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ABSTRACT To investigate the detailed distributions of
microtubules in cultured cells and intact tissues we developed
a reversible embedment method for antibody labeling of
sectioned material. Fixed tissues were infiltrated with fully
polymerized polymethyhmethacrylate dissolved in an organic
solvent. Evaporation of the solvent left the tissue embedded in
hard plastic. After sectioning by conventional methods, the
plastic was extracted and sections were processed for indirect
immunofluorescence to label microtubules. Clear images of
microtubules were observed in sections of cultured epithelial
cells, intact chick intestinal epithelium, and dividing sea urchin
eggs. Microtubules in the differentiated epithelium of the chick
intestine generally paralleled the long axis of the cells and did
not focus on a microtubule-organizing center. Mitotic cells of
the intestinal epithelium appeared similar to the mitotic cells of
epithelial lines in culture. In sections of dividing sea urchin eggs
detailed images of spindle and astral fibers were revealed.
Immunoelectron microscopic labeling for tubulin was per-
formed on sections of Pt K1 cells using secondary antibodies
adsorbed to 20-nm gold particles. Semi-thick sections viewed
by high-voltage electron microscopy showed both the overall
distribution of microtubules and their detailed interactions
with other cellular organelles. Mitochondria were often aligned
along labeled microtubules. Reversible embedment cytochem-
istry should provide a general method for high resolution
labeling of cells and tissues with affinity probes.

The distribution of cellular microtubules is conveniently
revealed through the use of antibodies coupled to markers
that can be visualized by light or electron microscopy. In
whole mount immunofluorescence of cells grown on cover-
slips, individual microtubules are ordinarily resolved only in
thin cellular processes. Often these same cells round up in
mitosis, further obscuring the pattern of individual
microtubules. The resolution in thicker regions of cultured
cells can be improved by labeling cells, embedding them in
plastic, and cutting sections <1 u.m (1). For intact tissues,
where the penetration of antibody probes is more limited,
postembedding labeling of sectioned material is more com-
mon. However, the paraffin or cryostat sections used in
classical immunocytochemistry are simply too thick (>2 ,um)
to allow clear observation of single microtubules.
At the electron microscopic level, the conflicting demands

of probe visibility and specimen contrast and of antigen
accessibility and structural preservation render many im-
munolabeling techniques laborious and/or unreliable. Even
peroxidase, a small marker, often shows only limited pene-
tration into intact pieces of tissue (2). Special tissue perme-
abilization treatments can aid the penetration of immunolog-
ical reagents (3-5), but the larger probes (e.g., ferritin and

very small gold particles) penetrate even more poorly and
give limited contrast, making visualization possible only at
very high magnifications. Tracing the extended arrays of
cytoskeletal elements is also limited by the necessity to
observe thin sections which contain only a small fraction of
the microtubules present in a cell.
One approach toward minimizing the problem of antigen

accessibility has been to develop post-embedding methods
for high-resolution immunoelectron microscopy. Commonly,
antibodies coupled to electron-dense markers are applied to
thin sections of samples embedded in Epon (6-10) or various
acrylic plastics (11-18). However, since the plastic remains
during labeling, antibodies apparently bind only to those
antigens exposed at surfaces of the section (19). Although
useful for labeling antigens in membranes or vesicles, such
techniques are generally inappropriate for cytoskeletal ele-
ments since these filaments are very thin and tend to lie
within the section.

This limitation has been partially overcome for light and
electron microscopic immunolabeling through the use of
reversible embedding procedures, in which the embedment is
removed after cutting semi-thick (<1.0 ,um) or thin sections.
Most commonly, tissues are supported for sectioning or
fracturing by embedment in ice (20-26) or in a hard wax such
as polyethylene glycol (PEG) (27, 28). Subsequently, the
embedding medium is removed and antibodies are applied.
Parysek et al. (29) using PEG embedding, recently produced
immunofluorescent images apparently showing individual
microtubules in semithick sections of mouse tissues. How-
ever, ultracryotomy and wax embedding have certain limi-
tations. Specialized equipment is necessary for ultracryoto-
my. Both ice and PEG embedments require nonstandard
sectioning procedures that preclude, for all practical purpos-
es, the production of long ribbons of serial sections or
sections of tissue culture cells cut parallel to the substratum.
Moreover, the ultrastructural preservation obtained by these
procedures has appeared generally inferior to that seen in
conventional epoxy sections.
We present here an examination of microtubule arrays in

sections of tissue culture cells and intact tissues using an
embedding technique that we have named reversible embed-
ment cytochemistry (REC). The advantages of this method
include maximization of antigenicity by embedment of tis-
sues in plastic without exposure to polymerization reactions
and the simplification of sectioning procedures. Intense
immunofluorescent labeling of microtubules was obtained in
sections of cultured cells cut parallel to their substratum, in
sections of chick intestinal epithelium, and in sections of a

Abbreviations: MTOC, microtubule-organizing center; REC, revers-
ible embedment cytochemistry.
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very large cell-a mitotic sea urchin egg. Finally, in sections
of cultured cells immunolabeled using colloidal gold, we
observed intense labeling of microtubules and fine ultrastruc-
tural preservation.

