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Abstract. A monoclonal antibody (CC-212), obtained
in a fusion experiment in which basal bodies from
quail oviduct were used as immunogen, has been
shown to label the apical pole of ciliated cells and to
react with a 200-kD protein. This monoclonal anti-
body was demonstrated to be an anti-myosin from
smooth muscle or from nonmuscular cells using the
following criteria: (a) On Western blots it reacted with
the myosin heavy chains from gizzard and platelet ex-
tracts and from cultured cell line extracts, but did not
react with striated muscle myosin heavy chains. (b) By
immunofluorescence it decorated the stress fibers of
well-spread cells with a characteristic striated

pattern, while it did not react with myotubes contain-
ing organized myofibrils.

On native ciliated cells as well as on Triton-
extracted ciliated cortices from quail oviduct, this
monoclonal antibody decorated the apical pole with a
stronger labeling of the periphery of the apical area.
Ultrastructural localization was attempted using the
immunogold technique on the same preparation. Myo-
sin was associated with a filamentous material present
between striated rootlets and the proximal extremities
of the basal bodies. No labeling of the basal body it-
self or of axoneme was observed.

uitous in eukaryotic cells. Their presence is related

to motile functions (7, 8§, 11, 14, 18, 27, 34, 35, 37).
In differentiated tissues, such as intestinal epithelium, the
presence, localization, and role of actin and myosin and
other contractile proteins are well documented (16, 20, 21).
In pigmented epithelium of retina, the presence of actin bun-
dles at the periphery of the apical pole of each cell, and the
demonstration that these cells can contract in experimental
conditions, has led Owaribe et al. (24) to hypothesize the
presence of myosin in the apex of these cells.

On the contrary and despite numerous studies, the pres-
ence of contractile proteins in ciliated epithelia is not well
documented. The first study of Reverdin et al. (30) estab-
lished the presence of actin microfilaments in the cortical
cytoplasm of tracheal cells. In a recent publication Reed et
al. (29) present a detailed study of the cortical cytoskeleton
of lateral cells from mussel gills. They propose a three-
dimensional model in which the actin network and microtu-
bules are organized from the basal feet. They: further specu-
late that interactions between the different meshworks and
basal bodies might allow the cell to determine the direction
of an environmental stimulus and to respond to stimuli.

Surprisingly, very few data have been reported on the as-
sociation of the ubiquitous actin network with myosin. In the
case of ciliated tracheal epithelial cells Gordon et al. (13)
reported that myosin was tightly associated with basal bodies

CONTRACTILE proteins have been reported to be ubiq-
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(as were tropomyosin and a-actinin), only a light and diffuse
labeling being observed in the cytoplasm. Other results (31)
pointed to the proximal part of the axonemes as the exclusive
localization for myosin. These contradictory results are
based on the use of polyclonal antibodies raised against
chicken smooth muscle myosins in the first case and frog
striated muscle myosins in the second.

In an attempt to re-examine the presence of myosin in the
apical pole of ciliated cortices, and to avoid any problem of
species or tissue specificity of the antibody used, we as-
sumed that if myosin is a constitutive protein of these cor-
tices, one might be able to raise a monoclonal antibody
(MADb)! against it, using a semi-purified basal body prepa-
ration as an immunogen. Indeed, several clones reacting
with the apical pole of cortices were produced, among which
one (CC-212) reacted with a 200-kD protein which was
identified as myosin by several criteria. Its localization in the
apical cortex from ciliated epithelial cells does not cor-
respond to any of the descriptions reported in earlier studies
(13, 31), but rather seems to co-localize with the actin
microfilament meshwork described by Reed et al. (29).

Here we report the identification of the MAb CC-212 and
the localization of myosin in ciliated epithelial cells from lay-
ing quail oviduct.

1. Abbreviations used in this paper: MAb, monoclonal antibody; TBS-Tw,
10 mM Tris buffer, pH 7.4, 0.15 M NaCl containing 0.1% Tween 20.
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Materials and Methods

Immunogen and Fusion Experiments

The preparation of basal bodies as immunogen and the fusion protocol have
previously been described (17). Briefly, basal bodies from laying quail
oviduct (Coturnix coturnix japonica) were prepared according to Anderson
() with an additional treatment of the cortices with heparin (10) or with
RNAse and DNAse, to solubilize the chromatin. Immunization was per-
formed on BP mice (3), and fusion was achieved according to Galfré and
Milstein (12) with X63 Ag8-653 myeloma cells.

