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Summary - Ciliary receptor cells, typified by cilia or modified cilia, are very common in the animal kingdom. In addition to the
cytoskeleton of their ciliary processes these receptors possess ether specific prominent cytoskeletal elements. Two representative sys-
tems are presented: i) scolopidia, mechanosensitive sensilla of various arthropod species; and ii) photoreceptar cells of the retina
of the bovine eye. Two cytoskeletal structures are characteristic für arthropod scolopidia: a scolopale typifies the innermost auxiliary
cell, and lang ciliary rootlets are extending well into the sensory cells. The latter element is also characteristic für the inner segment
of the photoreceptor cells in bovine. The scolopale of scolopidia is mainly composed of actin filaments. In the absence of myosin,
the uniform polarity of the actin filaments and their association with tropomyosin all indicate a stabilizing role of the filament bun-
dIes within the scolopale. This function and a certain elasticity of actin filament bundles may be important during stimulation of
the sensilla. The ciliary rootlets of both systems originate at the basal bodies at the ciliary base of the sensory cells and project proxi-
mally. These rootlets are composed of longitudinally oriented, fine filaments forming a characteristic regular cross-striation. An
a-actinin immunareactivity was detected within the ciliary rootlets of scolopidia. In addition, antibodies to centrin react with the
rootlets of both types of receptors. Since centrin is largely responsible für the contraction of the flagellaT rootlets in green algae,
contraction mayaIso occur in the ciliary rootlets of insect sensilla and vertebrate photoreceptors. In both systems, contraction ar
relaxation of the ciliary rootlets could serve in sensory transduction or adaptation.
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Introduction

Animals gatter information about environment al condi-
tions using modality-specific sense organs. These organs
are composed of Olleor more receptor cells and addition-
ally associated structures. While these sensory cells show
a wide range of modalities, they frequently possess senso-
ry pro cesseswhich are based on the same basic structure:
cilia or modified cilia [45]. In contrast to motile cilia, the
modified sensory cilia, in most cases, lack same cytoskele-
tal elements of a typical cilium, für instance the central
pair of microtubules and its associated structures [71].
Such ciliary receptor systems are very common in the
animal kingdom. They occur für example in Coelenter-
ates (in same Medusae), plathelminthes, polychaetes, ar-
thropods up to the vertebrates and man (eg [11, 16, 28,
36,41,49,61,68]). In addition to their microtubule-based
ciliary structure these receptors contain otter prominent
cytoskeletal elements [11, 48, 49, 61, 68, 73]. These ele-
ments may play an important role in receptor function.
Therefore, an investigation of the composition of these
structures was undertaken to provide more information
concerning the properties and function of these elements
within ciliary receptor systems.

The maiD focus hefe is on two very different ciliary

*This publication is based on a presentation at the 2nd International
Symposium on Cell Motility at Nice/Sophia Antipolis, France, in
July 1992. Same of the results on the cytoskeleton of arthropod
scolopidia, already published, are summarized hefe, while the studies
on the ciliary rootlets in the photoreceptor cells of the mammalian reti-
na are in progress.

receptor systems: i) the arthropod sensilla, particulary the
non-cuticular, mechanosensitive scolopidia [36, 41]; and
ii) the well-known photoreceptor cells of the mammalian
retina [78]. Prominent cytoskeletal structures are present
in the sensilla as weIl as in the photoreceptors; in scolopidia
the scolopale typifies the innermost auxiliary cell [36, 41,
73]. Ciliary rootlets are characteristic for the receptor cells
in bott systems [36, 41, 60, 68, 73, 76]. In the present paper
the ultrastructure and composition of the scolopale and
of the ciliary rootlets in insect scolopidia and in bovine
photoreceptor cells are demonstrated by cytochemistry and
immunohistochemistry.

