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ABSTRACT

	

Diethylene glycol distearate is used as a removable embedding medium to produce
embeddment-free sections for transmission electron microscopy. The easily cut sections of
this material float and form ribbons in a water-filled knife trough and exhibit interference
colors that aid in the selection of sections of equal thickness . The images obtained with
embeddment-free sections are compared with those from the more conventional epoxy-
embedded sections, and illustrate that embedding medium can obscure important biological
structures, especially protein filament networks . The embeddment-free section methodology
is well suited for morphological studies of cytoskeletal preparations obtained by extraction of
cells with nonionic detergent in cytoskeletal stabilizing medium. The embeddment-free section
also serves to bridge the very different images afforded by embedded sections and unembed-
ded whole mounts .

Transmission electron microscopic (TEM)" images ofconven-
tional thin sections are influenced by the presence of the
embedding material to a degree not often appreciated . The
embedding resin, especially epoxy, scatters electrons very
much the way the embedded specimen does, rendering it
nearly invisible, except where heavy-metal stains are bound
(9) . The thin section is most effectively stained at its surface
(I1, 18) and is thus essentially a two-dimensional slice of
three-dimensional objects whose actual morphology can only
be reconstructed with difficulty . Such images formed from
exceedingly thin planes are excellent for visualizing many
biological structures but are inappropriate for examining
three-dimensional networks of protein filaments (5) such as
those constituting the cytoskeletal framework (i .e., surface
lamina and a protein filament network surrounding the chro-
matin-containing nucleus : reference 13) .
An alternate but under utilized method of electron micros-

copy, the unembedded whole mount, provides an image

'Abbreviations used in this paper:

	

DGD, diethylene glycol distear-
ate ; MDCK, Madin-Darby canine kidney; nBA, n-butyl alcohol;
TEM, transmission electron microscopy .

directly from the specimen without resort to heavy-metal
stains . In this procedure, the entire fixed, dehydrated, and
critical-point dried cell is placed in the electron beam path in
vacuo and biological material scatters electrons sufficiently to
form very high contrast images. The important differences
between stained, embedded sections and unstained whole
mounts has been discussed in detail by Wolosewick and Porter
(23, 24) for unextracted, fixed (i .e ., intact) cells .
The embeddment-free whole mount has proven essential

to the study of the cell architecture remaining after cells have
been extracted with nonionic detergent. This procedure re-
moves most lipids and soluble components leaving the cyto-
skeletal framework (for reviews see references 13 and 14) .
This entity, revealed by detergent extraction, retains the con-
figuration of the unextracted cell . Such preparations appear
quite empty of structural elements when viewed in the TEM
using epoxy-embedded thin sections . However, in the
unembedded whole mount, the anastomosing three-dimen-
sional network is visible (5) .
The whole mount preparation has important technical

limitations. The cell structures must be relatively thin and the
filament networks sufficiently sparse for, the images to be
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interpretable when the entire three-dimensional structure is
viewed. Sometimes the geometry of cells and cell structures
precludes the effective use of the cell whole mount . For
example, most mitotic cells are rounded and consequently
too thick to provide clear images of chromosomes and the
cytoskeletal network . The nuclear-cytoplasmic borders of de-
tergent-extracted cells are too dense to permit tracing the path
of a single cytoskeletal or nuclear matrix filament (13). In
addition, the familiar images of structures such as desmo-
somes, centrioles, and nuclear pores are based largely on the
two-dimensional images produced by the epoxy-embedded
thin sections which provide a view of the organelle in cross
section . These objects are often unrecognizable when seen in
three-dimensional whole mounts, which do not show the
typical cross-sectional view . An unembedded section is re-
quired to bridge the difference between the two very different
methods of imaging. The unembedded section methodology
would (a) remove extraneous cell material from the object of
interest and permit viewing in cross section, (b) result in
sharp, high contrast images, (c) permit visualization ofthicker
sections (because in the absence of embedding medium, the
electron beam could easily penetrate thicker specimens), and
(d) display many three-dimensional aspects ofthe specimen.
We report the use of diethylene glycol distearate (DGD,