MATERIALS AND METHODS
Fixation and Dehydration. Cells of the Potorous tridactylis

kidney cell line (Pt K1) and cells of the Madin-Darby canine
kidney cell line (MDCK) were grown on coverslips and fixed
at room temperature for 30 min with 1.0% glutaraldehyde
(vol/vol) in 0.1 M Hepes, pH 7.2. They were then treated for
5 min in 0.1% Triton X-100 in 0.1 M Hepes, rinsed, and placed
into NaBH4 at 1 mg/ml H20 for 30 min. Pieces of small
intestine from newly hatched chicks were fixed for 90 min in
0.1% glutaraldehyde, 4.0% paraformaldehyde (wt/vol) in 0.1
M Hepes. Fertilized sea urchin eggs (Strongylocentrotus
purpuratus) were fixed in 1.0% glutaraldehyde (vol/vol) in
0.4 M sodium acetate, 25 mM EGTA, 5 mM MgCl2, pH 6.2.
Cells or tissues were rinsed in the appropriate buffer, dehy-
drated through a graded acetone series, and placed in
dichloromethane. Absolute acetone and dichloromethane
were stored over molecular sieve.
Embedding, Sectioning, and Extraction. The embedding

compound (EC) was prepared by dissolving 120 g of
polymethylmethacrylate (Plexiglas, grade MC; Rohm and
Haas) and 6 ml of dibutyl phthalate in 600 ml of dichloro-
methane. The compound was stable at least 1 year at room
temperature. For infiltration cells or tissues were gently
agitated in a 1:3 mixture of EC and dichloromethane for 1 hr

in a 1:1 mixture for 2 to 4 hr, and in complete EC overnight.
Samples were transferred to scintillation vial caps (25 mm in
diameter and 12 mm high made of either polyethylene or
polypropylene) and covered with EC to a depth of -5-fold the
thickness of the sample. The caps were placed in the fume
hood together in a glass Petri dish and loosely covered to
maintain a high solvent-vapor concentration above the sam-
ples. This served to maintain the surface of the EC liquid
during evaporation. After 8 to 12 hr the slightly soft plastic
was pried from the caps and left uncovered in the fume hood
for several more hours until the plastic was fully hardened.
Embedded tissues were cut out with razor blades and glued
to Epon blocks. Samples were sectioned 0.25- to 0.75-,um
thick with glass knives onto water-filled troughs. Sections
were collected on polylysine-coated coverslips for im-
munofluorescence or on Formvar/carbon-coated nickel grids
for immunogold labeling.

Sections of tissue culture cells were dried down and the
plastic was extracted by immersion of coverslips or grids in
acetone for 10 min. For intestine and egg sections, better
labeling was obtained when sections were left on small drops
of water on coverslips. Before the sections had dried down
the coverslips were carefully immersed in a 3:1 mixture of
chloroform and acetone and then were incubated for 60 min
until the plastic had dissolved, and the water had dispersed
depositing the sections on the coverslips. After rinsing in
acetone and ethanol the sectioned tissues were treated with
NaBH4 at 1.0 mg/ml ethanol overnight. The sections were
rinsed in H20 before immunolabeling.