Materials and methods

Animals

Two insect species were used: Periplaneta americana (Blattodea),
taken from colonies of the Institute; workers of Schedo-
rhinotermes lamanianus (lsoptera), kindly provided by
Dr M Kaib, University of Bayreuth, Germany. Two species of
Crustacea were used: Porcellio scaber and Armadillium sp (Isopo-
da) taken from colonies of the Institute. Eyes from bovine were
kindly provided by the slaughterhouse of the city of Karlsruhe.
They were transported to the institute in the dark on ice and were
immediately fixed atout 30-45 min post-martern.

Electron microscopy

Chemical fixation
The prepared retinae of the bovine eyes were cut into small pieces
and fixed in a mixture of 2.5070glutaraldehyde and 1% parafor-
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m~ldehyde in 0.1 Na-cacodylate buffeT (pH 7.2). The following
processes were performed as described in [73].

High-pressure freezing, freeze-substitution and embedding
Insect antennae were frozen in a Balzers high-pressure freezer
HPM 010(BalzersUnion, Liechtenstein)[37]at about 2100bar
according to Studer et al [64] and Wolfrum [73]. The freeze-
substitution procedure in dry acetone containing 0.10,70glutaralde-
hyde, and embedding in Lowicryl K4M were carried out as
described in Wolfrum [75].

Ultrathin sections were cut on an Ultracut E ultramicrotome
(Reichert-Jung, Nußloch, Germany) with diamond knives. They
were stained with ethanolic uranyl acetate and aqueous lead ci-
trate, and examined in a Zeiss EM IO/CR electron microscope
(Zeiss, überkochen, Germany).

Immunohistochemistry

Antibodies
Primary antibodies. Several primary antibodies were kindly
provided für this study: monoclonal antibody (mAb) c4 against
actin by Dr JL Lessard (Children's Hospital Res Fondation, Cin-
cinatti, USA) [34]; polyclonal anti-a-actinin serum from rabbit
by Dr BM Jockusch (University of Bielefeld, Germany) and
another was obtained from Sigma; polyclonal rabbit antisera to
centrin and mAb 20H5 by Drs M Melkonian (University of Köln,
Germany) and JL Salisbury (Mayo Clinic, Rochester, MI, USA);
mAb against tropomyosin by Dr M Knipper (University of
Stuttgart-Hohenheim, Germany) [30].
Secondary jluorescent antibodies. The fluorescein-iso-thio-
cyanate (FITC)- or rhodamine-conjugated anti-rabbit-IgG and
anti-mouse-IgG antibodies were obtained from both Sigma and
Jackson Immuno Research (USA).

Phalloidins

Rhodamine-coupled phalloidin (a generous gift from Dr H Faul-
stich, MPI für Medicine, Heidelberg, Germany) and FITC-
coupled phalloidin (Sigma) were used as specific probes für
filamentous actin [21, 77]. The specificity of the phalloidins was
additionally tested according to Wolfrum [74].

Preparation foT jluorescence microscopy
Freezing of unfixed specimens in melting isopentane (- 165°C)
and cryosectioning on a cryostat (2800 Frigocut, Reichert-Jung)
were performed as described in Wolfrum [73]. The sections were
placed für continuing procedures on coverslips precoated with
0.050,70aqueous poly-L-Iysine (Sigma).

Fluorescence staining
Cryosections were incubated first with 0.010,70Tween 20 in 0.15 M
phosphate-buffered saline (pH 7.2) (PBS) (in the case of anti-
centrin-staining the PBS contains 50 mM CaCI2) für 10 min and
washed in PBS. After blocking with 0.50,70fish gelatin (Sigma)
plus 0.10,70ovalbumin (Sigma) in PBS für 10 min, 10 ,ulof a di-
lution of Olle of the primary antibodies in PBS was placed on
each section für 12 h at 4°C. Unbound antibodies were subse-
quently washed out three limes with PBS. Subsequently, 1O,u1
of a dilution of the specific secondary antibodies in PBS were
placed on each section für 1 h at room temperature in the dark.
After heilig washed in PBS, the sections were then mounted in
Mowiol4.88 (Farbwerke Hoechst, Frankfurt, Germany) contain-
ing 20,70n-propyl-gallate.