[CH3(CHA6COZCHZ]ZO) as an embedding medium for ob-
taining easily handled thin or thick embeddment-free sections
for ultrastructural studies . This material has been used previ-
ously for light microscopy (1, 8, 17, 21, 22) .
The unembedded section was pioneered by Wolosewick

(25) using polyethylene glycol, but the DGD embedding
material used here offers several significant advantages over
the former medium . The advantages of the procedure de-
scribed in this report are (a) the much reduced brittleness and
consequent freedom from fracturing and crumbling when the
block is cut, (b) that sections can float on the water-filled knife
trough and ribbons of sections can be produced (this greatly
eases the problems of handling), and (c) that sections produce
interference colors allowing sections of equivalent thickness
to be selected . The embedding medium is then removed
without apparent damage to the biological material . In this
report, we describe the application of the procedure to the
morphological study ofthe detergent-extracted interphase and
mitotic cells.

MATERIALS AND METHODS

Cell Culture :

	

Suspension culture HeLa cells (CCL 2.2) were grown in
spinner bottles in Eagle's minimal essential medium supplemented with 7%
horse serum . Madin-Darby canine kidney (MDCK) cells, which form an
epithelial-like sheet in culture (16), were grown in Dulbecco's modified Eagle's
medium supplement with 10% fetal calfserum.

Collagen and Agar Preparation :

	

The collagen gel was prepared
by neutralizing an acidic solution of collagen to a final concentration of -1 .5
mg/ml and warming to 37°C. The agar gels were prepared by solubilizing agar
to 2% in water at 100°C and allowing drops of the solution to cool on coverslips.
Both were fixed and processed as the cells (described below) .

Cell Preparation and Embedding in DGD: The anchored
MDCK cells grown on glass Petri plates were processed in situ through extrac-
tion, fixation, and embedding (described below) .

Suspension-grown HeLa cells were usually pelleted and the pellet was
processed through the various solutions. Alternatively, both intact and deter-
gent-extracted cells were processed through fixation, dehydration, and embed-
ding by pouring the HeLa cell suspension into bags composed of four layers of
lens paper(Kodak, Rochester, NY) . The lens paperbags act as a filter, retaining
most of the cells and allowing the solution to pass through . Once these bags are
in an ethanolic solution, they are stable to disruption .

Intact cells were washed in PBS (4°C) and either fixed directly (described
below) to examine the unextracted cells or first detergent extracted at 4°C (5)
to produce the cytoskeleton . Cells were extracted with detergent in cytoskeletal
buffer (100 mM NaCl, 10 mM PIPES buffer [pH 6.8], 3 MM MgC1 Z, 300 mM
sucrose, 1 .2 mM phenylmethyl sulfonyl fluoride, 0 .5% Triton X-100) at 4°C .
The anchored MDCK cells and the suspended HeLa cells were exposed to the
extraction buffer for a time period whichallowed complete removal ofthe cell's
soluble components (for MDCK cells 10 min ; for HeLa cells, 3 min) . The
intact and detergent-extracted cells were fixed in 2% glutaraldehyde in cyto-
skeletal buffer for 30 min at 4°C . The cells were washed three times with 0 .1
M sodium cacodylate buffer, pH 7 .2, (10 min each wash). The cells were
postfixed with I% OsOa in sodium cacodylate buffer 0 .1 M for 5 min at 4°C
and subsequently washed in 0 .1 M sodium cacodylate. Alternatively, some of
the extracted HeLa cells processed through the bag method were not postfixed
(to prevent the bag disruption) . Postfixation with Os04 is not necessary for the
contrast of a TEM image since the image is formed directly by electron
scattering of the biological material . Rather it serves as an additional fixative
and as a stabilizer for the specimen in the electron beam . Careful comparison
showed no detectable difference in the images of specimens with and without
OsO4 aside from the greater stability of samples lightly fixed with OsO4.

The cells were dehydrated through a series of increasing ethanol concentra-
tions ending with three changes of 100% ethanol for I h each. Since DGD
(Polysciences, Inc ., Warrington, PA) is not soluble in ethanol, a transition fluid
is required . Although DGD is soluble in toluene, a standard transition fluid in
wax embeddment procedures (7), the preferred solvent is n-butyl alcohol (nBA)
which seems to afford a slightly better preservation of thin filaments in sections .
nBA has been used in other wax embeddment procedures (7).

