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Abstract—Insect sensilla have evolved prominent cytoskeletal elements as part of their functional specialization. The cytoskeleton
present in sensory cells as well as in auxiliary cells may play an important role in sensilla function. The scolopale, the characteristic
cytoskeletal component in the innermost auxiliary cell of mechanosensitive scolopidia and thermo-/hygrosensitive sensilla, is
mainly composed of bundles of 10 nm filaments. Cytochemical approaches for light and electron microscopy identified these
structures as actin filaments that exhibited a unique filament orientation and uniform filament polarity. None of these approaches
has provided evidence for the presence of myosins in the scolopale. In contrast, tropomyosin and the microtubule-associated
protein 2 are associated with the actin filament bundles in the scolopale of scolopidia. All data taken together suggest that the
actin filaments of scolopale have a stabilizing rather than a contractile function. In scolopidia, in addition to cellular stabilization,
filament elasticity would appear to be important during stimulation. Owing to the high number of microtubules, the scolopale
in thermo- hygrosensitive sensilla seems more rigid than in scolopidia and may protect sensory dendrites from mechanical
forces. In sensory cells of scolopidia. regularly cross-striated ciliary rootlets are additional prominent cytoskeletal structures.
Immunohistochemistry reveals that these rootlets contain the Ca®*-binding protein centrin, which forms contractile filaments
in other systems, e.g.. unicellular green algae. Accordingly. contractions of ciliary rootlets may also be part of the filament
function in insect sensilla. © 1997 Elsevier Science Ltd. All rights reserved.

Index descriptors (in addition to those in the title): scolopidia: thermo- hygroreceptors; actin; tropomyosin; centrin: microtubules;

MAP2; cryofixation; immunohistochemistry; immunogold.

INTRODUCTION

Insects gather information about internal and environ-
mental conditions using specialized sensory organules,
the sensilla. The cells composing insect sensilla also exhi-
bit a rich inventory of cytoskeletal elements that are
important for sensory function in other sensory systems
(e.g., in the vertebrate inner ear: Slepecky and Chamber-
lain, 1985; and the mammalian photoreceptor cells: Wolf-
rum, 1995). A prerequisite for an understanding of
structure-function relationships is a detailed structural
and molecular characterization of cytoskeletal com-
ponents present in sensilla. Therefore, those studies can
be expected to provide further details regarding trans-
duction mechanisms and adaptive processes.

Sensory cells of insect sensilla are enveloped by a small
number of auxiliary cells (for reviews see Altner and
Prillinger, 1980; Keil and Steinbrecht, 1984; Steinbrecht,
1984; Zacharuk, 1985). Prominent cytoskeletal elements
are present in sensory cells as well as in auxiliary cells of
insect sensilla (Wolfrum, 1990, 1992). A scolopale struc-
ture typifies the innermost auxiliary cell (thecogen or
scolopale cell) of a variety of arthropod sensilla (cf.
Schmidt, 1969, 1989, 1990; Schmidt and Gnatzy, 1984),
and thermo-/hygrosensitive sensilla in insects (Altner and
Loftus, 1985; Wolfrum, 1990). According to this promi-
nent structure, the non-cuticular, mechanosensitive sco-
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lopidia of insects and various other arthropods were
named (Howse, 1968; Schmidt, 1970; Moulins, 1976;
Meclver, 1985). In addition, in a second auxiliary cell
of scolopidia, the so-called attachment cell, numerous
microtubules form a prominent cytoskeleton. Finally,
in sensory cells of scolopidia, long, cross-striated ciliary
rootlets represent a characteristic and prominent cyto-
skeletal element.

For a more detailed insight into the cellular function of
the prominent cytoskeletal components in insect sensilla,
their structural and molecular composition has been ana-
lysed by light and electron microscopical methods. On
the basis of their features, cellular functions are suggested
and consequences on sensilla function are discussed.

MATERIALS AND METHODS

Animals

Three species were used: Periplaneta americana (Blattodea) was taken
immediately after molting; workers of Schedorhinotermes lamanianus
(Isoptera) were kindly provided by Dr M. Kaib, University of Bayreuth,
Germany. Anitheraea pernyi (Lepidoptera) were obtained from various
local breeders.

Cryofixation for electron microscopy

High-pressure freezing. Specimens were frozen in the 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).

Ambient pressure freezing. The antennae were cryofixed by rapid
injection into liquid propane according to Steinbrecht (1980) and Haug
and Altner (1984). The frozen specimens were substituted in dry acetone
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containing 2% O0s0, at —90°C, —60°C and —30°C (8 h for each step)
and for 1 h at 0°C using a freeze-substitution apparatus of the author’s
own design. The substituted specimens were embedded in Durcupan
ACM (Fluka. Buchs, Switzerland).

