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Abstract Wistar Imamichi rat and human respiratory
cilia were examined with anti-dynein antibody (AD2),
which is specific for sea urchin sperm flagellar dynein.
AD2-labelled fresh-frozen normal rat and human cilia
stained clearly by immunofluorescence and the peroxi-
dase-antiperoxidase (PAP) technique. On immunoelec-
tron microscopy, AD2 labelled the outer dynein arms of
normal human cilia. Paraffin-embedded normal human
cilia also stained by immunofluorescence, although not
always clearly. Neither the cilia of WIC-Hyd male rats,
an animal model of Kartagener’s syndrome, nor human
cilia from patients with primary ciliary dyskinesia (PCD)
reacted positively by the immunofluorescence or PAP
technique. Western blots of normal rat cilia yielded a sin-
gle band of about 450 kDa. In conclusion, AD2 recog-
nizes the outer arm dynein heavy chains of healthy cilia
and may be useful in diagnosing and classifying PCD
light microscopically especially when only paraffin-em-
bedded specimens are available. This approach may be
of potential use for better defining and classifying PCD.
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Introduction

Primary ciliary dyskinesia (PCD) is a congenital disease
of ciliary function, commonly associated with flagellar
dysfunction [14]. The typical clinical manifestations of
PCD include recurrent sinopulmonary infection, situs in-
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versus, otitis media and male sterility. PCD can also be
associated with congenital heart disease, congenital deaf-
ness, skeletal malformations, schizophrenia, variable im-
pairment of female fertility and hypoplasia or aplasia of
the frontal sinus (and hydrocephalus especially in rats)
[11, 14, 16]. Kartagener’s syndrome and immotile cilia
syndrome are included in this category.

Although measures of ciliary function (photometric
measurements of ciliary beat frequency or radioisotopic
measurement of mucociliary clearance) can contribute to
making the diagnosis [4, 12], the mainstay of the diagno-
sis of PCD remains the ultrastructural appearance of cil-
ia. In most cases, defective inner or outer dynein arms
(or both) of the cilia are responsible for the impaired mo-
tility. The ATPase activity of the dynein arms is thought
to be important for both ciliary motility and mucociliary
transport [5].

In 1976, Afzelius first demonstrated ultrastructurally
that the absence of dynein arms was the cause of the de-
fective ciliary function underlying recurrent respiratory in-
fections in PCD patients [1]. Specimens of patients sus-
pected of having PCD may not have been properly embed-
ded in blocks for electron microscopy prior to this date,
leaving only paratfin-embedded specimens available.

In this study, we evaluated rat and human respiratory
cilia immunohistochemically by three different methods
using anti-dynein antibody (AD2), which is specific for
sea urchin sperm flagellar dynein [20]. By comparing the
normal cilia with the pathological cilia from WIC-Hyd
male rats, the first experimental animal model of Kartag-
ener’s syndrome [16], and from human PCD patients, we
attempted to detect the role of dynein in the pathogenesis
of PCD and to establish a method of diagnosing or clas-
sifying PCD using paraffin-embedded specimens. In ad-
dition, dynein protein was evaluated by Western blotting.

Materials and methods

Ten normal Wistar Imamichi rats (1-10-weeks-old), ten WIC-Hyd
male rats (1-2-weeks-old, kindly given by M. Koto, Chugai Phar-
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Table 1 Clinical characteristics of primary ciliary dyskinesia patients

Patient number Age (years) Sex Sinusitis Bronchiectasis Situs inversus Infertility  Otitis media Others

1 34 M + + - + + Clubbing

2 71 M. o+ + + + ? Lung cancer, clubbing
3 37 M + + + Unmarried - Heart failure, clubbing
4 17 M + + + Unmarried + Bronchiolitis

5 36 M + + Dextrocardia  + - ?

maceutical Company, Tokyo, Japan), and 20 normal human volun-
teers (33-72-years-old, mostly taken by bronchoscopy) were eval-
uated. A previous electron microscopic examination of WIC-Hyd
male rats showed a complete lack of outer and inner dynein arms
of the cilia in respiratory tracts and ependymal cells [16]. Each
WIC-Hyd male rat had situs inversus and immotility of the trache-
al cilia was confirmed under light microscopy immediately after
vivisection. Rat and human respiratory epithelial samples were
freshly frozen in OCT compound and smeared on poly-L-lysine-
coated glass slides at a thickness of 6 pum.