Subsequently, the cells were immersed in a mixture of nBA/ethanol of 2 :1
and then 1 :2, followed by four changes ofnBA for 15 min each . Because DGD
is a solid at room temperature, it was maintained at 60°C to keep it molten
during the embedding procedure . The cells were transferred from 100% nBA
to DGD through a series of nBA/DGD mixtures of2:1 and then 1 :2, at 60°C,
10 min each, followed by three changes of 100% DGD for 1 h each . Cells
anchored on glass Petri plates were removed from the oven and the DGD was
allowed to harden . The glass Petri plates were then shattered with a hammer to
separate DGD-embedded cells from the glass. Small fragments of DGD con-
taining the MDCK monolayer were cut and mounted on blocks for ultramicro-
tomy. Fragments of DGD-infiltrated HeLa cell pellet and, alternatively, the
HeLa cells processed through DGD in lens paper bags (which were opened
under an infra red heat lamp) were transferred to embedding molds filled with
DGD which were then cooled at 23°C to allow the wax to harden .

Sectioning and Removal of DGD:

	

The DGD blocks were cut
using glass knives at anangle of 10° on an MT-211 Porter-Blum ultramicrotome .
After sectioning, both thick and thin DGD sections were placed on parlodion-
coated, carbon-stabilized grids coated with 0.1 % poly-t.-lysine to increase the
section adherence . The section-containing grids were stored overnight in a
dessicator. The DGD was then removed by immersing the grids in 100% nBA
at 23°C. Thin DGD sections (gold interference color) required three 1-h changes
ofnBA to completely remove the wax. Thicker DGD sections (purple interfer-
ence color) required longer times to remove the DGD with nBA. For sections
of still greater thickness (>_0 .5 jum), toluene was used intead (four 3-h changes
of toluene at 23°C). The grids were returned to 100% ethanol through a graded
series of transitional solvent ethanol mixtures, washed three times in 100%
ethanol, and then dried through the C02 critical point. Sections were examined
in a JEOL JEM 10011 electron microscope at 80 kV. The collagen and agar
specimens were processed as described, except that the detergent extraction was
omitted .

Preparation of Cell Whole Mounts : Cell whole mounts were
prepared as described previously (5) . Cells were grown on gold grids and then
detergent extracted, fixed, dehydrated, and critical-point dried.

Epon-Araldite Embedding: The cells were extracted, fixed, and
dehydrated as described above, then infiltrated with the resin through a graded
series of propylene oxide and plastic mixture followed by three changes (l h
each) of Epon-Araldite. The final infiltration with the epoxy mixture was done
overnight . The specimens were placed in embedding molds containing fresh
Epon-Araldite and allowed to polymerize in an oven at 60°C for 2 d. The
collagen and agar specimens were prepared as described above, except that the
detergent extraction was omitted . Thin sections (gold interference color) were
cut on a MT-211 Porter-Blum ultramicrotome using glass knives. Sections were
poststained with a 10% aqueous solution of uranyl acetate followed by Rey-
nolds's (15) lead citrate .

Section Thickness Estimation : In reflected light, DGD sections
produce a series of interference colors on water of the knife trough ; from
thinnest to thickest, the colors are gold, purple, and blue . We estimated the
section thickness of gold and purple interference sections as follows:

Wax sections of a given interference color were placed on grids or glass
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FIGURE 1 Comparison between
TEM images of epoxy sections
and embeddment-free sections of
collagen and agar gels . All sec-
tions produced a gold interfer-
ence color at the time of section-
ing. The Epon-Araldite sections
were poststained with uranyl ace-
tate and lead citrate . The embed-
ding medium was removed from
the DGD sections as described in
Materials and Methods . A colla-
gen gel was prepared and fixed as
described in Materials and Meth-
ods and embedded in Epon-Ar-
aldite (a) or DGD (b) . The epoxy-
embedded section (a) contains
many short filament segments
and dots (representing filaments
sectioned near to perpendicular)
while the embeddment-free col-
lagen section (b) shows an inter-
connecting filament network. A
2% agar gel prepared and fixed as
described in Materials and Meth-
ods was embedded in Epon-Ar-
aldite (c) or DGD (d) . These com-
parisons indicate that embedd
ment-free sections (b and d) produce a high contrast image that does not require heavy-metal stains . In contrast, epoxy-embedded sections
of agar (c) afford no visualization of the specimen since the polysaccharide does not stain with heavy metals . (a-d) x 10,000.