Freeze-substitution and embedding. For conventional electron
microscopy, freeze-substitution in dry acetone containing 2% OsO, and
embedding procedures in Epon/Araldite were performed as described
by Wolfrum (1990).

For immunogold staining procedures, frozen specimens were sub-
stituted in dry acetone containing 0.1% glutaraldehyde at —90°C,
—63 Cand —30°C (8 h for each step). The substituted specimens were
infiltrated stepwise with 30%, 70%, and twice with 100% Lowicryl
K4M (Chemische Werke Lowi, Waldkraiburg, Germany) at —30°C
for 3.5h for each step. The UV-polymerization was performed for 24 h
at —30°C, and 48 h at room temperature. All procedures took place in
the freeze-substitution apparatus FSU 010 (Balzers Union) or a copper
cooling block. temperature controlled by the flow of liquid nitrogen.

Series of sections were cut with diamond knives on an Ultracut E
ultramicrotome (Reichert-Jung, NuBlloch, Germany), stained with 2%
ethanolic uranyl acetate and Reynolds lead citrate, and examined in a
Zeiss EM 10/CR or 912C electron microscope.

Cryofixation for light microscopy

Fixation and sectioning. Unfixed specimens were placed in embedding
media, surrounded by boiled liver and eryofixed in melting iso-pentane
at —165°C. Cryosections (approximately 10 um thick) were cut in a
cryostat (2800 Frigocut, Reichert—Jung) at —20°C, and placed on
coverslips precoated with 0.05% aqueous poly-l-lysine (Sigma, Deisen-
hofen, Germany).

Cytochemistry

Antibodies. Anti-actin. The monoclonal mouse antibody clone C4
against chicken gizzard actin was a generous gift from Dr J. Lessard,
Cincinnati, U.S.A., which has previously been characterized (Lessard,
1988).

Anti-tropomyosin. Mouse monoclonal antibodies to tropomyosin
were kindly provided by Dr M. Knipper, University Clinic of Tiibingen,
Germany. It was prepared against tropomyosin from Locusta and was
characterized by Krieger er al. (1990).

Anti-centrin. A polyclonal rabbit antiserum against centrin from the
green algae Tetraselmis striata (Salisbury er al., 1984) was a generous
gift of Drs M. Melkonian (University of Cologne, Germany) and J. L.
Salisbury (Mavo Clinic Foundation, Rochester, MN, U.S.A.).

Anti-MAP2. Rabbit antisera raised against microtubule-associated
protein 2 from pig brain (sera no. 32) were kindly provided by Dr G.
Wiche (University of Vienna, Austria).

Phalloidins. Rhodamine-coupled phalloidin (a generous gift from Dr
H. Faulstich, MPI for Medicine, Heidelberg) and fluorescein iso-
thiocyanate (FITC)-coupled phalloidin (Sigma) were used as specific
probes for filamentous actin (Wulf er al., 1979; Faulstich er al., 1988).

Double-fluorescence staining. Cryosections were incubated first with
0.01% Triton-X 100 in phosphate-buffered saline (PBS) (pH 7.2) for
10min and blocked for 30min with PBS containing 0.1% ovalbu-
min/0.5% fish gelatin (blocking solution). After washing in PBS, sec-
tions were incubated with primary antibodies diluted in blocking
solution for 12 hat 4°C. Unbound antibodies were subsequently washed
out with PBS. A mixture of specific secondary antibodies (FITC-
coupled or rhodamine-coupled anti-mouse IgG antibody or anti-rabbit
IgG antibody: all raised in sheep and obtained from Sigma) and flu-
orescent phalloidins (rhodamine-coupled: 0.01 mg/ml; FITC-coupled:
0.1 mg/ml) were placed on sections for 1 h at room temperature in the
dark. Sections were then mounted in Mowiol 4.88 (Farbwerke Hoechst,
Frankfurt, Germany) containing 2% n-propyl-gallate. The mounted
frozen sections were examined and photographed with a Zeiss Axiophot
microscope.

Immunogold staining. Ultrathin Lowicryl sections of high-pressure
frozen and freeze-substituted specimens were incubated first with 0.01%
Tween 20 in PBS for 10 min. Free aldehyde groups were blocked with
50mM NH,Clin PBS for 5 min. After being washed in PBS, the sections
were preincubated with blocking solution, incubated with primary anti-
bodies in blocking solution for 60 h at 4°C, followed by secondary 1 nm
or 10nm colloidal-gold-coupled antibodies (AroProbe, Amersham,
Braunschweig, Germany) in 10 mM phosphate buffer, containing 0.5 M
NaCl0.1% ovalbumin/0.5% fish gelatin and 0.01% Tween 20 (pH 7.4)

for 1h at room temperature. Washed sections were fixed with 2.5%
glutaraldehyde in PBS for 10min. After washing and drying, silver
enhancement using the method of Danscher (1981) was performed with
some sections. Sections were counterstained with 2% ethanolic uranyl
acetate and analysed in a Zeiss EM 10 or 912C.