Epithelial specimens from the 20 normal volunteers and five
PCD patients (17-71-years-old, Table 1) were taken by bronchos-
copy, open lung biopsy, or from resected tissue of patients with
other disease (such as lung cancer) and fixed in 10% formalin for
24 h. They were then embedded in paraffin, and 3 um-thick sec-
tions were mounted on glass slides. Four of the five patients were
diagnosed with PCD with both inner and outer dynein arms deter-
mined to be defective on previous electron microscopic examina-
tion [6, 9, 19]. The electron microscopic appearance of the speci-
men from patient number 5 was unknown.

AD?2 was used as primary antibody for each immunostaining
procedure and Western blotting. This antibody was raised in a rab-
bit against sea urchin Anthocidaris crassispina sperm flagellar dy-
nein (dynein 1) heavy chain antigens, which were obtained by
electrophoresis of the ATPase-active fraction of 21S proteins ex-
tracted from a high salt extracting solution [20].

For immunofluorescence specimens were treated with 4 mM
magnesium chloride (MgCl,) and 0.1% Triton X-100 in phos-
phate-buffered saline (PBS) for 20 min on glass slides, then fixed
with 4% paraformaldehyde in PBS for 40 min. (Paraffin-embed-
ded specimens were pretreated with 0.4% pepsin in 0.01 N hydro-
chioric acid (HCl) for 20 min at 37° C after deparaffinization).
They were then equilibrated in PBS, blocked with 5% normal goat
serum for 20 min and incubated with AD2 (50 ug/ml) overnight at
4° C. After PBS washes, they were incubated with fluorescein iso-
thiocyanate-labelled goat anti-rabbit IgG antibody (100 pg/ml,
MBL, Nagoya, Japan).We examined the specimens with a laser
scanning confocal imaging system (MRC-600, Bio-Rad Laborato-
ries, Tokyo, Japan).

The peroxidase-antiperoxidase (PAP) technique was used as
follows. Specimens were pretreated with 4 mM MgCl, and 0.1%
Triton X-100 in PBS for 20 min on glass slides, then fixed with
4% paraformaldehyde in PBS for 40 min. They were then washed
in PBS, blocked with 5% normal goat serum for 30 min and incu-
bated with AD2 (5 pg/ml) for 1 h at room temperature. After PBS
washes, they were incubated with peroxidase-conjugated goat Fab
to rabbit IgG (165 ug/ml, Cappel, Organon Teknika Corporation,
Durham, N.C., USA) and stained with 0.02% diaminobenzidine,
0.065% sodium azide and 0.003% hydrogen peroxide in 0.05 M
TRIS/HCI buffer (pH 7.6) for 5-8 min. The nuclei were stained
with methyl green.

For immunoelectron microscopy fresh-frozen normal human
specimens were prepared exactly the same as in the PAP technique
until the washing step after incubation with AD2. They were then
incubated with 15 nm of gold-conjugated goat anti-rabbit IgG (di-
luted to 1/100, Zymed Laboratories, San Francisco, Calif., USA)
for 1 h at room temperature, washed in PBS, refixed with 1% glu-
taraldehyde for 1 h, washed again in phosphate buffer, treated with
1% osmium tetroxide for 1 h, and dehydrated with alcohol and ac-
etone. After embedding in Spurr’s resin (Polysciences, Warring-
ton, Pa., USA) on glass slides, they were removed from the slides,

cut into ultrathin sections, and examined with an electron micro-
scope (JEM-1200EX, JEOL, Tokyo, Japan).

Western blotting was performed by a slightly modified method
reported previously [20]. Briefly, the tracheobronchial wash from
normal Wistar Imamichi rats was centrifuged at 500 g for 5 min.
The supernatant containing the cilia was subsequently centrifuged
at 12000 g for 10 min. The pellet was resolved in a sample budffer
for the Laemmli system [8]. Slab gel electrophoresis was per-
formed using a 5-10% gradient gel. Proteins were transferred
electrophoretically from the gel to nitrocellulose membranes and
the blotted proteins were incubated with AD2 (1 ug/ml) overnight
at 4° C. Detection was by peroxidase-catalyzed chemilumines-
cence (ECL, Amersham Japan, Tokyo, Japan).