Für double-staining experiments, the sections were covered (af-
ter incubation with the secondary antibody) with 10 ,ul of Olle
of the fluorescent phalloidins in PBS (rhodamine-coupled:
0.01 mg/mI, or FITC-coupled: 0.1 mg/mI) für 1 hat room tem-
perature in the dark.

The mounted cryosections were examined and photographed
with a Zeiss Axoplan, Axiophot or Axiovert microscope. Kodak
T-max 100films exposed at 400 ASA were used für photographic
documentation.
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Fig 1. Diagrams of an arthropod scolopidium and a rod pho-
toreceptor cell of the mammalian retina in comparison. a. In the
scolopidium the dendritic euter segment (D) extends into the
extracellular cap structure (cap). Long ciliary rootlets (CR) project
from the basal bodies (arrow) of the tip of the dendritic inner
segments (IS) into the perikaryon (P) of each sensory celloThe
innermost auxiliary cell contains the scolopale (SC), which enve-
lopes the receptor lymph cavity (asterisk). b. The photoreceptor
cell of mammals is also divided in an inner (IS) and an Guter
segment (OS). The latter is characterized by membranous discs
(disc). At the basal bodies (arrow) of the connecting cilium (C)
the ciliary rootlet (CR) arises. S, synapse.

Controls

Muscles of insects were used to demonstrate the specificity of
the fluorescent phalloidins and the antibodies used. Anti-actin,
anti-tropomyosin and both phalloidins reacted in the light band
of the muscles; both anti-a-actinins specifically stained the Z-line.
For additional controls of immunofluorescent-staining: i) the
primary or secondary antibody was omitted; ii) a secondary
antibody against antibodies differing from the primary antibody
was used; and iii) non-immunoserum from rabbit was used in
the place of the primary antibodies. In no case was areaction
observed.

Immunogold-staining
Immunogold-stainings were performed as described in Wolfrum
[75].

~

Results

A comparison between an insect scolopidium and a mam-
malian photoreceptor cell is shown schematically in
figure 1.

Arthropod sensilla

Scolopidia are present in propioreceptive organs (for
example the chordotonalorgans) of arthropods [41]as well
as in the sense organs of the auditory system of insects
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Fig 2. Longitudinal seetions through a scolopidium of
Schedorhinotermes lamanianus. Anti-actin antibodies made visi-
ble by lO-nm colloidal-gold particles bound to the filaments of
the scolopale (SC). Within the dendritic inner segments (IS) the
basal bodies (arrow indicates distal basal body) and the filamen-
taus, regularly cross-striated ciliary rootlet (CR) lack any stain-
ing (high-pressure freezing; substitution: acetone/O. 1070
glutaraldehyde; embedding: Lowicryl K4M). Bar, 0.2 firn
(x 45000).

[24]. The scolopidia of the antennal chordotonalorgan and
the 10hnston's organ of various insects were investigat-
ed. Additionally, the results found in the insect species
were verified in the antennal scolopidia of bott Crusta-
cean species used.

Like otter sensilla, scolopidia are composed of sensory
cells enveloped by same auxiliary cells. Prominent cyto-
skeletal structures are present in bott types of cells: the
scolopale typifies the innermost auxiliary cell (scolopale
cell) and a lang ciliary roodet is characteristic für each sen-
sory cell (fig la).

Scotopate

The scolopale structure forms a fenestrated, longitudinally
oriented cylinder within the innermost auxiliary cell
(figs la, 2). Electron microscopical studies of preparations
processed by high-pressure freezing and freeze substitu-
tion reveal thai the scolopale is mainly composed of bun-
dIes of longitudinally oriented filaments (filament diameter
7-10 um) containing a few microtubules [73]. Fluorescent
phalloidins, specific dyes für F-actin, stain the filament
bundles of the scolopale (figs 3-5). In addition, heavy
mero-myosin (HMM) binds to the filaments of the scolo-
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Fig 3a-c. Double-fluorescence staining of a longitudinal section
of a scolopidium of Periplaneta americana. a. Nomarski optics.
b. Phalloidin-rhodamine fluorescence (arrow). c. Indirect im-
munofluorescence caused by the presence of anti-tropomyosin
(FITC) (arrow). Rhodamine-phalloidin reacts specifically within
the scolopale proximal to the cap (small arrow in a). The indirect
immunofluorescence of anti-tropomyosin is co-localized with
phalloidin fluorescence. Bar, 10 firn (x" 980).

pale in an actin-specific way. The resultant 'arrowheads'
point proximally [75]. Moreover, monoclonal antibodies
raised against actin react within the scolopale (fig 2).