Controls. For immuno-cytochemical controls, the primary or sec-
ondary antibodies were omitted. A secondary antibody against anti-
bodies differing from the primary antibody was used. In no case was a
reaction observed. Phalloidin specificity was tested in preincubation
studies according to Wolfrum (1991a).

Heavy meromyosin decoration. Pedicelli of cockroach antennae were
dissected and infiltrated with Tris—~HCI buffer (pH 7.6) for 10 min. After
treatment with buffered 1% Triton X-100 (Sigma) for 10 min at room
temperature, samples were incubated for 2h on ice with heavy mer-
omyosin (HMM) from rabbit muscle in Tris-HCI buffer (5mg/ml)
(Sigma); controls were incubated with the Tris—=HCI buffer only. Speci-
mens were fixed for 30 min with buffered 2% glutaraldehyde, for 3h
with a mixture of 1% tannic acid and 2% glutaraldehyde, and post-
fixed in buffered 1% OsO, for 45min at 0°C. They were then stained
en bloc in 1% uranyl acetate in 50% ethanol, followed by dehydration
in graded ethanol and embedding in Durcupan ACM (Fluka).

RESULTS

Scolopidia

Two propioreceptive sense organs, the antennal chor-
dotonal organ and the Johnston’s organ are present in
the pedicel, the second segment of insect antennae (Toh,
1981). Elementary units of these sense organs are
mononematic scolopidia or amphinematic scolopidia,
respectively. Scolopidia are non-cuticular mechano-
sensitive sensilla that are composed of 1, 2.or 3 sen-
sory cells enveloped by 2 auxiliary cells: the attachment
cell and the innermost scolopale cell (Fig. 1). In amphi-
nematic scolopidia, the dendritic outer segment of one
sensory cell projects to the joint between the pedicel and
first flagellar segment. The dendrites of the other sensory
cells of amphinematic scolopidia, as well as both sensory
cells in mononematic scolopidia, terminate in an extra-
cellular cap structure (Fig. 1). Distally, the cap is envel-
oped by the attachment cell, which also connects a
scolopidium with the cuticle at the segment joint. Promi-
nent cytoskeletal structures are present in all cells of
scolopidia. Bundles of longitudinally oriented mic-
rotubules are characteristic structural elements of the
attachment cell (Fig. 2(A)). These microtubules are
associated with electron-dense filaments. The scolopale,
an intracellular cytoskeletal tubular cylinder, typifies the
innermost auxiliary cell or scolopale cell (Fig. 2(B)). It
extends from the cap to the apical part of the dendritic
inner segments of the sensory cells. In the sensory cells,
long, regularly cross-striated ciliary rootlets extend from
the base of the dendritic outer segments through the
dendritic inner segments into the perikarya (Figs 1 and
7(A)). Electron microscopy reveals that all components
composing a scolopidium are linked by desmosomal
structures (Fig. 2(A)). The attachment cell, the scolopale
cell and the dendritic inner segments of the sensory
cells are linked by desmosomes. Hemidesmosomes are
developed between the extracellular cap and the attament
cell as well as the scolopale cell. Additional linkages are
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Fig. 1. Diagram of a mononematic scolopidium. The dendritic outer
segment (DO) of the sensory cells (S) project into the cap (white circle)
enveloped by the the attachment cell (AC). The scolopale (SC) is an
elongated structure in the scolopale cell (SCC). Ciliary rootlets (CR)
project from basal bodies at the tip of the dendritic inner segments (DI)
down to the perikaryon of the sensory cells (S). Asterisk indicates
receptor lymph cavity. Membrane junctions are omitted. Arrows show
section planes in Figs 2(A.B) and 3(A,B).

present between the cap structure and the tips of the
dendritic outer segments (Fig. 2(A)).

Ultrastructural and molecular characterization of the
scolopale in scolopidia

The analysis of high-pressure frozen and freeze-sub-
stituted specimens reveals that the scolopale is composed
of bundles of longitudinally oriented, regularly spaced
filaments, approximately 10 nm in diameter (Fig. 2(A,B)).
In addition, few longitudinally oriented microtubules,
surrounded by an electron-lucent halo, are visible within
these filament bundles. Whereas the ratio of 10nm fila-
ments to microtubules is approximately 200:1 (n=5) in
the scolopale, in the attachment cell, in which filaments
and microtubules are also present, the ratio is 2:1 (n=15)
(see also Fig. 2(A,B)).