Results
Rat study

All (n=10) fresh-frozen respiratory cilia from normal
Wistar Imamichi rats stained clearly by the immunofluo-
rescence and PAP techniques (Fig. 1). Staining with non-
specific rabbit y-globulin (Cappel, Organon Teknika Cor-
poration) instead of AD2 was used as a control (data not
shown). Triton X-100 was used in the fixation step in or-
der to allow the antibodies to penetrate into the tight
structure of cilia. The 4% paraformaldehyde fixation im-
mediately after treatment with 0.1% Triton X-100 was
essential in the PAP technique. Although this procedure
is considered to be optimal for immunofluorescence, fix-
ation with 0.1% Triton X-100 in 10% formalin solution
was also adequate to obtain clearly stained images.

None of the fresh-frozen respiratory cilia from WIC-
Hyd male rats (n=10) reacted positively when stained by
either the immunofluorescence or the PAP technique
(Fig. 2). In one case, some pathological cilia appeared to
stain very faintly by both methods, but similar back-
ground staining was seen in the non-specific rabbit y-
globulin-stained controls (data not shown).

Sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis and Western blotting of normal rat tracheobron-
chial washings vielded a single band of about 450 kDa
stained with AD2. The 500 g supernatant of crude trache-
obronchial washings was examined under a phase-contrast
microscope, and abundant respiratory cilia were found
without significant contamination (data not shown).

Human study

All (n=20) fresh-frozen normal human respiratory cilia
stained clearly by both the immunofluorescence and PAP
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Fig. 1a, b Immunofluorescence and peroxidase-antiperoxidase
(PAP) staining of fresh-frozen normal Wistar Imamichi rat respira-
tory cilia using AD2. a Immunofluorescence, bar=20 um. b PAP,
bar=40 um. The respiratory cilia (arrows) are clearly stained by
both techniques

techniques (Fig. 3). Staining with non-specific rabbit y-
globulin instead of AD2 was used as a control (data not
shown). Not only respiratory cilia but also the cytoplasm
of basal cells were clearly stained by immunofluores-
cence (Fig. 3a).

Figure 4 shows the electron microscopic appearance of
normal human respiratory cilia by the ordinary method us-
ing tannic acid and glutaraldehyde in the fixation step [15].
Both inner and outer dyneim arms are clearly seen. Immu-
noelectron microscopy with AD2 labelled the outer dynein
arms of normal human respiratory cilia (Fig. 5). Although
not every outer dynein arm was stained with colloidal gold,
almost no gold was observed in other locations.

Fig. 2a, b Immunofluorescence and PAP staining of fresh-frozen
pathological respiratory cilia of WIC-Hyd male rats using AD2. a
Immunofluoescence, bar=20 um. b PAP, bar=40 pm. No respira-
tory cilia (arrows) have been stained by either technique

Some normal human cilia embedded in paratfin
(n=12) stained clearly on immunofluorescence, but not
as strongly as the fresh-frozen specimens (Fig. 6a, right
panel). Other paraffin-embedded normal human cilia
(n=8) failed to react by this technique (data not shown).
None of the paraffin-embedded human cilia from PCD
patients (n=5) reacted positively on immunofluorescence
(Fig. 6b, right panel). The orientation of respiratory cilia
was easily determined by comparing negative immuno-
fluorescence images with the transmission images (Fig.
6b, left panel).

Discussion

Kartagener’s syndrome is reported to have an incidence
of 1:18000-229000 {11]. The incidence of immotile cilia
syndrome is thought to be about twice that of Kartage-
ner’s. PCD may occur even more frequently. The genetic
type of PCD is thought to be mainly autosomal recessive
[11], but in Wistar Imamichi rats it seems to be X-linked
(16]. In Japan, 65 cases of PCD have been examined by
electron microscopy, and in 94% of these cases dynein
arms were abnormal, including defective inner arms
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Fig. 3a, b Immunofluorescence and PAP staining of fresh-frozen
normal human respiratory epithelia with AD2. a Immun-
ofluoescence, bar=20 m. Not only respiratory cilia (arrow I) but
also the cytoplasm of basal cells (arrow 2) are clearly stained. b
PAP, bar=20 nm. The respiratory cilia (arrow) are clearly stained
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Fig. 4 Electron microscopic appearance of normal human respira-
tory cilia by the ordinary method using tannic acid-containing fix-
ation. Both inner (arrowheads) and outer (arrows) dynein arms are
clearly seen. Bar=0.1 um

(47%), outer arms (6%), or both arms (47%) [6, 9, 19].
When dynein arms are absent or shortened, the axonemal
dynein heavy chains, with their ATPase activity, may be
lacking.