In immunohistochemical tests neither the antibodies to
myosin nor to a-actinins stain the scolopale [73, 75].
However, antibodies prepared against tropomyosin react
within the scolopale (fig 3).

Ciliary roottets 01 scotopidia
The second prominent cytoskeletal element in the
scolopidia are the lang ciliary roodets of the sensory rens.
These roodets arise at the basal bodies at the tip of the
dendritic innersegment of each sensory cell and project
over a distance of up to 1O0,um proximally into its cell
body (fig Ja). The rootlets are regularly cross-striated with
a periodicity of about 68 nm (fig 2). They are composed
of rather fine filaments of about 4 nm in diameter. Anti-
bodies produced against actin do not react with these fine
filaments (fig 2). Double-staining experiments with
fluorescent phalloidins and immunofluorescence of anti-
bodies against a-actinin show an a-actinin-like immuno-
reactivity within the ciliary roodets of the scolopidia
(fig 4). In addition, antibodies against centrin react with
the roodets within these sensilla (fig 5).
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Figs 4, S. 4a-c. Anti-cx-actinin/phalloidin double-Iabeling in longitudinal section through a scolopidium of Periplaneta americana.
a. Nomarski optics. b. Phalloidin FITC-fluorescence. c. Indirect rhodamine-immunofluorescence of anti-cx-actinin. Phalloidin reacts
specifically with the actin filament bundles of the scolopale (arrow). Anti-cx-actinin does not co-Iocalize with phalloidin fluorescence;
the immunofluorescence corresponds to the location of the ciliary rootlets (small arrows) of the scolopidium. Bar, 10 ,um (x 1250).
Sa-c. Anti-centrin/phalloidin double-staining in longitudinal seetions through seolopidia of Periplaneta americana. a. Nomarski op-
tics. b. Phalloidin-rhodamine fluorescence. c. Indirect FITC-immunofluorescence of anti-centrin. Rhodamine-phalloidin reacts spe-
eifieally with the actin filament bundles of the scolopale (arrow). Anti-eentrin FITC-immunofluorescenee eorresponds to the IDeation
of the ciliary rootlets (small arrows) of the scolopidia. Bar, lO,um (x 1500).

Mammalian photoreceptors

Like the sensory cells of the arthropod sensilla, the pho-
toreceptor cells of the retina of vertebrates and mammals
are divided morphologically as weil as functionally
(fig Ib) in the light sensitive euter segments and the inner
segments .,containing the machinery of biosynthesis. The
Guter segment is a modified cilium in which the ciliary
membrane has beeil greatly amplified, forming flattened
membrane stacks, termed discs (figs 1b, 6). The mem-
branes of these discs are packed with the photopigment
rhodopsin. The so-called connecting cilium links the out-
er segment to the inner segment (figs Ib, 6) [3]. The ciliary
arrangment, the 9 x 2 + O-structure, is present only over
the extension of ibis connecting cilium. At its base two
basal bodies are localized (figs Ib, 6-9). The orientation
of these basal bodies relative to each ether is variable: af-
ter chemical fixation the basal bodies are frequently orient-
ed perpendicularly to each ether (figs 1b, 6). In contrast,
however, in same of the cases, both are arranged tandem-
like in the sensilla (figs 2, 9). Both basal bodies of the pho-
toreceptors are connected by cross-striated material of the
ciliary rootlets (fig 9). In the photoreceptor cells these
characteristic cross-striated ciliary rootlets originate from
both basal bodies (figs 1b, 6-9). Fibers of the ciliary root-
lets project predominantly proximally hut also laterally
into the inner segment (figs 6-9). These strands contact
mitochondria localized within the distal part (ellipsoid
region) of the inner segment (fig 8). The rootlets of the
photoreceptor cells of mammals are composed of fine fila-
ments with about the same diameter as found in the ar-

