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Summary. Long ciliary rootlets are a characteristic fea-
ture of the dendritic inner segments of the sensory cells
in insect sensilla. These rootlets are composed of highly
ordered filaments and are regularly cross-striated. Colla-
genase digestion and immunohistochemistry reveal that
the rootlets are probably not composed of collagen
fibers. However, double-labeling experiments with phal-
loidin and anti-x-actinins show that antibodies to o-ac-
tinin react with the ciliary rootlets of the sensilla, but
do not stain the scolopale, which is composed of actin
filaments as visualized by phalloidin. Antibodies to cen-
trin, a contractile protein isolated from flagellar rootlets
of green algae, also stain the ciliary rootlets. Within the
ciliary rootlets of insect sensilla, «-actinin may be asso-
ciated with filaments other than actin filaments. The
immunohistochemical localization of a centrin-like pro-
tein suggests that contractions probably occur within
the rootlets. The centrin-like protein may play a role
during the mechanical transduction or adaptation of the
sensilla.
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Fibrous structures are commonly associated with the
basal bodies of cilia in eukaryotic ciliated cells, including
sensory processes of vertebrates and invertebrates (Pitel-
ka 1974; Witman 1990). One of the most prominent
of these structures is the long ciliary rootlet of arthropod
sensilla. It is a characteristic structure of mechanosensit-
ive Crustacean hair sensilla (e.g., Schmidt and Gnatzy
1984 ; Schmidt 1989, 1990) but is most prominent within
the mechanosensitive arthropod scolopidia (e.g., Gray
1960; Howse 1968; Schmidt 1969, 1970, 1974; Michel
1974, 1975; Moran and Rawley 1975; Moran et al. 1975;
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Moulins 1976; Toh 1981; Bloom et al. 1981; Mclver
1985; Wolfrum 1990). In comparison with other types
of sensilla, e.g., olfactory pegs, the ciliary rootlets of
the scolopidia are more prominent, being longer and
thicker (Moulins 1976; Mclver 1985). Therefore, this cy-
toskeletal element should play an important role in sen-
sillum function in scolopidia (Wolfrum 1990). In com-
parison with rootlets of other ciliated cells and in the
absence of evidence of any other function, it has been
assumed that the ciliary rootlets in the sensory cells of
the sensilla anchor the ciliary base (the basal bodies)
at the tip of the dendritic inner segment (Moran and
Rawley 1975). However, contractions mediated by a pro-
tein called centrin have been observed in the fibrous
ciliary rootlets of some green algae (Salisbury and Floyd
1978; Salisbury et al. 1984).

An investigation of the composition of insect ciliary
rootlets should provide more information concerning the
properties and function both of these structures in sensil-
la and of other sensory structures. A prominent cytoske-
letal element of the auxiliary cells of the scolopidia, the
scolopale, has been characterized in previous studies
(Wolfrum 1990, 1991b). However, a detailed investiga-
tion on the ciliary rootlets of these sensilla is still lacking.
In the present paper, the ultrastructure and composition
of the ciliary rootlets in insect scolopidia are demon-
strated by cytochemistry and immunohistochemistry.

In previous publications, some authors (Fawcett
1961; Fiiller and Ernst 1973; Michel 1974; Schmidt
1969, 1974) have speculated about the collagen nature
of the rootlets. Therefore; the presence of collagen in
the rootlets has been tested by both anti-collagen stain-
ing and collagen digestion. The presence of actinin and
the localization of centrin have been ascertained by im-
munohistochemistry.

Materials and methods

Animals. Two insect species were used : Periplaneta americana (Blat-
todea) were taken immediately after molting from the colonies
of the Institute, workers of Schedorhinotermes lamanianus (Isop-
tera) were kindly provided by Dr. M. Kaib, University of Bayreuth,
FRG.
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Electron microscopy

Chemical fixation. Tannic acid fixation was used as described in
Wolfrum (1990).

High-pressure freezing, freeze-substitution and embedding. Heads or
antennae of the animals used were frozen in a Balzers high-pressure
freezer HPM 010 (Balzers Union, Liechtenstein) (Miiller and Moor
1984; Moor 1987) at about 2100 bar according to Studer et al.
(1989) and Wolfrum (1990). The [reeze-substitution procedure in
dry acetone containing 2% 0s0,, and embedding in a mixture
of Epon/Araldite were as described in Wolfrum (1990).

Collagenase digestion. Specimens were infiltrated with 0.1 M phos-
phate buffer, pH 7.1, for 10 min, and treated with buffered 0.5%
Triton X-100 (Sigma, Deisenhofen, FRG) for 30 min at room tem-
perature. After washing with buffer, the samples were incubated
for 5h at 37° C with collagenase from Achromobacter iophagus
(EC 3.4.24.8) (15 U/ml, Bochringer, Mannheim, FRG); controls
were incubated in phosphate buffer. The specimens were fixed for
30 min in buffered 2% glutaraldehyde, and for 45 min in buffered
2% glutaraldehyde plus 1% tannic acid at room temperature. After
being washed with cold bulfered 1% Na,SO, to reduce precipita-
tions of tannic acid and 0s0,. the specimens were post-fixed in
buffered 1% 0OsO, for 45 min at 4° C. They were then stained
en bloc with 1% uranyl acetate in 50% ethanol, followed by dehy-
dration in graded ethanol and embedding in Durcupan ACM
(Fluka).