The 10nm filaments composing the filament bundles
in the scolopale and in the attachment cell have been
identified as actin filaments by 3 principally distinct cell-
biological methods: (i) cytochemistry using fluorescent
phalloidins as specific probes for filamentous actin (F-
actin) (Faulstich er al.. 1988); (ii) immunoelectron
microscopy applying monoclonal anti-actin antibodies;
(iil) decoration with myosin fragments.

In cryosections, fluorescent phalloidins stain filament
bundles in both types of scolopidia. Superposition of
phalloidin fluorescence images on Normarski pictures

reveals that the labelled F-actin bundles are localized in
the scolopale (Figs 4(C), 5(C) and 7(C)).

Immunoelectron microscopy identifies the molecules
composing the filaments in the scolopale and in the
attachment cell as globular actin (G-actin). The mono-
clonal antibodies raised against a conserved epitope of
G-actin are visualized in ultrathin sections by a secondary
anti-mouse IgG coupled to colloidal gold particles. They
react with the filaments in the scolopale and in the attach-
ment cell of scolopidia (Fig. 3(A-C)).

In a third set of experiments, Triton X-100-treated
scolopidia are incubated with heavy meromyosin (HMM)
fragments. HMM binds in a typical way to actin fila-
ments. The filaments in scolopales as well as in the attach-
ment cell are also decorated in this typical “arrowhead”-
like manner (Fig. 3(D)). HMM decoration additionally
reveals a unidirectional polarity of the actin filaments in
the scolopale as well as in the attachment cell. Barbed
ends of the actin filaments are directed apically (Fig.
3(D)).

Identification of actin-associated proteins in the scolopale

The association of specific proteins determines the
cellular function of actin filaments. In an immuno-
histochemical approach, specific antibodies against myo-
sin-I1, tropomyosin and ¢-actinin are used for protein
identifications. The polyclonal antibodies raised against
vertebrate o-actinin and myosin-II cross-react with both
insect proteins. However, they do not react in the sco-
lopale of scolopidia. In contrast, monoclonal antibody
against tropomyosin co-localizes with actin filaments in
the scolopale. Double-staining of cryosections through
scolopidia with fluorescent phalloidin and trepomyosin
by indirect immunofluorescence reveals co-localization
in staining patterns (Fig. 4). Furthermore, conclusive evi-
dence of tropomyosin localization in the scolopale is pro-
vided by immunogold labelling (not shown here;
Wolfrum, 1991b).

M A P2-localization in scolopidia

Electron microscopy and immunocytochemistry have
revealed that, in addition to actin filaments, microtubules
are cytoskeletal components in the cells of scolopidia (see
also Wolfrum, 1990). Because microtubule-associated
proteins function as linkers between microtubules as well
as between microtubules and actin filaments, the presence
of microtubule-associated protein 2 has been tested here.
In cryosections, antibodies against MAP2 react in both
types of scolopidia. Double-stainings with anti-MAP2
and fluorescent phalloidin reveal co-localization of phal-
loidin fluorescence with MAP2 immunofluorescence
(Fig. 5(A-C)). Immunogold labelling with anti-MAP2
antibodies demonstrates MAP2 localization at the actin
filament bundles of the scolopale (Fig. 5(D)). However,
in cryosections through scolopidia, much brighter anti-
MAP?2 fluorescence is present in the attachment cell
enveloping the extracellular cap (Fig. 5(A-C)).



L L2 :