The MAb CC-212 used in this study was an IgM as determined by
Ouchterlony’s double diffusion test (data not shown).

Cell Cultures

A Potoroo kidney epithelial cell line (PtK;), mouse fibroblasts (3T3), baby
hamster kidney (BHK21), and human epithelial cells (HeLa) were grown
either on coverslips to be used for subsequent immunofluorescence or in
150-cm? Falcon tissue culture dishes (Falcon Labware, Becton, Dickinson
& Co., Oxnard, CA) to be used for protein sample preparation for elec-
trophoretic analysis.

PtK; were grown in Eagle’s minimum essential medium, 3T3 in RPMI
1640, and BHK21 in Glasgow minimum essential medium. All media were
supplemented with 2 mM glutamine, 10% fetal calf serum, 10 pg/m! peni-
cillin, and 20 pg/ml streptomycin (Flow Laboratories, Irvine, Ayrshire,
Scotland). Tryptose phosphate broth was also added to the culture medium
of the BHK21 cell line (60 ml/500 ml). All the reagents were from Flow
Laboratories.

Human myogenic cell cultures containing both myoblasts and myotubes
are described elsewhere (33).

Preparations of Cortices

Ciliated or deciliated cortices were prepared either from one oviduct of lay-
ing quail or from mussel gills according to Anderson (1) with one modifica-
tion: an antiprotease mixture (9) was added to all solutions. The suspensions
of cortices were used immediately for immunofluorescence or ultrastruc-
tural studies, and for electrophoretic analysis.

Indirect Immunofluorescence Study

Immunofluorescence studies on ciliated cells were done on fragments of
ciliated epithelium from quail oviduct obtained in the following way: pieces
of oviduct were immersed in Hanks’ balanced salt solution and gently
scratched with a coverslip. The suspension was centrifuged on coverslips
at 2,000 g for 20 min in observation chambers (15) and fixed in methanol
(—20°C for 6 min).

Isolated cortices with or without cilia were centrifuged in observation
chambers and processed for immunofluorescence either directly or after
methanol fixation (—20°C for 6 min).

Established cell lines and myogenic cells were fixed before or after deter-
gent treatment as previously described (33).

The coverslips were then incubated with 50 pl of culture supernatant un-
diluted for 20 min at room temperature and washed twice in 10 mM Tris
buffer, pH 7.4, 0.15 M NaCl containing 0.1% Tween 20 (TBS-Tw). Fluores-
cein isothiocyanate-labeled goat IgG anti-mouse whole immunoglobulins,
pre-absorbed with a suspension of ciliated cortices, were then applied for
20 min and washed twice in TBS-Tw. For double labeling experiments a
mixture of both antibodies CC-212 and a rabbit anti-actin was applied in the
same conditions. The second antibodies, fluorescein isothiocyanate-labeled
anti-mouse and rhodamine-labeled anti-rabbit, were applied as a mixture.
After washing, the coverslips were mounted in Moewiol (23) and observed
with a Leitz dialux microscope equipped for ultraviolet epiillumination.
Control samples incubated with the second antibody alone were examined
in parallel.

Ultrastructural Immunochemistry

For electron microscopy, immunocytochemical reactions were performed
on isolated cortices sedimented on coverslips by centrifugation as previ-
ously described. After incubation with the MAb CC-212, cortices were
treated with nonimmune goat immunoglobulins in TBS-Tw and then in-
cubated for 45 min with gold-labeled goat anti-mouse antibodies (GAM
GS-Jensen) diluted 1:10 in TBS containing 3% bovine serum albumin
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(BSA). After washing, the cortices were fixed with 3% glutaraldehyde,
postfixed with 1% OsO,, dehydrated in ethanol, and embedded in araldite.
Thin sections were slightly stained with uranyl acetate and lead citrate and
observed with an electron microscope Philips EM 300 at 80 kV.