Series of sections were cut using diamond knives on an Ultracut
E ultramicrotome (Reichert-Jung, NuBloch, FRG). They were
stained with uranyl acetate and lead citrate, and examined in a
Zeiss EM 10/CR electron microscope (Zeiss, Oberkochen, FRG).

Fluorescence microscopy

Preparation. Unilixed specimens were placed in embedding media
(Reichert-Jung, Nulloch, FRG) surrounded by boiled liver and
cryofixed in melting iso-pentane. They were sectioned at a thickness
of 10 pm in a cryostat (2800 Frigocut, Reichert-Jung) at about
—20° C, and placed on coverslips precoated with 0.05% aqueous
poly-L-lysine (Sigma) and encircled with a “Pap pen™ (Science
services, Miinchen, FRG).

Antibodies : Anti-z-actinin. v-Actinin from chicken gizzard was used
Lo prepare two polyclonal anti-z-actinin sera from rabbit, purified
by affinity chromatography. The first serum was kindly supplied
by Dr. B. Jockusch, University of Bieleleld, FRG; the second anti-
o-actinin serum was obtained from Sigma. Anti-centrin. A poly-
clonal rabbit antiserum to centrin, a 20 kDa polypeptide from the
striated flagellar root of the green algae Tetraselmis striaia (charac-
terized by Salisbury et al. 1984), was a generous gift of Drs. M.
Melkonian (University of Kéln, FRG) and J.L. Salisbury (Majo
Clinic, Rochester, Mich., USA). Anti-collagen. A polyclonal affini-
ty-purified goat antibody against type-I collagen was obtained
from South Biotechnology Associates (Birmingham, Ala., USA).
Secondary antibodies. Fluorescein-isothiocynate (FITC)- or rhoda-
mine-conjugated anti-rabbit-IgG antibodies against the whole mol-
ecule, both raised in goat (Sigma), and a FITC-coupled F(ab')2
fragment goat anti-rabbit-IgG (H + L) (Jackson Immuno Research,
USA) were used. In all tests, the three anti-rabbit-1gGs reacted
identically. FITC-conjugated anti-goat-IgG (H+L) was obtained
from Dunn Labortechnik (Asbach, FRG).

Phalloidins. Rhodamine-coupled phalloidin (a generous gift from
Dr. H. Faulstich, MPI for Medicine, Heidelberg, FRG) and FITC-
coupled phalloidin (Sigma) were used as specific probes for fila-
mentous actin (Wulf et al. 1979; Faulstich et al. 1988).

Double fluorescence staining. Cryosections were incubated [irst with
0.01% Tween20 in 0.15 M phosphate-buffered saline pH 7.2 (PBS)
for 10 min and washed in PBS. After blocking with 0.5% fish

gelatin (Sigma) plus 0.1% ovalbumin (Sigma) in PBS for 10 min,
10 ul of a dilution (1:100 anti-actinins; 1:50 anti-centrin; 1:10
or 1:20 anti-collagen in PBS) of one of the primary antibodies
was placed on each section for 12 h at 4° C. Unbound antibodies
were subsequently washed out three times with PBS. Subsequently,
10 ul of the specific secondary antibodies (1:40 anti-rabbit IgGs;
1:5 anti-goat 1gG in PBS) were placed on the section for 1 h at
room lemperature. After being washed in PBS, the sections were
incubated with 10 pl of one of the fluorescent phalloidins in PBS
(rhodamine-coupled: 0.01 mg/ml, or FITC-coupled: 0.1 mg/ml)
for 1 h at room temperature and washed three times in PBS. The
sections were then mounted in Mowiol 4.88 (Farbwerke Hoechst,
Frankfurt, FRG) containing 2% n-propyl-gallate.