Fig. 2. Transverse sections through mononematic scolopidia of S. lamanianus. (A) A section cut at the level of the extracellular cap.
Numerous microtubules and filaments stabilize the scolopale cell (scc) as well as the attachment cell (ac), which are linked by desmosomes
(small arrows): both cells are also connected with the fenestrated cap structure (c) by hemi-desmosomes (small arrows). Electron-dense
links are also present between the cap and the dendritic outer segments (do) (large arrows). (High-pressure freezing preparation).
Bar=10.2 pm ( x 53,500). (B) Section at approximately the median of the longitudinal extension of the scolopale (sc). The scolopale cell
encloses receptor lymph cavity (asterisk) with dendritic outer segments (do). The scolopale is composed of filament bundles containing
few microtubules. (high-pressure freezing preparation). Bar=0.2 ym ( x 53,500).
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Fig. 3. Ultrastructural localization of actin in insect scolopidia. (A) Transverse section through a mononematic scolopidium of S.
lamanianus at about the same plane of Fig. 2(A). Monoclonal antibodies against actin react with cross-sectioned filaments in the
scolopale cell (scc) and the attachment cell (ac). Dendritic outer segments (asterisks) terminate at this plane enclosed by the extracellular
cap (c). The cap is not contrasted after fixation for immunoelectron microscopy. (High-pressure [reezing; freeze substitution; low-
temperature embedding). Bar=0.2 um (% 39.000). (B) Transverse section through a mononematic scolopidium of 8. lamanianus at
about the same plane of Fig. 2(B). The filament bundles of the scolopale (sc) are immunogold-labelled by anti-actin. Dendritic outer
segements (asterisks) are not stained. (High-pressure freezing; freeze substitution; low-temperature embedding). Bar =0.2 ym ( x 58,500).
(C} Longitudinal section through a scolopidium of S. Jamanianus. Monoclonal anti-actin antibodies react with the electron-dense
filaments of the scolopale. (High-pressure freezing; freeze substitution; low-temperature embedding). Bar=0.1 ym (% 72,000). (D)
Heavy meromyosin decoration of a Triton-extracted scolopale in a scolopidium of P. americana. Longitudinal sectioned filaments are
decorated in the way characteristic for actin filament. Arrowheads indicate filament polarity and point towards the “pointed end”.

Bar=0.1 gm ( = 121,500).
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scolopidium of P. americana. (A) Nomarski (differential interference contrast) picture. Asterisk indicates segment joint. (B) Indirect

immunofiuorescence caused by the presence of anti-tropomyosin (FITC). (Note intense non-specific auto-fluorescence of the cuticle.)

(C) Phalloidin-rhodamine fluorescence. Anti-tropomyosin reacts specifically within the scolopale proximal to the cap (arrow). Phalloidin
staining is co-localized with anti-tropomyosin immunofluorescence, Bar= 10 um ( x 1250),

Thermo-/hygrosensitive sensilla also contain a prominent
scolopale-like structure

Two types of thermo-/hygrosensitive sensilla, no-pore
sensilla (np-sensilla; Altner, 1977), are present on the
antennae of the moth A. pernyi; the styloconic sensilla
and a smaller coeloconic np-type. Three sensory cells
are present in these np-sensilla. Two of these possess
unbranched dendritic outer segments projecting into the
hair peg. The third has a lamellated dendritic outer seg-
ment and ends at a more proximal level (Fig. 6(A); Haug,
1985; Steinbrecht e al., 1989). In both types of sensilla,
the thecogen cell (the innermost enveloping cell) contains
a scolopale-like structure (Fig. 6(A)). This scolopale ter-
minates distally at the level of the proximal end of the
dendrite sheath and extends proximally for about one
quarter of the length of the inner dendritic segments.
Within the thecogen cell, the scolopale ribs form a tubular
cylinder which surrounds the inner receptor lymph cavity
containing the sensory dendrites (Fig. 6(A)). The sco-
lopale is composed of microtubules and 10 nm filaments
oriented longitudinally. The ratio of the number of 10 nm

filaments to the number of microtubules is smaller in the
scolopale of np-sensilla than in the scolopidia. There
are about 10 times more actin filaments per microtubule
towards the middle of the scolopale in a scolopidium
than in the corresponding area of an np-sensillum (200:1
and 20:1, respectively; n=6; Wolfrum, 1990).

Phalloidin cytochemistry and immunogold labelling
also identify the 10nm filaments in thé scolopale-like
structure of np-sensilla as actin filaments. In frozen sec-
tions through both types of np-sensilla of A. pernyi, flu-
orescent phalloidins label a cylinder with a central
unstained lumen representing the scolopale (Fig. 6(B—
E)). Monoclonal antibodies against actin react with the
longitudinally oriented filaments in the scolopale of the
thecogen cell of np-sensilla (Fig. 6(F)).

Ciliary rootlets

In 2 sensory cells of both types of scolopidia, extremely
long ciliary rootlets originate at the basal bodies in the
tips of the dendritic inner segments. The rootlets extend
through the perikarya into the axons over a distance of



Cytoskeletal Elements in Insect Sensilla

B

2B

Fig. 5. MAP2 localization in insect scolopidia. (A-C) Double-fluorescence labelling of MAP2 and filamentous actin (F-actin) in a
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longitudinal cryosection through mononematic scolopidia of P. americana. (A) Nomarski picture. (B) Indirect immunofluorescence of

anti-MAP2. (C) Phalloidin-rhodamine fluorescence. Bright anti-MAP2 immunofluorescence is visible in the attachment cell, which

envelopes the cap structure (arrows). In addition, superposition of (B) and (C) indicates that the anti-MAP2 immunofluorescence co-

localizes with the phalloidin staining of actin filament bundles in the scolopale. Bar= 10 gm ( x 1250). (D) Ultrastructural localization

of MAP2 in a longitudinal section through the scolopale of a scolopidium of S. lamanianus. Antibodies raised against MAP2 react in

the filamentous scolopale. The cross-striated ciliary rootlet (small asterisk) localized in the dendritic inner segement lacks staining.
(High-pressure freezing: freeze substitution; low-temperature embedding). Bar=0.15 um ( x 72,000).

up to 100 um (Fig. 1). Ciliary rootlets are composed of
longitudinally oriented highly ordered fine filaments 2—
4nm in diameter. In cryofixed specimens. their charac-
teristic regular cross-striation shows a periodicity of
approximately 68 nm (Fig. 7(A)).