Immunolabeling. Immunofluorescent labeling was per-

FIG. 1. Microtubule patterns in interphase cells and tissues. Indirect immunofluorescent (a) and phase-contrast (b) images of0.5-,um sections
of interphase Pt K1 cell immunolabeled for tubulin. Distinct labeled fibers course through the cytoplasm. Many are focused at the
microtubule-organizing center (MTOC) (arrow). Very short labeled fibers are the result of microtubules that run only a brief distance in the plane
of the section. Indirect immunofluorescent (c) and phase-contrast (d) images of 0.5-,um section of chick intestinal epithelium. Two rows of cells
from adjacent villi are closely apposed but separated by a narrow gap (arrowhead) that is continuous with the intestinal lumen. Microtubules
generally parallel the long axes of cells ending abruptly at the terminal web. The microtubules are apparently not focused at a MTOC. (Bars
= 10 ,um; a and b, x1500; c and d, x2000.)
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formed by standard procedures (30) using a rat monoclonal
anti-tubulin antibody (a gift from John Kilmartin, Medical
Research Council, Cambridge, England) and a fluorescein-
ated goat anti-rat antibody (Cooper Biomedical, Malvern,
PA). After labeling the coverslips were air-dried, mounted in
10% polyvinyl alcohol containing p-phenylenediamine at 1
mg/ml and observed with a Zeiss Universal microscope
equipped with epifluorescence optics.

Sections on grids were labeled by the immunogold proce-
dure of DeMey (31) except that incubation with the gold-
conjugated secondary antibody was done for 6 to 8 hr. After
labeling, grids were washed with water and postfixed with
0.1% osmium tetroxide, 1.0%6 uranyl acetate (wt/vol). Grids
were rinsed in water, dehydrated in acetone, and dried by the
critical point method incorporating the precautions advised
by Ris (32). Samples were observed at 1 MV with an AEI-7
high-voltage electron microscope.

RESULTS
Typically, immunofluorescence images of cultured cells are
obtained from whole mount preparations. In these prepara-
tions, microtubules can be identified as long fibers but they
are clearly resolved only at the cell periphery (33). In the
nuclear region, the cell thickness (5-10 Arm) and the number
of microtubules (upward of a hundred) have precluded the
visualization of single fibers. Using the REC method, we

visualized the microtubule network in sections of cultured
interphase epithelial cells with indirect immunofluorescence
(Fig. 1 a and b). Individual fibers, presumably single
microtubules, were clearly resolved throughout the cyto-
plasm even near the cell nucleus. Some microtubules that
extended only a brief distance in the plane of the section
(0.5-gum thick) appeared as very short labeled fibers.
The REC method also permitted us to examine the

microtubule network in epithelial cells in intact tissues. Fig.
1 c and d shows a section of chick intestinal epithelium
decorated with anti-tubulin. Microtubules parallel the long
axes of the cells and terminate abruptly at the terminal web.
Unlike the cells in culture, the microtubule pattern in the
epithelial cells in tissue is apparently not focused at a MTOC.
The mitotic pattern of microtubule organization was ana-

lyzed in a variety of cell types. The cultured cell line, MDCK
(Fig. 2 a and b), was selected because it self-organizes in vitro
into an epithelial colony exhibiting cell junctions and api-
cal-basal polarity (34, 35). Again, the chick intestinal epithe-
lium (Fig. 2c) was our example ofan intact tissue, and the sea
urchin egg (Fig. 2d) was used to test the method on a very
large cell (75-,um diameter). In each instance, clear images of
mitotic spindles showing astral and chromosomal fibers were
obtained. The organization of the mitotic spindle in the cells
of the intestinal epithelium was similar to that of mitotic
MDCK cells. The REC method permitted us to track
microtubule fibers from the aster of the sea urchin egg all the

FIG. 2. Mitotic spindles in cells and tissues. Indirect immunofluorescent (a) and phase-contrast (b) images ofa 0.5-,um section ofa metaphase
MDCK cell immunolabeled for tubulin. Spindle fiber bundles and astral fibers extending from the centrosomes are evident. (c) Indirect
immunofluorescent image of a 0.75-Mm section of an intestinal epithelial cell in late anaphase immunolabeled for tubulin. Long labeled fibers
extend from pole to pole. (d) Combined immunofluorescent and phase-contrast images of a 0.75-,um section of a sea urchin egg in first-division
anaphase. This photograph was printed using a darker fluorescent exposure for the lower half-spindle to highlight the spindle fibers and a lighter
exposure for the upper half-spindle to better visualize the astral microtubules extending from the centrosome to the vicinity of the egg surface
(arrows). The egg surface has been rendered visible in the photograph by superimposing the phase-contrast image ofthe section on the fluorescent
image. (Bars = 10 ;im; a and b, x2200; c, x3000; d, x1600.)
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way to the cell surface, an observation not previously
possible with whole mount techniques (36).
At the electron microscopic level, sections of Pt K1 cells

treated with anti-tubulin followed by a secondary antibody
adsorbed to 20-nm colloidal gold particles revealed intensely
labeled tracks of microtubules (Fig. 3). The fine structure of
the unlabeled cytoskeletal filaments was well preserved.
Since the embedding plastic is removed in the REC method,
the contrast of cytoplasmic structures is greatly increased,
facilitating observation of even relatively thick sections.
While low contrast immunolabels such as ferritin-linked
antibodies would be difficult to discern, 20-nm gold particles
were easily visualized even at low electron microscopic
magnification. Hence, both the overall pattern of labeled
microtubules and the specific interactions of organelles with
microtubules are available for study. In Fig. 3b, mitochondria
are seen clearly associated with microtubules, and in Fig. 3c,

the spindle and astral fibers of mitotic cells are heavily
labeled, although the gold particles are packed too densely to
track individual microtubules.