Controls. Muscles of insects were used to demonstrate the specifici-
ty of the fluorescent phalloidins and the antibodies used. Both
phalloidins reacted only in the light band of the muscles: both
anti-z-actinins specifically stained the Z-line. The walls of blood
vessels of the boiled liver, used for embedding where collagen is
localized, the extracellular part of the basement membrane (basal
lamina) of the insect compound eye, and the sarcolemma of insect
muscle are known to contain collagen (Ashhurst 1968; Carlson
and Chi 1979; Alberts et al. 1983). and acted as controls for anti-
collagen immunostaining.
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Fig. 1a, b. Longitudinal sections through insect scolopidia. a Dia-
gram and b lower-power clectron micrograph of a scolopidium
of Periplaneta americana (chemical fixation). The cap (c) lies be-
tween the attachment cell (ac) and the dendritic outer segment
(d). The scolopale cell contains the prominent scolopale (sc). The
ciliary rootlet (cr) projects from the basal bodies (arrowheads) at
the tip of the dendritic inner segments (dis) down to the perikaryon
of the sensory cell (s). Plane of transverse section in Fig. 2b is
indicated by arrow. Bar in b: 3 um: x 2500



The specificity of the phalloidins was additionally tested accord-
ing to Wolfrum (19914a): after 30 min of preincubation with unla-
beled phalloidin, the phalloidin [luorescence was notably reduced;
after 2.5 h, no fluorescence could be observed in the usually stained
scolopale of the scolopidia.

For additional controls of immunostaining, (1) the primary or
secondary antibodies were omitted; (2) a secondary antibody
against antibodies differing from the primary antibody was used;
(3) non-immunoserum [rom rabbit was used instead of the primary
antibodies. In no case was a reaction observed.

The mounted frozen sections were examined and photographed
with a Zeiss Axiophot microscope or analyzed with the Zeiss LSM
confocal laser scanning microscope. Fujichrome 100 color reversal
films were used for photographic documentation.

Results

The ciliary rootlets in the mononematic and amphine-
matic scolopidia of the central chordotonal organ and
the Johnston’s organ of the antennal pedicel were inves-
tigated in the present study. There are no structural dif-
ferences with respect to the ciliary rootlets of the species
used, Periplaneta americana and Schedorhinotermes la-
manianus. The ciliary rootlets originate at the basal bod-
ies near the tip of the dendritic inner segment (Fig. 1).
In both types of scolopidia, two sensory cells possess
rootlets extending through the perikarya into the axons
over a distance of up to 100 um (Fig. 1). In the amphine-
matic scolopidia, there is additionally a third sensory
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cell whose dendritic outer segment terminates distally
at the joint between the pedicel and the flagellum. In
contrast to the other two sensory cells, the rootlet of
this cell is shorter and ends within the dendritic inner
segment.

The ciliary rootlets are not homogeneous massive
strands. They are often hollow and branched (Fig. 1b)
as, for example, in Periplaneta americana where up to
10-15 branches have been counted. The rootlets are
composed of longitudinally oriented highly ordered fila-
ments (about 4 nm in diameter) forming a characteristic
regular cross-striation (Fig. 2). In cryofixed specimens,
the period of the main bands (a-bands) is about 68 nm
(n=25) (Fig. 2a). Two additional bands, the b- and the
c-band are located between two main a-bands (Fig. 2a).
Two sub-bands can be distinguished in the main a-
bands, whereas three sub-bands are visible within the
b-bands (Fig. 2a, c¢). The striation of ciliary rootlets of
the sensilla is similar to that of D-periodic type-I colla-
gen present within vertebrate tendons (Figs. 2a, 3a, ¢).

Cyto- and immunohistochemistry

Collagenase digestion. Treatment with collagenase had
no effect on the ciliary rootlets of the scolopidia. The
ciliary rootlets and their typical cross-striation were pre-
served after treatment in all samples studied (n=10)

Fig. 2a—c. Ultrastructure of ciliary
rootlet in scolopidia of Schedor-
hinotermes lamanianus (high-pres-
sure {reezing preparation). a Lon-
gitudinal section; the ciliary root-
let within the dendritic inner seg-
ment is regularly cross-striated.
Arrow points distally to the basal
bodies.

b Transverse section; the ciliary
rootlet is indicated by arrowheads
within the dendritic inner seg-
ments. Desmosomes (arrow) link
the dendritic inner segment with
the scolopale cell containing the
actin filaments of the scolopale.
Plane of section is indicated in
Fig. 1b. ¢ Scheme of cross-stria-
tion pattern: three bands a, b and
¢ are visible; two sub-bands can
be seen within the a-band and
three sub-bands within the b-
band. The periodicity D (distance
between the main a-bands) is
about 68 nm. Bars in a and b:
0.1 pm; = 99000



(Fig. 3a). In contrast, collagen fibrils of tendons of white
mice, used as control tissues, were digested by the colla-
genase, producing microfibrils (Fig. 3b) or were even
completely destroyed.

Anti-collagen. The polyclonal antibody to type-I colla-
gen did not react with the ciliary rootlet of the scolopi-
dia. Instead, it labeled all tissues used for controls, where
collagen fibrils are known to be present: the walls of
blood vessels within the cooked liver used for embed-
ding, the extracellular part of the basement membrane
of the compound eye of insects, and the sarcolemma
of insect muscles (Ashhurst 1968 ; Carlson and Chi 1979;
Alberts et al. 1983).