Anti-centrin immunocytochemistry. Indirect immuno-
fluorescence and immunogold labelling reveal that the
Ca**-binding protein centrin is localized at the ciliary
rootlets of insect scolopidia. The localization of centrin
is ascertained by fluorescence double-labelling using anti-
centrin, followed by phalloidin staining (Fig. 7(B,C)).
Rhodamine-phalloidin stains actin filament bundles of
the scolopale (Fig. 7(C)). whereas the anti-centrin FITC-
immunofluorescence occurs within the scolopidia in
strands that project proximally resembling the rootlets
(Fig. 7(B)). In addition, immunogold labelling on ultra-
thin sections through high-pressure frozen, freeze-sub-

stituted, and low-temperature embedded specimens of
scolopidia of Schedorhintermes lamanianus shows that
the ciliary rootlets are also the most obviously labelled
structure by antibodies against centrin (Fig. 7(D)).

DISCUSSION

Cumulative evidence indicates that the 10 nm filaments
composing the filament bundles in the scolopale of insect
sensilla are filamentous actin (see also Wolfrum, 1990,
1991b). (i) After cryofixation and freeze-substitution, the
diameter of the filaments corresponds to X-ray diffraction
measurements of single actin filaments (Egelman and
Padroén, 1984). (ii) Fluorescent phalloidin-specific probes
for F-actin (Faulstich et a/., 1988) stain the filament bun-
dles of the scolopale. In addition (iii) in immunogold
labelling experiments on ultrathin sections, monoclonal
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Fig. 7. Ciliary rootlets in insect scolopidia. (A) Ultrastructure of a longitudinally sectioned ciliary rootlet in a scolopidium of 8. lamanianus. The
ciliary rootlet within the dendritic inner segment is composed of fine filaments forming a regular cross-striation. Arrow points apically.
(High-pressure freezing preparation). Bar=0.2 ym ( x 58.500). (B, C) Anti-centrin/phalloidin double-staining in longitudinal section through a
scolopidium of P. americana. (B) Indirect immunofluorescence of anti-centrin (FITC) and (C) phalloidin-rhodamine fluorescence. Rhodamine-
phalloidin reacts specifically with the actin filament bundles of the scolopale. Anti-centrin immunofluorescence corresponds to the location of the
ciliary rootlets of scolopidia. Bar=20 um ( x 750). (D) Ultrastructural localization of centrin in a longitudinal section through a ciliary rootlet in
a scolopidium of S. famanianus. Labelling of antibodies raised against centrin is most obviously in the cross-striated ciliary rootlet. Arrow points
apically. (High-pressure freezing; freeze substitution; low-temperature embedding; silver enhancement of 1 nm colloidal gold-coupled secondary
antibody). Bar=0.2 um ( = 58,500).
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Fig. 6. The scolopale-like structure in thermo-/hygrosensitive sensilla of 4. pernyvi. (A) Longitudinal section through the hair of a styloconic np-
sensillum of 4. pernyi. Unbranched dendritic outer segments (black circle) are enclosed by the electron-dense dendrite sheath (black arrow). The
scolopale (white arrows) in the thecogen cell encloses the inner receptor lymph cavity containing sensory dendrites. (Ambient-pressure freezing
preparation). Bar=0.5 um ( x 29,000). (B, C) Phalloidin staining of longitudinal section through a styloconic sensillum of A. pernyi. (B) Nomarski
optics. (C) Phalloidin-rhodamine fluorescence. (Note intense non-specific auto-fluorescence of the cuticle.) Staining is present in the region of the
scolopale (arrows). Bar=10um (x 1100). (D, E) Phalloidin staining of longitudinal section through coeloconic sensillum of A. pernyi. (D)
Nomarski optics. (E) Phalloidin-rhodamine fluorescence. (Note intense non-specific auto-fluorescence of the cuticle.) Staining is also restricted to
the scolopale (arrows). Bar=10 um ( x 1100). (F) Ultrastructural localization of actin in a transverse section through a styloconic np-sensillum of
A. pernyi. Monoclonal antibodies against actin label the filament bundles in the scolopale structure (sc) present in the thecogen cell. di, Dendritic
inner segment. Asterisk indicates the receptor lymph cavity. (Ambient-pressure freezing; {reeze substitution: low-temperature embedding).
Bar=0.2 ym ( x 72,000).
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antibodies against G-actin react with the filaments of the
scolopale. Moreover (iv) heavy meromyosin decorates
the filaments of the scolopale in the actin-characteristic
way.