DISCUSSION
We have developed a post-embedding immunolabeling tech-
nique with increased resolution, range of applicability, and
ease of use. No specialized equipment or skills are required.
Unlike methods that utilize epoxy or other acrylic resins,
REC involves no chemical polymerization and crosslinking.
Thus, antigenicity of target molecules is maximized. The
method is suitable for light microscopic immunofluorescence
and electron microscopic immunolabeling and affords a high
degree of structural preservation.

In whole mounts there is a contribution to background
fluorescence from labeled microtubules above or below the

i

FIG. 3. High-voltage electron microscopic imaging of sections ofPt K1 cells immunolabeled with anti-tubulin antibody followed by secondary
antibody adsorbed to 20-nm colloidal gold. '(a) Low magnification survey view of cell sectioned at 0.5 ,um. Densely labeled microtubules
(arrowheads) course through the cytoplasm interspersed among a meshwork of fine cytoplasmic filaments and several bundles of intermediate
filaments (arrows). (b) Higher magnification view of a 0.25-,um section showing lateral association of mitochondria (arrows) with labeled
microtubules. Note the preservation of the unlabeled intermediate filaments (arrowheads). (c) A 0.5-pim section of a mitotic Pt K1 cell showing
intense labeling of spindle and astral fibers. (Bars = 1.0 ,um; a, x 22,000; b, x37,000; c, x7500.)
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focal plane, except in very thin regions such as the periphery
of cultured cells. With REC, since sections are observed,
such background is eliminated. Thus, fine fibers such as the
astral microtubules of the mitotic figures were clearly re-
solved. In addition, patterns of great complexity in whole
mounts such as the microtubule network near the nuclei of
cultured cells were more easily visualized through the use of
labeled semi-thick sections. If desired, images from serial
sections could be used to reconstruct the complete three-di-
mensional pattern of microtubules.
We found that the majority of microtubules in intact

intestinal epithelium were parallel to the basal-apical axes of
the cells and were not focused on a MTOC. This distribution
is consistent with roles for the microtubules in maintaining
the elongated profile of the cells and/or participating in
intracellular transport of vesicles from the Golgi and between
the apical and basolateral surfaces. The microtubule distri-
bution seen in vivo was quite different from that observed in
epithelial cell lines grown in vitro. In cultured cells, most
microtubules were parallel to the substratum, and were
focused toward a MTOC. In contrast, the mitotic spindles in
cells of intact epithelium and in epithelial cell lines showed
close structural similarity.
The microtubule network was examined at the electron

microscopic level in cultured cells. In sections of Pt K1 cells
we were able to view both the extended array ofmicrotubules
and examine specific microtubule interactions with
mitochondria. Unlike many immunoelectron microscopic
studies, where structural associations are dependent upon
fortuitous inclusion of interacting elements in the same thin
section, we could easily examine sections 0.25- or 0.5-gm
thick. Thus far our immunoelectron microscopic studies have
been restricted to cultured cells. Gold-labeled antibodies
appear to penetrate more poorly into sections of intact
tissues. Difficulties in obtaining complete penetration of
antibodies into tissues have long plagued immunocy-
tochemistry (2-5), and this problem has been noted by
investigators using other reversible embedding methods for
labeling sections (27).

Detailed descriptions of microtubule distributions in dif-
ferent stages of the cell cycle, in various differentiated cell
types, in embryos, and in cells responding to a variety of
experimental treatments are essential for understanding the
functions of microtubules. REC should greatly facilitate
these studies. In addition, it should be possible to test more
adequately whether information from studies using cultured
cells can be extrapolated to in vivo systems. Moreover, REC
is a general technique that can be used to enhance access
affinity labels including antibodies, lectins, and hybridization
probes to cellular components. Thus, this method should find
wide application in many studies. Other uses of the technique
in areas such as direct ultrastructural imaging are presented
elsewhere (37).
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