thropod sensilla. In addition, their regular cross-striation
is identical to striation shown in tlle scolopidia (figs 2, 7).
All antibodies used against centrin react specifically
within the neuronal bovine retina (fig 10). The indirect
immunofluorescence is restricted to the inner segments of
the photoreceptor cells. There it occurs within the apical
part of cell, just in the region where the connecting
cilium, the basal bodies and the ciliary rootlet are local-
ized (fig 10).

Discussion

Scolopale in scolopidia

There is no doubt thai the majority of the filaments com-
posing the scolopale are actin filaments. All evidence sup-
ports ibis fact: i) the diameter of the filaments forming
the scolopale is identical to the diameter measured für ac-
tin filaments [17]; ii) fluorescent phalloidins which are
specificdyes für filamentous actin [21] bind in a specific
way to the filament bundles of the scolopale of all types
of sensillainvestigated(figs 3- 5) [73];iii)monoclonalan-
tibodies, raised against actin, react with the filaments of
the scolopale as demonstrated by immunoelectron
microscopy (fig 2) [75]; iv) moreover, heavy mero-myosin
binds to the filaments of the scolopale in the actin-
characteristic way [75].

In the cell actin filaments have mechanically stabilizing
or contractile functions [55]. All findings on the compo-
sition of the scolopale indicate thai their actin bundles may
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Figs 6-9. Longitudinal section through photoreceptor cells of the bovine retina. 6. The Guter segment (OS) is typified by its mem-
brane discs. It is linked to the inner segment (IS) by the connecting cilium (C). The fibers of ciliary rootlet (arrows) arise at both
basal bodies (white circles), which are oriented perpendicularly to each other. Bar, 0.5 firn (x 30000). 7. Section through the ciliary
rootlet of a photoreceptor cel!. The filamentous ciliary rootlet is regulary cross-striated. Bar, 0.2 firn (x 75000). 8. Section through
the distal part of the inner segment. Contacts between the fibers of ciliary rootlet and mitochondria are visible (arrows). Bar, 0.2 firn
(x 75000). 9. Section through basal bodies (white circles) arranged in tandem. Both basal bodies are linked by the cross-striated
material of the ciliary rootlet (arrow). C = connecting cilium. Bar, 0.2 firn (x 58500).
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Fig 10. Anti-centrin-staining in longitudinal sections through a bovine retina. a. Nomarski optics. b. Indirect FITC-immunofluorescence
of polyclonal antibodies against centrin. Anti-centrin immunofluorescence corresponds to the IDeation of the conneeting cilia, basal
bodies and ciliary rootlets within the inner segments (IS) of the photoreeeptor eells. The photoreeeptor outer segments (OS) and the
outer nuclear layer (ON) lack any staining. The membrana limitans externa is indieated by an arrow. Bar, 10 flm (x 1250).

serve as stabilizing elements. First, myosin was not detec-
table [73]. Second, the orientation of the filaments is uni-
form and the arrowheads of the pointed-end point
proximally [75]. An identical filament orientation is shown
in ether mechanically stabilized systems of actin filaments.
For example, such an orientation is also found in the
microvilli of the intestinal brush border in vertebrales [39],
in insects [5] and in the unfortunately misnamed stereocilia
(a betteT name would be stereovilli) of the hair cells in the
vertebrale inner ear [65], respectively. Moreover, third,
tropomyosin is co-Iocalized with the actin filaments of the
scolopale (fig 3) [75]. It is known thai in non-muscle cells
tropomyosin stabilizes actin filaments [7]. Binding of
tropomyosin may increase the rigidity of the actin filament
bundles [19]. The affinity of tropomyosin binding to the
actin filament is increased by caldesmone [79]. The for-
mation of the tropomyosinl caldesmone complex itself is
regulated by the calcium/calmodulin system [59, 79].
Therefore, high intracellular calcium concentration may
increase the rigidity and decrease the elasticity of the ac-
tin filaments within the scolopale.