In this study, AD2 recognized both rat and human nor-
mal respiratory cilia, but not the cilia of WIC-Hyd male
rats or patients with PCD. This finding suggests that there
is homology between the heavy chains of sea urchin
sperm flagellar dynein and those of rat and human respi-
ratory ciliary dynein. Furthermore, PCD patients and
WIC-Hyd male rats are similar in that they are both lack-
ing the antigen, although the genetic actiology differs.

It remains questionable whether there is any differ-
ence between the dynein of the inner and outer arms of
cilia. The axonemal outer dynein arms have been report-
ed to be composed of two or three heavy chains (two in
mammals) whose molecular weight is about 450 kDa,
three intermediate chains of 70-125 kDa and several
light chains of approximately 15-25 kDa [17]. However,
the inner dynein arms of Chlamydomonas flagella have
been reported to have six heavy chains [18]. Functional-
ly, the inner dynein arms appear to be essential for cili-
ary motility, while the outer arms appear to regulate the
beating velocity of cilia [3]. In this study, AD2 labelled
only the outer dynein arms (Fig. 5). Thus, there may be a
difference in antigenicity between the inner and outer
dynein arms. Because it is possible that the antibodies
could not penetrate fully into the cilia, any difference in
antigenicity must be confirmed by post-embedding im-
munoelectron microscopy.

The molecular weight of 450 kDa on Western blots is
about the same as that previously reported for both
Chlamydomonas flagellar and sea urchin sperm flagellar
dynein heavy chains [17]. It seems likely therefore, that
the blotted protein represents at least one of the two
heavy chains in the outer dynein arms of rat respiratory
cilia.

In order to distinguish the cilia of PCD patients from
normal cilia using paraffin-embedded specimens, they
should be stained simultaneously by immunofluores-
cence, since normal human specimens stain more clearly
by immunofluorescence than by the PAP technique. In
addition, it is very helpful to compare the staining of
pathological cilia with the transmission image in order to
conclude that staining is negative, since the orientation
of cilia is unclear when they do not stain by immunoflu-
orescence (Fig. 6). Some normal control human paraffin-
embedded cilia, especially old specimens, fail to stain by
this method, perhaps because high molecular weight pro-
tein is easily degraded during the paraffin-embedding
procedure. Thus, immunostaining of paraffin-embedded
specimens can yield false negative results, but if the res-
piratory cilia stain clearly, they inevitably contain the dy-



Fig. 5a, b Pre-embedding immunoelectron microscopy of fresh-
frozen normal human respiratory cilia with AD2. Arrows indicate
colloidal gold with a diameter of 15 nm. Almost every gold parti-
cle was located at the position of the ciliary outer dynein arms. a
Bar=1 um, b bar=0.1 um

nein fragments. In order to improve retention of antigen,
other methods of fixation (fixing in formol calcium or
the AMeX method) before embedding in paraffin, or em-
bedding in low melting point wax may be effective [2,
10, 13]. Specimens suspected of PCD may need to be
embedded in paraffin in this manner for future immuno-
histochemical analysis.

Because axonemal dynein heavy chains are assumed
to be produced in the cytoplasm of basal cells and then
move into the cilia during the differentiation from basal

Fig. 6a, b Immunofluorescence image of paraffin-embedded hu-
man respiratory cilia using AD2. a Normal control, bar=40 um. b
Primary ciliary dyskinesia, bar=40 um. The left panel represents
the transmission image. The respiratory cilia (arrows) of (a)
stained clearly, but those of (b) did not react positively by this
method

cells to ciliated cells, intense staining of fresh-frozen
normal human cytoplasm from basal cells should local-
ize dynein heavy chains along this route (Fig. 3a). Fur-
ther investigation is needed to confirm this finding.

The direct roles of dyskinetic cilia on the pathogene-
ses of many congenital abnormalities such as situs inver-
sus, congenital heart diseases (atrial septal defect, ven-
tricular septal defect, transposition of great vessels and
Fallot’s tetralogy) and skeletal malformations are still
not well known. A rotation abnormality during embryo-
genesis due to ciliary immotility has been suggested
though not yet studied. Further study on dynein may
yield important information on these disorders.

In conclusion, AD2 recognizes the outer arm dynein
heavy chains of normal respiratory cilia, and all the dis-
cased cilia in PCD examined here were found to lack the
antigen. When paraffin-embedded respiratory cilia clear-
ly stained by AD2 immunostaining, they were found to
express the dynein fragments. Thus, AD2 may be useful
in diagnosing and classifying PCD via light microscopy
especially when only paraffin-embedded specimens are
available. This approach may be of potential use for bet-
ter defining and classifying PCD.
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