Anti-g-actinin. An «-actinin-like immunoreactivity dem-
onstrated by both antibodies is present in both types
of scolopidia. The rhodamine-immunofluorescence is
visible in two stripes that project from the region of
the scolopale-tube (detected by the phalloidin staining
of their actin filament bundles (see also: Wolfrum 1990,
1991b)) down to the somata of the scolopidia (Fig. 4a).
The cap, the scolopale, and the ciliary rootlets are visible
with the scolopidia under Nomarski optics (Fig. 4b).
The staining pattern of the double-exposure reconstruc-
tion (Fig. 4a) and superposition on the Nomarski picture
(Fig. 4b) reveal that the antibodies to a-actinin react
with the striated ciliary rootlets of the sensory cells of
the scolopidia. In addition, the double-label experiments
reveal that neither antibody to z-actinin reacts within
the scolopale of the scolopidia (Fig. 4; Wolfrum 1991b).

Anti-centrin. Indirect immunofluorescence reveals that
antibodies to centrin react with insect scolopidia. The
localization of the reaction is ascertained by both dou-
ble-labeling using anti-centrin followed by phalloidin

Fig. 3a—c. Collagenase digestion.
Longitudinal sections through: a
the ciliary rootlet of a scolopi-
dium of Periplaneta americana
treated with collagenase; b a col-
lagen fibril of mouse tendon that
has been digested into collagen
microlibrils (arrow) by collagen-
ase lreatment; ¢ control collagen
fibrils of mouse tendon following
the same treatment as in a and b,
but without collagenase. Bar:

0.2 um; = 58500

staining, and by superposition of the resulting double-
exposure double-fluorescence micrograph (Fig. 5a) on
the Nomarski picture (Fig. 5b): rhodamine-phalloidin
stains the actin filament bundles of the scolopale
(Fig. 5a; see also Fig. 4 and Wolfrum 1990, 1991b),
whereas the anti-centrin FITC-immunofluorescence oc-
curs within the scolopidia mainly in two strands (and
also in fibrillar bundles) that project proximally (Fig. 5).
The respective localization of both the phalloidin-reac-
tion and anti-centrin-reaction, and an additional super-
position of the immunofluorescence and the Nomarski
picture show that the anti-centrin-like immunoreactivity
is located in the ciliary rootlets of the scolopidia. The
stained fibrillar bundles in Fig. 5a correspond to the
branched part of the ciliary rootlets (Fig. 1b).

Fig. 4a, b. Anti-z-actinin/phalloidin double-labeling in longitudinal
section through a scolopidium of Periplaneta americana. Confocal
laser scanning reconstructions: a indirect immunofluorescence of
anti-z-actinin (rhodamine; red) and phalloidin-FITC fluorescence
(green); b Nomarski optics. FITC-phalloidin reacts specifically
with the actin filament bundles of the scolopale proximal to the
cap, indicated by an arrow. Anti-z-actinin does not co-localize with
phalloidin [luorescence; the rhodamine-immunofluorescence corre-
sponds to the location ol the ciliary rootlets (arrowheads) of the
scolopidium. Bar: 10 pm: = 1000

Fig. Sa, b. Anti-centrin/phalloidin double-staining in longitudinal
sections through scolopidia of Periplancta americana. a Indirect
immunofluorescence of anti-centrin (FITC ; green) and phalloidin-
rhodamine [luorescence (red); b Nomarski optics. Rhodamine-
phalloidin reacts specifically with the actin filament bundles of
the scolopale proximal to the cap, indicated by an arrow. Anti-
centrin FITC-immunofluorescence corresponds to the location of
the ciliary rootlets (arrowheads) ol the scolopidia. In a branched
rootlets are indicated by an asterisk ; compare with Fig. 1b. Bar:
10 pm; = 1100
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Discussion

Striated ciliary rootlets are associated with the base of
motile and non-motile cilia (Pitelka 1974). The appear-
ance of these fibrous rootlets is, however, very variable
(Sandoz et al. 1988; Harrison 1989). Whereas they are
always composed of longitudinally oriented filaments
(4-5 nm in diameter) showing a regular cross-striation,
the periodicity of this complex striation varies between
21 nm and 900 nm (Larson and Dingle 1981; Pitelka
1974). The periodicity measured in the present study
(68 nm) lies within the range of the periodicity of ciliary
rootlets as found in arthropod sensilla, viz., between 55—
75 nm (Gaffal and Bassemir 1974 ; Schmidt and Gnatzy
1984). The large variation in the periodicity in ciliary
rootlets may be reflected by differences in their composi-
tion (Sandoz etal. 1988), but may also be caused by
different preparation methods, including physiologically
induced changes in rootlet length (e.g., contractions: Sal-
isbury and Floyd 1978). The complex sub-striation,
shown in detail for the antennal scolopidia of the lace-
wing Chrysopa (Schmidt 1969, Fig. 7), documented for
other arthropods by several authors (e.g., Michel 1975;
Moran and Rawley 1975; Toh and Yokohari 1985;
Schmidt and Gnatzy 1984), and corroborated in the
present study in cryofixed specimens, is similar in ciliary
rootlets of all arthropod sensilla studied so far. There-
fore, the rootlets are probably composed of the same
principal components.