Their stabilizing character and a certain elasticity of ac-
tin filamentbundles [14] may be important during stimu-
lation of scolopidia: during stimulation the cap and the
tip of the dendritic euter segments are laterally displaced
[38]. However, since all components of scolopidia are
mechanically linked [67, 73], ibis displacement should also
affect the scolopale: abend of the bundles of actin fila-
ments should take place according to the situation

described für the stereovilli of the hair cells in the ver-
tebrate inner ear [66]. During ibis process, the force could
be restored to return the whole system after stimulation,
back into its original position [73]. The sensitivity of the
scolopidia might be governed by the degree of elasticity
of the scolopale. This, in turn, should be ultimately con-
trolled by Ca2+ -concentrations (see above).

Ciliary rootlets

Ciliary rootlets associated with the base of motile as weIl
as non-motile cilia are composed of fine longitudinally
oriented filaments. However, their aspect varies,
predominantly in the periodicity of striation [25, 45, 54].
The latter may refleet differences in their composition [54]
or may be caused by differences in preparation techniques,
including physiologically induced contractions or relaxa-
tions of the rootlets [50, 58]. In both sensory systems
described hefe, the regular cross-striation after chemical
fixation is nearly identical ([73, 75] and present study). This
indicates thai the rootlets in the arthropod sensilla and the
mammalian photoreceptor cells could be composed of the
same basic components.

Composition oi the ciliary rootlets in sensory receptors

Based on the appearance of their striation, same authors
have speculated a collagen nature of the ciliary rootlets
in motile cilia as weIl as in sensory cilia (eg [22, 56]).
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However, previous studies revealed thai the rootlets are
probably not composed of intracellular collagen fibers [62,
73]. In addition, previous investigations [10, 73, 75, 76]
and the present observations (figs 2- 5) show thai ciliary
rootlets are not formed from actin filaments. Therefore,
it was not unexpected thai antibodies against actin-
associated proteins, eg anti-a-actinin in the mammalian
photoreceptor cells would not react within the ciliary root-
lets of the inner segment [1, 15]. However, the present
immunoreactivity of two different antibodies against
a-actinin within the insect scolopidia indicates thai a-
actinin or a related protein may be present within their
rootlets (fig 4). An association of a-actinin with fine non-
actin filaments (titin or connectin, nebulin) is known from
studies on the composition of the Z-line within skeletal
muscle [42, 69, 70]. Therefore, an association with such
elastic filaments might also be possible in the striated root-
lets of insect sensilla.

Anti-centrin immunostaining reveals thai centrin or a
protein thai is immunologically related to centrin is local-
ized within the ciliary rootlets of bott sensory systems in-
vestigated hefe (figs 5, 10). Centrin (or caltractin [26]) is
a phosphoprotein with a molecular mass of 20 kDa and

.a member of the EF-hand superfamily of calcium-binding
proteins [2,34]. Forming fine filaments it is the maiD com-
ponent of the contractile ciliary or flagellaT rootlets in
green algae and, therefore, largely responsible für their
Ca2+-modulated contractions [2, 50, 51]. The present im-
munohistochemicallocalizations of centrin or an immuno-
logically related protein indicate thai Ca2+ -modulated
contractions of the striated ciliary rootlets mayaiso oc-
cur in insect scolopidia and the mammalian photorecep-
tor cells.

Function 01 ciliary rootlets in ciliary receptors

Scolopidia
In the scolopidia of arthropods contractions or relaxations
may be involved in sensory transduction as weIl as in adap-
tation: during stimulation of scolopidia the distal basal
body of the ciliary base is shifted [38, 67, 73]. Contrac-
tions of the roodets could affect the degree of this displace-
ment or replace the basal body to its original position after
stimulation. In addition, if such contractions are trans-
mitted to the dendritic outer segment they may affect the
degree of tension of the ciliary necklace at its base. In this
area of the dendritic membrane the location of the
mechanosensitive membrane channels is discussed [38, 63].