FIGURE 2

	

TEM image of an embeddment-free section of an unextracted HeLa cell . Cells were washed in PBS (4°C), sedimented
into a pellet, fixed with 2% glutaraldehyde in 0 .1 M sodium cacodylate (30 min, 4°C), and washed, and then poststained in 1%
Os04 in 0 .1 M sodium cacodylate, embedded in DGD, and sectioned to produce a gold interference color . Embedding medium
was removed as described in Materials and Methods . The image of the intact HeLa cell (a) is similar to those described by
Wolosewick (25) in tissue using polyethylene glycol . A nucleolus (Nu) can be observed in the nucleus (N) . The cytoplasmic region
contains mitochondria (arrows) and microvillí are visible at the cell periphery. x 11,000 . (b) The high power micrograph of an
unextracted HeLa cell shows the cytoplasm matrix with the microtrabecular lattice . Mitochondria (arrows) with cristae are clearly
identified . x 53,000.
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coverslips, and then latex beads of known sizes were applied and dried onto
the coverslips. The specimens were then coated with 12 nm ofgold/palladium
and examined in a scanning electron microscope (ISI DS 130) at a tilt angle of
80° (stereo micrographs were made) . The height of the latex beads was compared
with the height of the section in order to estimate the section thickness. Gold
interference color sections are 100-200 nm thick and purple interference color
sections are 200-400 nm thick.

RESULTS

A comparison of the images produced from embedded and
poststained sections and images of embeddment-free, un-
stained sections is shown in Fig . 1 . A collagen gel was pre-

FIGURE 3

	

DGD embeddment-free section of detergent-extracted
HeLa cells . The embedding medium was removed as described in
Materials and Methods . (bottom) A typical survey view of a thin
section (gold interference color) through detergent-extracted HeLa
cells . Some of the empty spaces within the cells are the result of
producing thin sections through a filament network from which
embedding medium is then removed (some unlinked filament
segments are lost ; see text) . The nucleoli (arrowheads), nucleus
(arrows), plasma lamina (double arrows), and internal cytoskeleton
are visible . x 3,500 . (top) Thick embeddment-free section (purple
interference color) of the nucleo-cytoplasmic border . The chro-
matin-containing nucleus is visible on the left (N) and the cytoskel-
eton (C) composed of a fine filament network is shown on the right.
x 120,000 .

pared, cut into small blocks, and fixed with glutaraldehyde
and osmium tetroxide . The blocks were dehydrated with
ethanol and infiltrated with Epon-Araldite or DGD, as de-
scribed in Materials and Methods. Gold interference color
sections were cut from the epoxy-embedded sample, placed
on grids, poststained with uranyl acetate and lead citrate, and
viewed by TEM. Gold interference color sections were cut
from the DGD-embedded material and collected on grids,
and then the embedding medium was removed and the sec-
tions were processed for electron microscopy as described in
Materials and Methods .
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The epoxy-embedded section (Fig. I a) shows separate,
unconnected filaments and numerous black dots, presumably
due to filaments at grazing incidence to the section surface
and those intersecting the section obliquely, respectively. In
contrast, the DGD preparation (Fig . 1 b) shows a sharp, high
contrast image of an interconnected filament network, as is
characteristic of a gel . Fig. I, c and d shows sections of a 2%
agar gel prepared as described for the collagen gel . Essentially
no structure is visible in the epoxy section (Fig. 1 c), though
care was taken to insure that a sample was present. Presum-
ably, the heavy-metal stains used have little affinity for the
polysaccharide polymers of the agar gel and thus do not
enhance the image. In contrast, the DGD section (Fig . 1 d)
shows the polymer network with great clarity, demonstrating
again the formation of a high contrast electron microscopic
image without the heavy-metal stains . These results point to
the utility of embeddment-free sections in the analysis of
biological specimens.
The TEM images obtained with DGD as an embedding