Components of the ciliary rootlets

The periodicity of the ciliary rootlets in the sensilla is
similar to that of D-periodic collagens that show a peri-
odicity of about 67 nm in longitudinal ultrathin sections
(Ashhurst and Bailey 1980; Chapman et al. 1990). For
this reason Schmidt (1969, 1974) and others, e.g., Fiiller
and Ernst 1973; Michel 1974) have assumed a collagen-
like nature of the ciliary rootlets in insect sensilla. How-
ever, the following evidence indicates that the rootlets
are most probably not composed of collagen: (1) Ciliary
rootlets are intracellular structures: in contrast, D-peri-
odic collagen fibers are restricted to the extracellular
space. All events involved in the formation of collagen
fibrils (the cleavage of the extension peptides of the pro-
collagen, the assembly into collagen microfibrils and ma-
ture collagen fibrils) take place within the extracellular
milieu after secretion of the procollagen into the extra-
cellular space (Prockop et al. 1979a, b; Trelstad 1982).
Collagen fibrils within cells are restricted to lysosomes
during collagen disassembly (Yajima 1986). (2) The cili-
ary rootlets withstand collagenase treatment, whereas
the collagen fibrils present in control preparations of
vertebrate tendons are digested. (3) Antibodies to type-I
collagen, the major type of collagen present in animals,
do not react with the ciliary rootlets of the insect sensilla.
(4) Moreover, in another ciliated system, viz., the mollus-
can ciliated gill epithelium, the cilliary rootlets are also
not composed of collagen fibrils (Stephens 1975). After
extraction of the isolated basal apparatus of the gill,
the soluble proteins were separated by SDS-gel electro-

phoresis. Proteins with the molecular weight of collagen
or procollagen were not present in the SDS-gels.

The present immunohistochemical localization of an
a-actinin-like protein in the ciliary rootlets of the scolo-
pidia is the first localization of z-actinin or any related
protein in ciliary rootlets. Moreover, the double-staining
tests reveal that in the rootlets, this z-actinin-like protein
is not associated with actin filaments, as found in skeletal
muscle (Pollard and Cooper 1986) or desmosomal
plaques (Geiger etal. 1981; Drenckhahn and Franz
1986). However, in the Z-line of skeletal muscle, a-actin-
in is an anchoring protein not only for actin filaments,
but also for other filamentous proteins, such as titin
(or connectin) and nebulin, which probably influence
muscle elasticity (Maruyama 1986; Wang and Wright
1988; Nave and Weber 1990; Nave et al. 1990). There-
fore, one might speculate that, in the ciliary rootlets,
an o-actinin-like protein is associated with such elastic
filamentous proteins.

Applied immunohistochemistry reveals that anti-
bodies to centrin cross-react with the ciliary rootlets in
insect scolopidia. Centrin is the major component of
the striated flagellar or ciliary rootlets of the flagellate
green algae, Tetraselmis striata (Salisbury et al. 1984),
and occurs in other algae (e.g., Salisburg et al. 1987;
Hohfeld et al. 1988; Koutoulis et al. 1988: Melkonian
et al. 1988). This protein is a calcium-sensitive contrac-
tile phospho-protein of molecular weight 20 kDa (Sal-
isbury et al. 1984 ; Martindale and Salisburgy 1990). The
rootlets of these algae contract in response to elevated
calcium concentrations (Salisbury and Floyd 1978 Sal-
isbury 1983), centrin being largely responsible for this
contraction (Salisbury et al. 1984). Since a centrin-like
protein is localized in the ciliary rootlets of the scolopi-
dia, contractions modulated by calcium may also occur
in these rootlets. Here, a centrin-like protein could be
associated with the #-actinin-like protein.

Functional significance of the ciliary rootlets

Ciliary rootlets in insect sensilla may, as in other ciliated
cells, anchor the proximal basal body within the cyto-
plasm of the inner dendritic segments (Moran and Raw-
ley 1975). The present observations indicate that the cili-
ary rootlets of scolopidia may additionally be involved
in sensory transduction or adaptation: mechanosensitive
insect sensilla generally show a wide range of adaptation
behavior, from slow adaptation to very rapid adapta-
tion, unless the stimulus is strongly oscillatory (Mclver
1985; French 1988). A slow sensory adaptation has been
noticed in scolopidia by Moran et al. (1977). Two hy-
potheses have been discussed regarding the way in which
arthropod scolopidia receive stimuli. (1) Young (1970)
claims that an increase in longitudinal tension on the

lus. (2) Moran et al. (1977) assume that a lateral dis-
placement of the extracellular cap and the dendritic tips
induces an active sliding of the dendritic microtubuli
doublets; this, in turn, causes a bending of the base of
the dendritic outer segments and a displacement of the
distal basal body in the dendritic inner segment. These



events should result in changes of the membrane perme-
ability and a generator current.