Photoreceptor cells
In the mammalian photoreceptor cells the motility of the
ciliary rootlet may be involved in adaptive retinomotor
movements, in alignments of the photoreceptor cells or
in organelle positioning within the inner segment. Motile
processes named retinomotor movements are known in the
vertebrate retina [8]. During light adaptation, elongation
and contraction of the photoreceptor cells and of the pig-
ment epithelium cells occur. For example, in the light the
CODecells starten while the rod cells and pigment cells
elongate, thus positioning the CODecells in lilie für light
reception. Based on studies using cytoskeletal inhibitors,
it is suggested thai cone and rod contraction as weIl as rod
elongation are driven by the actin-myosin system, while,
in contrast, the CODeelongation seems to be microtubule-
dependent [8]. However, retinomotor movements may be
limited to lower vertebrates, predominantly to fist, same
anurans and birds [8]. In mammals this motility was
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believed to be abseilt; however, there is same evidence thai
less dramatic retinomotor movements are also present in
the mammalian retina [32, 44]. The present findings indi-
cate thai, in addition to the weIl known motile systems
based on actin-myosin and microtubules, the motile
processes based on the ciliary rootlets of the photorecep-
tors may be additional candidates für adaptive retinomo-
tor movements in mammals. In addition, however, the
rootlets may be involved in the alignment of the pho-
toreceptor cells which occur during the photoreceptor
orientation within the retina [18, 19]. Moreover, the ciliary
rootlets may play an important role in organelle position-
ing. The filaments forming the ciliary rootlets of ciliated
systems are generally associated with organelles, eg the en-
doplasmatic reticulum, mitochondria and the nucleus [4,
12,42,52,53, 57]. Moreover, an active process für posi-
tioning the nucleus within the cell based on centrin is
described für the green algae Chlamydomonas [53, 57].
In mammalian photoreceptor cells ciliary rootlets inter-
act with the membrane of the mitochondria, rough en-
doplasmatic reticulum, basal bodies and in same cases they
encompass the whole nucleus (present study; [35, 60]).
They may position these organelles within the inner seg-
ment of the photoreceptor celloMotile processes based on
the ciliary rootlets would implicate changes of the organelle
location within the photoreceptor cells which may occur
under different physiological conditions. The present study
reveals additionally thai bott basal bodies are linked by
material which is similar to thai of the ciliary rootlets
(fig 9). Therefore, the variation in the basal body arrange-
ment, described hefe (figs 6, 9), could be caused by mo-
tile properties of the rootlet material. This is supported
by recent experiments on isolated centrosomes, structures
which resemble basal bodies: their arrangement is
Ca2+ -modulated [46] and a centrin-related protein might
be involved [40]. Since basal bodies are microtubule or-
ganizing centers, any change oftheir arrangement may af-
feet the whole microtubule system of the cell and all
processes where microtubules might be involved, eg the
very important vesicle transport from the endoplasmatic
reticulum and the Golgi apparatus [29] or from the inner
segment to the outer segment of the photoreceptor cell [13].

If any of the described motile processes of the ciliary
rootlets occurs within the photoreceptor cells, it might be
modulated by the intracellular Ca2+ concentration within
the inner segment of the photoreceptor cell. Ca2+ ions
play an important role in signal transduction of the ver-
tebrate photoreceptors [27]. Changes of the intracellular
Ca2+ concentration within the outer segment are involved
in recovery after light response [31]and in adaptation [20].
In the retina of teleosts contractions of the CODecells dur-
ing retinomotor movement are caused by an increase of
free Ca2+ ions [9, 47]. However, litde is known about the
effect of changes in Ca2+ concentration within the inner
segment of the mammalian photoreceptor cells.

The studies on the cytoskeletal elements in the mam-
malian photoreceptor cells are in progress and future data
may provide more information on the role of the rootlets
in sensory systems.
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