information ¢ould not have
been derived by previously applied techniques. The studies
illustrate the problems inherent in trying to determine the
three-dimensional spatial organization of organelles from
two-dimensional images and demonstrate the advantages of
using a computer-based system to rapidly assemble and
display reconstructed images in a form that can be viewed
from all possible orientations.

The three-dimensional reconstruction showed the pres-
ence of small HRP-positive vesicles (about 40 in a region
containing four endosomes) that were not connected to any
larger membrane organelles. In view of the extensive mem-
brane traffic and recycling occurring in the cell, the existence
of such vesicles is not unexpected. Vesicles derived from the
tubular extensions have been invoked to explain the selective

FiG. 6. Rotation series of reconstructed endosomes. The endosomes illustrated in Fig. 5 were rotated and displayed in different perspectives
on the Evans and Sutherland picture system. This series was orienited around a vertical axis. Rotations were 0° (4), 95° (B), 208° (C), and 286°
(D). The arrow indicates overlapping structures that appear to connect. (X12,100.)
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Fic. 7. CARTOS reconstruction of HRP-labeled lysosomes.
BHK-21 cells were incubated with HRP at 10 mg':ml~? for 15 min at
37°C, the HRP-containing medium was removed, and incubation was
continued for 2 hr in HRP-free medium; the cells then were fixed and
processed for electron microscopy, and the sections were recon-
structed and displayed with the hidden lines removed. The lysosomes
appear as free, nearly spherical structures. (x16,200.)

recycling of internalized membrane and receptors back to the
plasma membrane (5, 8, 24). Moreover, HRP-positive vesi-
cles are expected to occur as primary endocytic vesicles
derived from the cell surface. The possibility that our results
arise as a consequence of aldehyde-induced changes in
morphology cannot be ruled out. However, the fact that
extensive tubule systems are maintained after fixation and
the fact that vesicles do not appear to be physically related to
adjacent structures suggest that major alterations have not
occurred. Previous studies, which by two-dimensional anal-
ysis have suggested extensive interconnections between
endosomes, also relied on aldehyde fixation (4, 5).

That endosomes can constitute separate and independent
organelles is important because it bears directly on their
functions in the endocytic pathway. As separate membrane
compartments, individual endosomes can display heteroge-
neity in composition, contents, and function. For example,
the pH and ionic conditions may vary among individual
endosomes; such variation would be reflected in differential
effects on incoming ligand-receptor complexes, viruses, etc.
It is already known that ligands internalized into endosomes
may encounter decreasing pH conditions during their transit
to lysosomes (18, 27, 29), a finding difficult to reconcile with
a continuous, interconnected endosome compartment. Sim-
ilarly with lysosomes, connections do not exist once
lysosomal hydrolases are restricted to a subset of organelles.
However, functional continuity must occur within the
endocytic pathway to explain transit, and it can be assumed
to be established by vesicular carriers, short-lived connec-
tions, or direct fusion.

Ligands internalized by receptor-mediated endocytosis
are, as arule, first routed into the peripheral endosomes and
appear in the perinuclear endosomes some time later. Wheth-
er the transport occurs by carrier vesicles or by the move-
ment of peripheral endosomes into the central cytoplasm
remains an open question. Time-lapse photomicrographs of
Cohn and co-workers (30-32) on macrophages and Herman
and Albertini (33) on granulosa cells support the concept,
however, that vectorial movement of endosomes from the
periphery towards the nucleus can occur.

The reconstruction of complete large endosomal structures
in three dimensions showed approximately six tubular ex-
tensions per endosome vacuole; in most cases, these ap-
peared to be randomly oriented from the central body. The
tubules accounted for about two-thirds of the surface area but
only one-third of the volume. The estimate of surface to
volume is consistent with the concept that the endosomal
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tubules mediate the recycling of membrane to the cell
surface, while simultaneously allowing retention of most of
the content (1, 34, 395).
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