Cellular actin filaments are part of a contraction mech-
anism or possess mechanical stabilizing functions (Sch-
liwa, 1986; Bershadsky and Vasiliev, 1988). All present
results indicate that, in the scolopale of insect sensilla,
actin filaments serve as stabilizing structures. In systems
where actin filaments are involved in contractile
processes, the function is dependent on the interaction
with the motorprotein, myosin. However, all attempts to
detect myosin in the scolopale so far have been negative
(Wolfrum, 1990, 1992). The scolopale thus most probably
lacks myosins. The uniform polarity of the actin filaments
with their barbed ends directed apically towards the cap
structure, also indicates that the actin filament bundles
are not involved in contractile processes. An identical
filament orientation has been described in cellular com-
ponents where actin filaments provide mechanical sta-
bilization, e.g., the microvilli of intestinal brush borders,
and stereovilli of vertebrate hair cells (Mooseker and
Tilney, 1975; Tilney et al., 1980; Bonfanti et al., 1990).
In addition, the present localization of MAP2 in the
scolopale indicates linkages between actin filaments and
microtubules. In neurons, MAP2 has previously been
described as a cross-linker between microtubules and
actin filaments stabilizing the heterogeneous cytoskeletal
system (Morales and Fifkova, 1989; Chen et al., 1992;
Slepecky and Ulfendahl, 1992). Therefore, MAP2 may
also provide stabilization to the scolopale of insect
sensilla. Moreover, in the scolopale, the co-localization
of tropomyosin with actin filaments indicates sta-
bilization of the actin filaments themself. While in skeletal
muscle cells, tropomyosin is involved in the regulation of
muscle contraction, in non-muscle cells it stabilizes actin
filaments. It promotes actin filament assembly, prevents
actin filament disassembly, and increases the rigidity of
actin filaments (e.g., Fujime and Ishiwata, 1971; Leman-
ski, 1979; Broschat et al., 1989; Ishiwata et al., 1989).
Furthermore, tropomyosin binding is highly regulated by
caldesmon and calcium/calmodulin (Yamashiro-Mat-
sumura and Matsumura, 1988). The affinity of tropo-
myosin to actin filaments increases by complexation
with caldesmon, which is promoted by free Ca®*. There-
fore, in scolopidia, an increase in the concentration of
intracellular free Ca’* may increase the rigidity and
decrease the elasticity of the actin filaments within the
scolopale.

As mentioned above, actin filament bundles are not
the only cytoskeletal element in the scolopale of insect
sensilla. The actin filaments of the scolopale are associ-
ated with microtubules, which is probably promoted by
linkages of MAP2. As in other systems, in scolopidia,
microtubules may also contribute to cellular rigidity (Sle-
pecky and Chamberlain, 1983; Weiss et al., 1987; Mog-
ensen and Tucker, 1988). Although both cytoskeletal
elements, the actin filaments and microtubules, lead to
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cellular stabilization, they have different properties. The
“tube-shaped™ microtubules provide stability to cells,
particularly against lateral forces (Bereiter-Hahn, 1978).
In contrast, the ““filamentous™ actin filaments are more
elastic and provide more freedom for filament bending
or twisting (Yamazaki et al., 1982; Tilney et al., 1983;
Pollard and Cooper, 1986; Weiss et al., 1987). Hence,
reversible bending of entire bundles of actin filaments is
possible (DeRosier and Tilney, 1984). Therefore, the ratio
of actin filaments to microtubules as well as their inter-
play define the elasticity or rigidity of a cell. In compari-
son, based on present results on their cytoskeleton
composition, the attachment cell of scolopidia containing
more microtubules should be more rigid than their sco-
lopale cell where more actin filaments are present.

Functional significance of the scolopale

In scolopidia, the stabilizing character and a certain
degree of elasticity of actin filament bundles in the sco-
lopale may be important during stimulation. It has been
suggested that, in mononematic scolopidia, mechanical
stimuli are transmitted by the rigid attachment cell to the
extracellular cap, causing lateral displacement of both the
cap and the tips of the dendritic outer segments (Moran et
al., 1977). However, because all components of scolopidia
are mechanically linked by desmosomal structures, this
displacement should also affect the scolopale; the elas-
ticity of actin filament bundles should allow bending of
the scolopale. During this process, the force could be
restored to return the whole system back into its original
position after stimulation. The sensitivity of the sco-
lopidia might be governed by the degree of elasticity of
the scolopale. This, in turn, should be ultimately con-
trolled by Ca**-concentrations and tropomyosin binding
(see above).