Both hypotheses allow for a contraction or a relaxa-
tion of the ciliary rootlets being produced. This would
serve in sensory transduction or adaptation of the scolo-
pidia.

(1) If the mechanical force of a contraction of the ciliary
rootlets is transmitted via the basal bodies within the
dendritic inner segments to the sensory outer segments,
the latter would longitudinally be placed under tension.
This would reinforce the longitudinal tension of the den-
drites proposed for the adequate stimulus by Young
(1970). In contrast, relaxation of the ciliary rootlets
would increase the force that would be necessary to place
the dendrites under tension. This would represent a
mechanism for sensory adaptation.

(2) Previous investigations on the scolopale, the second
prominent cytoskeletal component of the scolopidia,
support the hypothesis of Moran et al. (1977) (Wolfrum
1990, 1991 b). The actin filament bundles composing this
structure may bend during stimulation of the scolopidia,
and probably produce the necessary force to restore the
cap and the dendritic tip after stimulation. Additionally,
during stimulation of the scolopidia, the distal basal
body and the attached ciliary base are probably tilted,
and the dendritic outer segment is bent at their ciliary
necklace. This has been noticed not only by Moran et al.
(1977), but also by other authors (e.g., Toh and Yoko-
hari 1985; own observations). Contraction of the ciliary
rootlets could be involved in the hypothesis of Moran
et al. (1977) as follows: (1) a contraction may reinforce
the shift of the distal basal body and therefore the bend-
ing of the ciliary necklace during stimulation; or (2)
after this shift, a contraction may build up the force
required to restore the distal basal body and the ciliary
necklace to their starting position; (3) an involvement
in sensory adaptation of the scolopidia may also be pos-
sible, since a contraction of the rootlet may effect the
degree of displacement of the distal basal body, and
therefore the range of bending of the ciliary necklace.

If any of these processes occur in the sensory cells, they
might be triggered by an increase in the intracellular
calcium concentration (Salisbury and Floyd 1978 Sleigh
1979). Since the elasticity of the scolopale, which may
also be functionally important, may additionally be in-
fluenced by changes in calcium concentration (Wolfrum
1991b), both the range of elasticity of the scolopale and
the range of contraction of the ciliary rootlets could
be coupled in the scolopidia.

The present findings in the ciliary rootlets of insect
sensilla may change our understanding of ciliary rootlets
in arthropod sensilla. Further studies should elucidate
whether these findings can be extended to other ciliary
rootlets of sensory cells (e.g., the rod cells of the verte-
brate eye; Spira and Milman 1979), which could have
wide implications for sensory physiology.

Acknowledgements. The author is most grateful to Professor H.
Altner for his help and critical discussions. He wishes to thank

237

Dr. M. Miiller, ETH Ziirich, for kindly providing the high-pressure
[reezing equipment and Profs. B.M. Jockusch, M. Melkonian, and
J.L. Salisbury for kindly supplying their antibodies. He also thanks
Mrs. K. Stiirmer and Dr. T. Jones for helpful comments on the
manuscript and attentive linguistic corrections. This work is sup-
ported by the Deutsche Forschungsgemeinschaft (SFB 4:G1).

References

Alberts B, Bray D. Lewis J, Raff M, Roberts K, Watson JD (1983)
The molecular biology of the cell. Garland, New York, London,
pp 697-701

Ashhurst DE (1968) The connective tissue of insects. Annu Rev
Entomol 13:45-74

Ashhurst DE, Bailey AJ (1980) Locust collagen: morphological
and biochemical characterization. Eur J Biochem 103:75-83

Bloom JW, Zacharuk RY, Holodniuk AE (1981) Ultrastructure
of a terminal chordotonal sensillum in larval antennae of the
yellow mealworm, Tenebrio molitor L. Can ] Zool 59:515-524

Carlson SD. Chi C (1979) The functional morphology of the insect
photoreceptor. Annu Rev Entomol 24:379-416

Chapman JA, Tzaphlidou M, Meek KM, Kadler KE (1990) The
collagen fibril — a model system for studying the staining and
fixation of a protein. Electron Microsc Rev 3:143-182

Drenckhahn D, Franz H (1986) Identification of actin, alpha-actin-
in, and vinculin-containing plaques at the lateral membrane
of epithelial cells. J Cell Biol 102:1843-1852

Faulstich H, Zobeley S, Rinnerthaler G, Small JV (1988) Fluores-
cent phallotoxins as probes for filamentous actin. J Muscle
Res Cell Motil 9:370-383

Fawcett D (1961) Cilia and flagella. In: Brachet J, Mirsky AE
(eds) The cell. Biochemistry, physiology, morphology, 2nd edn.
Academic Press, New York, pp 217-298

French AS (1988) Tansduction mechanisms of mechanosensilla.
Annu Rev Entomol 33:39-58