Gel Electrophoresis

One-dimensional SDS PAGE was performed according to Laemmli (19),
with the modification introduced by Porzio and Pearson (28). A 5-15% lin-
ear gradient of acrylamide was generally used. Protein samples were pre-
pared from ciliated or deciliated cortices and from skeletal (25) or smooth
(32) muscle myofibrils, by dissolving a pellet of these structures in SDS
buffer O (sample buffer of O’Farrell) (22) and by heating it at 100°C for
2 min. Platelet extract made in the presence of Ca*™ (26) was a gift of Dr.
Pho (College de France Paris, France). Staining of proteins was performed
either with Coomassie Blue R 250 (0.25% in 50% methanol, 10% acetic
acid) or with AgNO; according to Wray et al. (36).

Immunoblots

Proteins from unstained polyacrylamide gel slabs were transferred elec-
trophoretically (400 mA at 4°C overnight) onto nitrocellulose filters
(Schleicher & Schuell, Inc., Keene, NH; 0.45 pm) according to Burnett (6).

At this stage, the nitrocellulose filters can be dried and kept at room tem-
perature for several days. Before use, they were incubated in 3% Nonidet
P-40 in TBS for 1 h at room temperature and then in 3% BSA in TBS-Tw
overnight at 4°C.

Culture supernatant was diluted 1:10 in TBS-Tw and applied to nitrocellu-
lose paper in plastic bags overnight at 4°C. The filters were washed three
times in TBS-Tw over a 30-min period and then incubated for 1 h with 10°
cpm of ™I-labeled sheep Ig anti-mouse whole immunoglobulins (Amer-
sham Corp., Arlington Heights, IL). The blots were washed three times as
above and dried. Autoradiograms were made by exposing the filters to Ko-
dak XAR film with a DuPont Cronex lighting-plus AC screen (DuPont, Co.,
Wilmington, DE) for 8-16 h at —70°C.

Results

The monoclonal antibody CC-212 was selected for its strong
labeling of ciliated cortices from quail oviduct and for its in-
teraction with a 200-kD protein on Western blots of proteins
extracted from the deciliated cortices (see below). Before
describing the results on ciliated oviducts we will present the
cytochemical and histochemical data that allowed us to dem-
onstrate the specificity of this MAb for smooth muscle and
nonmuscular myosins.

Characterization of the MAb CC-212

Western Blot Analysis. Western blots were performed from
SDS PAGE (5-15%) of total extracts from quail ciliated or
deciliated cortices, quail gizzard, quail striated myofibrils,
PtK:, and human platelets. As shown in Fig. 1, CC-212 la-
beled a band of 200 kD in every case except in the case of
the quail striated myofibril sample, which was unlabeled. It
was verified that this protein was not present in the Triton-
soluble fraction obtained during the preparation of cortices.

Immunofluorescence Study. When assayed on established
cell lines 3T3, BHK21, and PtK, a striated staining was pb-
served along stress fibers and at the cell periphery of well-
spread cells; on spreading cells, a bright staining of micro-
spikes was observed (Fig. 2). On myogenic cell cultures,
where myoblasts and myotubes coexisted, CC-212 stained .
mononucleated cells, either fibroblasts or myoblasts, with
the striated aspect of stress fibers observed in other cell lines.
The striated myofibrils in myotubes were not labeled by CC-
212 but were labeled by anti-actin and showed the usual stri-
ated pattern (Fig. 2).

From these and the above data, we concluded that the pro-
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Figure 1. Western blot analysis of CC-212 specific antigen in protein extracts from various origin. Proteins were separated by SDS gradient
(5-15%) PAGE. Detection of labeling was achieved using '*I-labeled anti-mouse immunoglobulin. In all cases the Western blot is
presented on the right side of the protein pattern stained with Coomassie Blue. (4) 1, human platelets lysed in the presence of Ca**; 2,
total extract of PtKo; 3, total extract of quail gizzard; 4, myofibrils of quail fast skeletal muscle; 5, molecular weight standards: 200,000;
116,250; 92,500; 66,200; 45,000; 31,000; 21,500; and 14,000. All samples migrated on the same gel except the PtK, extract for which the
position of actin is marked (%). (B) 6, ciliated cortices from quail oviduct; 7, deciliated cortices from quail oviduct 8 and 9. Tubulin and
actin migrated on the same gel and used as molecular weight markers.

tein target of CC-212 was the heavy chains of myosin present
in smooth muscle and in nonmuscular cells, with no detect-
able cross-reaction with the striated muscle isoform.