medium are identical to polyethylene glycol sections when
intact (i.e ., unextracted) HeLa cells are examined . Fig. 2, a
and b shows embeddment-free sections of an unextracted
HeLa cell prepared using DGD as the embedding material.
The nucleus, nucleolus, microvilli, and membrane-bound
organelles such as mitochondria are easily identified and the
image can be compared with similar preparations shown by
Wolosewick (25) . The fine meshwork seen when the soluble
proteins are not extracted, corresponding to the "microtra-
beculae" is shown in the higher magnification micrograph in
Fig . 2 b.
When cells were extracted with detergent, fixed, processed

into DGD, and sectioned, and the embedding medium was
removed (see Materials and Methods), the biological material
produced high contrast images in the TEM (Fig. 3) . Fig. 3,
bottom, is a typical low magnification survey view ofa section
through suspension HeLa cells which produced a gold inter-
ference color at the time of sectioning. The chromatin-con-
taining nucleus, the cytoskeleton, and remnant microvilli at
the periphery ofthe cytoskeleton can be observed. Fig. 3, top,
shows a higher magnification view of a thicker section (i .e .,
purple interference color) of a HeLa cell . When the embed-
ding medium is removed, even relatively thick sections can
be viewed with the penetrating power of an 80 kV electron
beam. This figure illustrates the distinct filament network
seen previously in detergent-extracted cell whole mounts (5).
The empty spaces encountered in very thin sections (i.e .,

gold interference color) illustrate a problem arising when
relatively open filament networks are cut to a thinness com-
parable to the average spacing between filaments. Since the
embeddment-free section is attached to the grid by means of
the filaments in contact with the supporting film, some fila-
ments traversing the sections lose their points of attachment,
and consequently, when the embedding material is removed,
these free filaments are lost . This is a consequence of section-
ing material from a fairly open network and then removing
the supporting medium . The loss of material becomes less
noticeable as the thickness of the section increases since the
fraction of filaments with no attachment point in the section
decreases.
Another view of the embeddment-free section is afforded

by the scanning electron micrograph in Fig . 4 . This shows a
thick section (purple interference color) of a detergent-ex-
tracted HeLa cell, after removal ofDGD, critical-point drying,
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and sputter-coating . The major structural features of the
sectioned cell are apparent (i .e ., the chromatin-containing
nucleus and the plasma lamina) . Moreover, no obvious rips
or gouges resulting from knife damage are apparent. This
sample is viewed at a 30° tilt and shows some of the plasma
lamina at its proximal edge . In addition, the critical-point
dried embeddment-free section has not collapsed onto the
surface ofthe grid .
A comparison of the images obtained from an epithelial

colony (MDCK) using an epoxy thin section, an unembedded
whole mount, and an embeddment-free section are shown in
Fig . 5 . Cells were detergent-extracted and prepared for TEM
as described in Materials and Methods . Equivalent regions of
an MDCK colony are shown at the same magnification . The
colonies were sectioned parallel to the culture dish surface so
that the direction ofviewing is equivalent in the three samples .
The epoxy thin section in Fig . 5 a shows well preserved
junctional complexes, but cell interiors show only a random
array of dots and some filament segments surrounding a
nucleus . There is little to suggest any organization of the
detergent-resistant cytoskeleton . The whole mount in Fig. 5 b
shows the existence and organization ofthe filament network,
but details cannot be observed because too many filaments
are superimposed (this results from the three-dimensional,
columnar cell shape viewed in two-dimension on the photo-
graphic plate) . The embeddment-free section, Fig . 5 c, shows
the nucleus with nucleoli (indistinguishable in the whole
mount). The cytoskeletal filaments are seen as an anastomos-
ing network throughout the cell interior and in a prominent

FIGURE 4

	

Scanning electron micrograph of a DGD embeddment-
free section of detergent-extracted HeLa cell . After removal of
embedding medium, this thick section (purple interference color)
was sputter-coated with 12 nm of gold-paladium . The sample was
viewed at 30° tilt to allow the observation of the surface lamina
(arrows) which is still intact after sectioning . The nucleolus (Nu),
nucleus (arrowheads), and the cytoskeletal framework are clearly
seen . The image also shows the uniform thickness of the section .
x 10,000 .