Fiiller H, Ernst A (1973) Die Ultrastruktur der femoralen Chordo-
tonalorgane von Carausius morosus. Br Zool Jb Anat Bd
91:574-601

Gaffal KP, Bassemir U (1974) Vergleichende Untersuchungen mo-
difizierter Cilienstrukturen in den Dendriten mechano- und che-
mosensitiver Rezeptorzellen der Baumwollwanze Dysdercus und
der Libelle Agrion. Protoplasma 82:177-202

Geiger B, Dutton AH, Tokuyasu KT, Singer SJ (1981) Immuno-
electron microscope studies of membrane-microfilament inter-
actions: distribution of alpha-actinin, topomyosin, and vinculin
in intestinal epithelial brush border and chicken gizzard smooth
muscle cells. J Cell Biol 91:614-628

Gray EG (1960) The fine structure of insect ear. Philos Trans R
Soc Lond [Biol] 243:190-209

Harrison F (1989) Primary cilia associated with striated rootlets
in granulated and folliculo-stellate cells of the avian adenohypo-
physis. Anat Embryol 180: 543547

Hohfeld I, Otten J, Melkonian M (1988) Contractile cukaryotic
flagella: centrin is involved. Protoplasma 147:16-24

Howse PE (1968) The fine structure and functional organisation
of chordotonal organs. Symp Zool Soc (Lond) 23:16-198

Koutoulis A, McFadden GI, Wetherbee R (1988) Spine-scale reor-
ientation in Apedinella radians (Pedinellales, Chrysophyceae):
the microarchitecture and immunocytochemistry ol the asso-
ciated cytoskeleton. Protoplasma 147:25-41

Larson DE, Dingle AD (1981) Isolation, ultrastructure, and pro-
tein composition of the flagellar rootlet of Naegleria gruberi.
J Cell Biol 89:424-432

Martindale VE, Salisbury JL (1990) Phosphorylation of algal cen-
trin is rapidly responsive to changes in the external milieu. J
Cell Science 96:395-402

Maruyama K (1986) Connectin, an eclastic filamentous protein
from striated muscle. Int Rev Cytol 104:81-114

Meclver SB (1985) Mechanoreception. In: Kerkut GA, Gilbert LI



238

(eds) Comprehensive insect physiology. biochemistry, and phar-
macology, vol 6. Nervous system: sensory. Pergamon, Oxford,
pp 71-132

Melkonian M, Schulze D, McFadden GI, Robenck H (1988) A
polyclonal antibody (anticentrin) distinguishes between two
types of fibrous [lagellar roots in green algae. Protoplasma
144:56-61

Michel K (1974) Das Tympanalorgan von Gryllus bimaculatus De-
geer (Saltatoria, Gryllidae). Z Morphol Tiere 77:285-315

Michel K (1975) Das Tympanalorgan von Cicada orni L. (Cicadina,
Homoptera). Zoomorphologie 82:79-103

Moor H (1987) Theory and practice of high-pressure freezing. In:
Steinbrecht RA, Zierhold K (eds) Cryotechniques in biological
electron microscopy. Springer. Berlin Heidelberg New York,
pp 175-191

Moran DT, Rawley JC (1975) The fine structure of the cockroach
subgenual organ. Tissue Cell 7:91-106

Moran DT, Rawley JC, Varel FG (1975) Ultrastructure of the
grasshopper proximal femural chordotonal organ. Cell Tissue
Res 161:445-457

Moran DT, Varela FJ, Rawley JC (1977) Evidence for active role
of cilia in sensory transduction. Proc Natl Acad Sci USA
74:793-797

Moulins M (1976) Ultrastructure of chordotonal organs. In: Mill
PJ (ed) Structure and function of proprioceptors in the inverte-
brates. Chapman and Hall, London, pp 387-426

Miller M, Moor H (1984) Cryofixation of thick specimens by
high pressure freezing. In: Revel J-P, Barnard T, Haggis GH
(eds) Science of biological specimen preparation. SEM. AMF
O’Hare, Chicago, pp 131-138

Nave R, Weber K (1990) A myofibrillar protein of insect muscle
related to vertebrate litin connects Z band and A band: purifi-
cation and molecular characterization of invertebrate mini-titin.
J Cell Sci 95: 535-544

Nave R, Flrst DO, Weber K (1990) Interaction of alpha-actinin
and nebulin in vitro-support for the existence of a 4th filament
system in skeletal muscle. FEBS Lett 269:163-166

Pitelka DR (1974) Basal bodies and root structures. In: Sleigh
MA (ed) Cilia and flagella. Academic Press, London New York,
pp 437-469 "

Pollard TD, Cooper JA (1986) Actin and actin-binding proteins.
A critical evaluation of mechanisms and functions. Annu Rev
Biochem 55:987-1035

Prockop DJ, Kivirikko KJ, Tuderman L, Guzman NA (1979a)
The biosynthesis of collagen and its disorders. N Engl J Med
301:13-23