A scolopale-like structure is also present in thermo-
hygrosensitive np-sensilla of insects. In these sensilla, the
scolopale is also located within the innermost auxiliary
cell, the thecogen cell (Yokohari, 1981; Altner et al., 1983;
Steinbrecht, 1984; Altner and Loftus, 1985; Steinbrecht,
1989; Steinbrecht et al., 1989). Scolopale components are,
as in scolopidia, actin filaments and microtubules. In
comparison, the number of actin filaments per mic-
rotubule in the scolopale is smaller in np-sensilla than in
scolopidia. Therefore, the scolopales in np-sensilla are
possibly more rigid than those in scolopidia (see above;
Yamazaki et al., 1982; Weiss et al., 1987).

Mechanical forces may also play a role in hyg-
roreception of insect np-sensilla. The current hypothesis
for the primary process of hygroreception is that changes
in humidity are transformed into mechanical forces.
These forces may act on the membranes of the 2 unbran-
ched dendritic outer segments in their distal regions.
These membrane areas are tightly apposed to the cuticle
of the hair wall (Yokohari and Tateda, 1976; Altner et
al., 1978; Yokohari, 1978; Haug, 1985).

By reason of their size, shape and position in the sensil-
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lum, both the dendrite sheath and the scolopale may
protect the dendritic outer segments from mechanical
forces other than those that affect the distal region of
their outer segments. In np-sensilla, the inner receptor
lymph cavity containing the sensory dendrites is envel-
oped by the dendrite sheath proximally from the hair
base and by the thecogen cell more proximally. Whereas
the extracellular dendrite sheath is generally thought to
be rigid (Seidl, 1992), the cytoskeletal elements of
the scolopale can be assumed to stabilize the thecogen
cell.

Ciliary rootlets of insect sensilla are probably contractile

The long ciliary rootlets in sensory cells of scolopidia
are composed of filaments forming their regular cross-
striation. On the basis of the appearance of their striation,
some authors have speculated a collagen nature of the
rootlets (e.g., Fawcett, 1961; Schmidt, 1969, 1970, 1974).
However, previous studies on insect scolopidia have
revealed that ciliary rootlets are probably not composed
of intracellular collagen fibres (Wolfrum, 1991c). Phal-
loidin cytochemistry and immunogold staining with anti-
actin antibodies have also demonstrated that the fila-
ments composing the rootlets are not actin filaments.

Anti-centrin immunolabelling on both the light and
electron microscopical level reveals that centrin is local-
ized in ciliary rootlets of insect scolopidia. Centrin, also
known as caltractin (Huang et a/., 1988), is a small pho-
sphoprotein (molecular weight 20kDa) and a member
of the EF-hand superfamily of Ca**-binding proteins
(Salisbury, 1995; Schiebel and Bornens, 1995). Forming
fine filaments, it is the main component of the contractile
ciliary or flagellar rootlets in green algae and, therefore,
is largely responsible for their Ca®*-modulated con-
tractions (Salisbury et al., 1984; Salisbury, 1995). The
present immunohistochemical localization of centrin in
the ciliary rootlets of the sensory cells of scolopidia indi-
cates that Ca®*-modulated rootlet contractions may also
occur in insect sensilla. Such contractions or relaxations
are probably involved in sensory transduction as well as
in adaptation; during stimulation of scolopidia the distal
basal body of the ciliary base is shifted (Moran et al.,
1977; Toh and Yokohari, 1985). Rootlet contractions
could affect the degree of this displacement or replace the
basal body to its original position after stimulation. In
addition, if such contractions are transmitted to the den-
dritic outer segment they probably affect the degree of
tension of the ciliary necklace at its base. In this area of
the dendritic membrane, the localization of mech-
anosensitive membrane channels has been suggested
(Moran et al., 1977; Stockbridge et al., 1990).

In conclusion, present investigations on prominent
cytoskeletal elements in insect sensilla have revealed
structural and molecular characteristics of these
elements. Recent studies on Drosophila mutants in genes
encoding for actin filament-binding proteins have indi-
cated that cytoskeletal elements are also functionally

important during sensillum development (Tilney ef al.,
1995; Hopmann et al., 1996). It will be interesting to
analyse specific Drosophila cytoskeleton mutants, testing
the hypotheses on functional roles of the cytoskeletal
elements of insect sensilla characterized in the present
study.
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