FIGURE 5

	

TEM images of (a) epoxy-embedded thin section, (b) unembedded whole mount, and (c) embedded-free section of
detergent extracted MDCK cells . MDCK cells were sectioned parallel to the substrate to afford a direction of viewing similar to
that of the whole mount . This section is through the apical part of the colony and thus the ovoid nuclei (N) are not at their
maximum diameter, as is indicated in the unembedded whole mount. In the epoxy-embedded specimen (a), the cytoplasm
appears to contain little material with no spatial organization . While the unembedded whole mount (b) demonstrates the existence
of the cytoplasmic network, the thickness of the cell precludes analysis of the spatial pattern of individual filaments . The
embeddment-free section (c) allows observation of the filaments' spatial organization . Filaments run parallel to the cell-cell border
(arrows) . The interior of the nucleus is now visible, which is not the case with the unembedded whole mount . (a-c) x 8,000 .
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FIGURE 6

	

Stereopair electron micrograph of embeddment-free section of a detergent-extracted mitotic HeLa cell . Microtubules
have been depleted by cold treatment during extraction . In the unembedded whole mount, cell thickness precludes this view .
In stereo, the embeddment-free section shows the cytoskeletal framework interacting with chromosomes at various points along
their length . x 9,000 .

bundle parallel to the cell-cell border.
The utility of the embeddment-free section is best shown

when applied to material that cannot be viewed in a whole
mount preparation . One example is the skeletal framework
ofthe mitotic cell, which in most cases is too thick and dense
for whole mount electron microscopy . Whole mount electron
micrographs of detergent-extracted mitotic PTK2 cells have
been obtained since these cells round up to a lesser extent
than most, but even in this case, visualization ofthe filament
network in association with the chromosomes was limited by
cell thickness (6).
The embeddment-free thick section (i .e., purple interfer-

ence color) ofa detergent-extracted mitotic HeLa cell is shown
in the stereo TEM micrograph ofFig . 6 . Microtubule elements
ofthe mitotic apparatus have been depleted by cold treatment
before and during extraction . This permits a clearer image of
the chromosomes and associated filaments since the view is
not obstructed by the microtubules. The chromosomes can
be observed in contact with elements of the cell's filament
network throughout their length . In addition, the stereo view
demonstrates that the section has not collapsed onto the
surface ofthe grid .

DISCUSSION
A simple and easily managed procedure for producing sec-
tions of cell material free of embedding medium has been
developed using diethylene glycol distearate (DGD) . The
methodology is particularly suited for the detergent-extracted
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cell preparations that are now used more routinely . There
appears to be good preservation of cell structure even when
the sectioned material is relatively empty and fragile, as is the
case with the cytoskeletal framework . The comparison be-
tween epoxy and DGD sections also shows that the embed-
ding plastic obscures much of the filament three-dimensional
structure of the cytoskeletal framework and this accounts for
the apparent discrepancy between the images from whole
mount electron microscopy of extracted cells and those from
conventional thin sections of the same material . The greatest
utility of embeddment-free sections is realized when they are
viewed by stereo microscopy .
The cytoskeletal framework of detergent-extracted cells is

essentially an empty structure consisting mostly of space-
filling filament networks . For this reason, the penetrating
power of the standard 80-kV electron beam is more than
adequate and the need for a high voltage electron microscope
is obviated with the embeddment-free section . Identical de-
tergent-extracted structures have been examined by Heuser
and Kirschner (10) using quick freeze, deep-etch technique
with very similar results.

The embeddment-free section characteristics permit ex-
amination of previously inaccessible material such as the
border between the nuclear interior and the cytoplasmic
filaments . Also, the ultrastructure ofvery thick material, such
as mitotic cells, cuboidal, and columnar epithelia, can be
viewed with all the advantages of an embeddment-free speci-
mens and with a resolving power possible from relatively thin



sections . Applications ofthis methodology to in situ hybridi-
zation (2, 4, 19), in situ translation (3) of mRNA in sections,
immunolocalizations (12), and other techniques previously
applicable only at the light microscopy level are now possible
with the resolution afforded by the electron microscope .
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