Prockop DI, Kivirikko KJ, Tuderman L, Guzman NA (1979b)
The biosynthesis of collagen and its disorders (second of two
parts). N Engl J Med 301:77-85

Salisbury JL (1983) Contractile flagellar roots: the role of calcium.
J Submicrosc Cytol 15:105-110

Salisbury JL, Floyd GL (1978) Calcium-induced contraction of
the rhizoplast of a quadriflagellate green algae. Science
202:975-976

Salisbury JL, Baron A, Surek B, Melkonian M (1984) Striated
flagellar roots: isolation and characterization of a calcium-mo-
dulated contractile organelle. I Cell Biol 99:962-970

Salisbury JL, Sanders MA, Harpst L (1987) Flagellar root contrac-
tion and nuclear movement during flagellar regeneration in
Chiamydomonas reinhardthii. ] Cell Biol 105:1799-1805

Sandoz D, Chailley B, Boisvieux-Ulrich E, Lemullois M, Laine
M-C, Bautista-Harris G (1988) Organisation and functions of
cytoskeleton in metazoan ciliated cells. Biol Cell 63:183-193

Schmidt K (1969) Der Feinbau der stiftfiihrenden Sinnesorgane
im Pedicellus der Florfliege Chrysopa Leach (Chrysopidae,
Planipennia). Z. Zellforsch 99:357-388

Schmidt K (1970) Vergleichende morphologische Untersuchungen
iiber den Feinbau der Ciliarstrukturen in den Scolopidien des
Johnstonschen Organs holometaboler Insekten. Verh Dtsch
Zool Ges 64:88-92

Schmidt K (1974) Die Mechanorezeptoren im Pedicellus der Ein-
tagsfliege (Insecta, Ephemeroptera). Z Morphol Tiere 78:193—
220

Schmidt M (1989) The hair-peg organs of the shore crab, Carcinus
maenas (Crustacea, Decapoda): ultrastructure and functional
properties of sensilla sensitive to the changes in seawater con-
centration. Cell Tissue Res 257:609-621

Schmidt M (1990) Ultrastructure of a possible new type of crusta-
cean cuticular strain receptor in Carcinus meanus (Crustacea,
Decapoda). ] Morphol 204:335-344

Schmidt M, Gnatzy W (1984) Are the funnel-canal organs the
‘campaniform sensilla” of the shore crab, Carcinus maenas (De-
capoda, Crustacea)? I1. Ultrastructure. Cell Tissue Res 237: 81—
93

Sleigh M (1979) Contractility of roots of flagella and cilia. Nature
277:263-264

Spira AW, Milman GE (1979) The structure and distribution of
the cross-striated fibril and associated membranes in guinea
pig photoreceptores. Am J Anat 155:319-338

Stephens RE (1975) The basal apparatus. J Cell Biol 64: 408420

Studer D, Michel M, Miiller M (1989) High pressure [reezing
comes of age. In: Albrecht R, Ornberg R (eds) The science
of specimen preparation. SEM. AMF O'Hare, Chicago.
pp 253-269

Toh Y (1981) Fine structure of sense organs on the antennal pedicel
and scape of the mate cockroach, Periplaneta americana. J Ul-
trastruct Res 77:119-132

Toh Y, Yokohari F (1985) Structure of the antennal chordotonal
sensilla of the American cockroach. J Ulirastruc Res 90: 124
132

Trelstad RL (1982) Multistep assemply of type I collagen fibrils.
Cell 26:197-198

Wang K, Wright J (1988) Architecture of the sarcomere matrix
of skeletal muscle: immunoelectron microscopic evidence that
suggests a sel ol parallel inextensible nebulin filaments an-
chored at the Z line. J Cell Biol 107:2199-2212

Witman GB (1990) Introduction to cilia and flagella. In: Blood-
good RA (ed) Ciliary and flagellar membranes. Plenum, New
York, pp 1-30

Wolfrum U (1990) Actin filaments: the main components of the
scolopale in insect sensilla. Cell Tissue Res 261:85-96

Wolfrum U (1991a) Distribution of F-actin in the compound eye
of Challiphora erythrocephala (Diptera. Insecta). Cell Tissue Res
263:399-403

Wolfrum U (1991b) Tropomyosin is co-localized with the actin
filaments of the scolopale in insect sensilla. Cell Tissue Res
265:11-17

Wulf E, Deboben A, Bautz FA, Faulstich H, Wieland T (1979)
Fluorescent phallotoxin, a tool for the visualization of cellular
actin. Proc Natl Acad Sci USA 76:4498-4502

Yajima T (1986) Acid phosphatase activity and' intercellular colla-
gen degradation by fibroblasts in vitro. Cell Tissue Res
245:253-260

Young D (1970) The structure and lunction of a connective chordo-
tonal organ in the cockroach leg. Philos Trans R Soc Lond
[Biol] 256:401-426