Localization of the Antigen CC-212 on
Ciliated Epithelium

Indirect Immunofluorescence. The staining of native
ciliated cells obtained after methanol fixation constitutes the
more native localization of the antigen. Top views of epithe-
lial fragments (Fig. 3 a) showed a heavy staining of a belt
at the periphery of the ciliated cells as well as a punctated
labeling of the apical area. This CC-212 labeling co-localized
with the peripheric staining observed with a polyclonal anti-
body against actin (Fig. 3 b), except for the lower part of cilia
which is labeled by anti-actin (as observed by others [31]),
but was not by CC-212. Depending on the localization of the
fragment in the oviduct epithelium, the ciliated cells were ei-
ther adjacent to or separated by cells unstained by CC-212
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probably unciliated mucus cells. Apparently, the antigen lo-
calization was not modified by a treatment with 0.1% Triton
X-100 before the fixation by methanol (data not shown).
Moreover, ciliated or deciliated cortices gave the same stain-
ing (Fig. 3, c-e): a very thin fluorescent line with a punctated
aspect at the apical region and a brighter staining at the
lateral parts. No labeling of cilia was observed.

It is noteworthy that similar staining was observed on
ciliated epithelia from several origins (mussel gills, frog pal-
ate, and human bronchial biopsies). An example is shown in
Fig. 3 f.

Electron Microscopy. Ultrastructural localization (Fig. 4)
supported the observations described above. CC-212 strong-
ly labeled a fibrillar material which seemed to join together
the proximal parts of the basal bodies as well as filaments
connected to the basal feet. In addition, some dispersed gold
granules were found in a deeper region between the cell apex
and the nucleus. A peripheral material close to the zonula oc-
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with striated stress fibers. Striations are in register particularly in Y-shape fibers. Spreading cells only show a staining of microspikes.
Bar, 5 pm. (B and C) Double immunofluorescence labeling of PtK, by anti-actin (B) and CC-212 (C). Bars, 2 um. (D) Indirect im-
munofluorescence staining of human myogenic cells labeled by CC-212. Mononucleated cells show a striated staining of stress fibers. Myo-
tubes exhibit a diffuse unlocalized fluorescence. Myofibrils are not labeled. Bar, 10 um. (E) Phase-contrast of D. (F and G) Double im-
munofluorescent labeling of human myotubes with CC-212 (F) and anti-actin (G) corresponding phase-contrast (H). Bar, 10 pm.

cludens was strongly labeled, whereas the basal body core,
striated rootlets, and radial fibers which link basal bodies to
the plasma membrane were not significantly stained.

Discussion

In an attempt to re-examine the presence and the ultrastruc-
tural localization of myosin in the apical region of ciliated ep-
ithelial cells, we have raised MAb against a crude prepara-
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tion of basal bodies extracted from the ciliated epithelia of
laying quail oviduct. Among secreting clones, CC-212 has
been identified as anti-myosin from smooth muscle and non-
muscular cells using the following criteria: (¢) Immuno-
detection on blots of myosin heavy chains from human plate-
lets, quail gizzard, and PtK,. No reaction was observed
with myosin from striated muscle. (b) Immunocytochemistry
on established cell lines showed the typical striated pattern
of stress fibers described for several contractile proteins (a-
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Figure 3 Immunofluorescence
study of ciliated epithelia. (@ and
b) Top views of ciliated fragments
of quail oviduct fixed by methanol
(—20°C) without detergent treat-
ment. (a¢) Immunofluorescence
and phase-contrast images of cells
treated by CC-212. Myosin is lo-
cated at the periphery of ciliated
cells and on the ciliated surface
with a punctate localization.
Nonciliated cells, probably mu-
cus cells, are not labeled. Bar, 4
pm. (b) Immunofluorescence and
phase-contrast images of cells
treated by anti-actin antibody. A
peripheric localization of actin
similar to that of myosin is ob-
served. The punctate aspect of the
surface cell is obliterated by the
labeling of the lower part of cilia.
Bar, 4 um. (c-e) Triton-treated
cortices from quail oviduct stained
by CC-212 with the paired phase-
contrast images. (¢) A field of
ciliated cortices viewed side on
and showing a brighter staining
of the edges (arrows) of the bas-
al body region. Bar, 4 pm. (d)
Higher magnification of a ciliated
cortex showing the labeling of the
basal body region and the ab-
sence of labeling of cilia. Bar, 2
um. (e) Deciliated cortices show-
ing the same bright staining of the
basal body region. Bar, 2 um. (f)
Mussel gill cortices stained by
CC-212 and the corresponding
phase-contrast. A thin line with a
punctated aspect is stained at the
apical pole. Cilia are not labeled.
Bar, 2 um.

actinin, tropomyosin, myosin, or caldesmon) (4, 11, 14, 34).
(¢) Immunocytochemistry on cultured myoblasts and myo-
tubes showed that the striated staining of stress fibers ob-
served in mononucleated cells switched off after cell fusion.
No labeling of myofibrils was observed. This qualitative
change of contractile protein isoforms from a nonmuscle to
a muscle type is well documented (5).

Using this tool to label native ciliated cells or isolated cor-
tices, we demonstrate the exclusive presence of myosin at the
apical pole of the ciliated cells. Nonciliated cells in the same
epithelium clearly did not show such a staining.

The ultrastructural localization of myosin reported in this
study rested on the indirect immunogold labeling technique
applied to Triton-extracted cortices. Myosin was found at the
apical region of the cell between basal bodies and was more
abundant at the edge of the apical pole. This localization
resembles the organization of actin bundles and microfila-
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ments described by Reed et al. (29) in ciliated cells from
mussel gills where the actin microfilaments form a square
meshwork between basal bodies. In nonciliated epithelia
such as intestinal brush border (20, 21) and pigmented
epithelia (24), an actin belt has also been reported.

This localization of myosin differs from two earlier
reports. In the first study Gordon et al. (13) described a very
close association of myosin with the basal bodies of ciliated
tracheal epithelial cells with a diffuse, slight labeling of the
cytoplasm. However, Sandoz et al. (31) reported that myosin
was localized in axonemes above the ciliary neck region and
was absent from the apical cytoplasm. We have not observed
any labeling of axonemes. This could be due to the absence
of the MAD target epitope on an eventual ciliary isoform of
myosin. However, we have no explanation for the reported
absence of myosin in the cortical cytoplasm from ciliated
cells, except that the specificity of the antiserum used in this
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Figure 4. Immunogold labeling of demembranated ciliated cells of quail oviduct. (4) Oblique section through the apical pole showing the
distribution of gold granules between basal bodies. The fibrillar material associated to the apical junctional complex (arrow) is also strongly
labeled. Scattered gold granules decorate the striated rootlets () and the terminal web (tw). Axonemes and basal body cores are not labeled.
(B) Control on a transverse section through the apical pole of ciliated cortices. Only few scattered gold granules are observed. To appreciate
the structural preservation of cortices, higher contrast was achieved. Note the good preservation of the basal body organization at the basal
foot level (large arrows) or at the alar sheet level (large arrowheads). In some cases the microtubule triplets are easily observed. Transverse
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early study—raised against the muscular myosin of amphib-
ians —could have prevented the detection of a bird cytoplas-
mic myosin.

The presence of myosin and actin in epithelial cells poses
the question of the role of this contractile machinery in a
highly differentiated nonmuscular tissue. Further studies are
required to elucidate this problem. But yet, two points argue
in favor of the functional presence of these contractile pro-
teins: (a) the existence of an ATPase activity associated with
basal bodies (1), and (b) the occurrence of an ATP-dependent
structural event in basal body preparations (2).

Microinjections of the monoclonal antibody CC-212 could
give further information on the eventual function of this ac-
tomyosin at the apical pole of ciliated cells.
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sections of axonemes are seen in the upper part of the micrograph (small arrowheads). Note the peripheric and central doublet, the presence
of dynein arms and radial spokes. Remnants of membrane can be observed surrounding one axoneme (small arrow). (C) Longitudinal
section through the apical pole showing the strong labeling associated to the junctional complex (large arrow) and the linear arrangement
of gold granules between basal bodies (arrowhead). Gold granules also surround the basal foot (small arrow). (D) Control on longitudinal

section through the apical pole. Bars, 0.2 pm.
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