
Reference: Ri,<l. Hull 187: 35-47. (August, 1994)

The  Role  of  Podial  Secretions  in  Adhesion  in  Two

Species  of  Sea  Stars  (Echinodermata)

PATRICK  FLAMMANG  1  *,  STEPHANE  DEMEULENAERE  1  ,  AND  MICHEL  JANGOUX  12

1 Lahoratoire de Biologic  marine.  Universite  de Mons-Hainaut.  19 ave.  Maistriau,  B-7000 Mons,
Belgium, and 2 Laboratoire de Biologic marine (C.P.  160/15).  Universite Libre de Bruxelles.

50  ave.  F.D.  Roosevelt.  B-1050  Bruxelles.  Belgium

Abstract.  Individuals  of  Asterias  nihens  and  Marthas-
terias glacialis use their podia in locomotion, anchorage,
and feeding. Each podium consists of a stem with a disk
at its tip. The stem allows the podium to lengthen, flex,
and retract, and the disk allows the podium to adhere to
the substratum. Adhesion of sea star podia seems to rely
on the epidermal secretions of the disk and not on a me-
chanical sucker-like operation. The disk epidermis is made
up of five cell types: nonciliated secretory cells (NCS cells)
of two different types (NCS1 and NCS2), both containing
granules that are at least partly mucopolysaccharidic in
composition; ciliated secretory cells (CS cells) containing
small granules of unknown content; nonsecretory ciliated
cells  (NCS cells);  and support  cells.  The epidermal  cells
of the podial disk are presumably functioning as a duo-
gland adhesive system that is involved in an adhesive/de-
adhesive process. The following model is presented. Ad-
hesive secretions are produced by NCS1 and NCS2 cells
(both of them have extruded some of their secretory gran-
ules in attached podia). These secretions constitute a layer
of adhesive material between the podium and the sub-
stratum, this layer being the footprint left by the podium
after it has become detached from the substratum. De-
adhesion,  on  the  other  hand,  would  be  due  to  CS  cell
secretions.  All  these  secretions  would  be  controlled  by
stimuli perceived by the two types of ciliated cells (receptor
cells), which presumably interact with the secretory cells
via the nerve plexus.

Introduction

Marine  organisms  have  developed  a  wide  range  of
mechanisms allowing them to attach to a substrate or to
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handle it  (Nachtigall,  1974).  Among these mechanisms,
one  can  distinguish  between  mechanical  attachments
(with,  for  example,  hooks  or  suckers)  and  chemical  at-
tachments (with adhesive substances). The way the former
operate is generally obvious, whereas the functioning of
the latter remains enigmatic.

Asteroid podia are traditionally viewed as suckered or-
gans in which adhesion is partly due to suction (mechan-
ical  attachment)  and  partly  to  adhesives  (chemical  at-
tachment)  (Smith,  1937;  Nichols.  1966).  According  to
Paine (1926), about half of the adhesive force of the podia
comes from suction and half  from adhesive secretions.
However, there is no agreement on this ratio. Some au-
thors argue that the part of the percentage allotted to ad-
hesive secretions has been underestimated (Thomas and
Hermans,  1985);  others  believe  that  suction  has  been
overlooked (Smith, 1991).

As far as the chemical mechanism is concerned, Her-
mans (1983) proposed that all echinoderm podia possess
duo-gland adhesive systems enclosing two types of secre-
tory cells (viz.. cells releasing an adhesive secretion and
cells releasing a de-adhesive secretion) that are involved
in the attachment to the substratum. But McKenzie (1988)
concluded  that  morphological  observations  supporting
such adhesive systems are rare and that more ultrastruc-
tural studies of echinoderm podia are needed.

This work, continuing an extended comparative ultra-
structural  study of  echinoderm podia,  describes the lo-
comotory podial disk in two species of asteriid asteroids,
Asterias  nibens  and  Marthasterias  glacialis.  The  study
deals with the attachment mechanism of the podia on the
substrate  (mechanical  versus  chemical).  It  focuses  es-
pecially on the epidermal secretory cells and their possible
participation in a duo-glandular model of adhesion.
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Materials and Methods

Individuals  ofAsterias  ntbens  Linne,  1758,  were  col-
lected  intertidally  in  Audresselles  (Pas-de-Calais.
France)  in  November  1991;  individuals  of  Marthaster-
ias  glacialis  (Linne,  1  758)  were  collected by  scuba div-
ing  in  Brest  harbor  (Brittany,  France)  in  November
1990.  Individuals  of  both  species  were  transported  to
the marine biology laboratory of the University of Mons
where they were kept in a marine aquarium with closed
circulation  (13C,  33%o  salinity)  and  fed  with  mussels
(Mytihis  ediilis  Linne,  1758).

Light microscopy

Podia were cut off individuals that had previously been
anesthetized with propylene phenoxetol (0.1% in seawa-
ter). The podia were fixed in Bouin's fluid, embedded in
paraplast, and cut into 7 nm thick sections. The sections
were stained with Masson's trichrome and Mayer's hem-
alum coupled with phloxine and light green. Alcian blue
(pH  2.6)  and  the  periodic  acid-Schiff  (PAS)  techniques
were used in the detection of mucopolysaccharides, and
mercuric bromophenol blue and Danielli's technique in
the detection of proteins (Ganter and Jolles. 1969-1970).

Scanning electron microscopy (SEM)

Podia were fixed in Bouin's fluid for 24 h. They were
dehydrated in graded ethanol, dried by the critical point
method (with CO:  as  transition fluid),  mounted on alu-
minum stubs, coated with gold in a sputter coaler, and
observed  with  a  JEOL  JSM-6100  scanning  electron
microscope.

Footprints were prepared as follows. Podia were allowed
to adhere firmly to clean glass coverslips. After the podia
had detached themselves, the coverslips were soaked in
Bouin's  fluid  and  prepared  for  SEM  by  critical-point
drying.

Transmission electron microscopy (TEM)

Two sets of podia were investigated: unattached podia
that did not adhere to any substratum and attached podia
that adhered to hardened Spurr blocks. Because podia do
not  adhere  to  clean Spurr  blocks,  the  blocks  had been
placed in seawater for 4-5 days to allow the formation of
a primary film. (The primary film is a moderately negative
layer, consisting of adsorbed macromolecules and bac-
teria,  that  coats  all  marine  surfaces;  Characklis.  1981.)
The unattached podia were fixed in 3% glutaraldehyde in
cacodylate  buffer  (0.1  M.  pH  7.8)  for  3  h  at  4C,  rinsed
in cacodylate buffer, and postfixed for 1 h in 1% osmium
tetroxide  in  the  same buffer.  The  attached  podia  were
fixed according to the same protocol as the unattached
podia  but  with the addition of  0.05% ruthenium red to

both the primary fixative and the postfixative (Luft, 1971).
This technique allows better preservation of extracellular
acid mucopolysaccharides as well as their labeling. After
a final wash in buffer, both sets of podia were dehydrated
in graded ethanol and embedded in Spurr. Ultrathin sec-
tions  (40-70  nm)  were  cut  with  an  LK.B  III  ultramicro-
tome equipped with a diamond knife. They were stained
with uranyl acetate and lead citrate and observed with a
Zeiss EM 10 transmission electron microscope.

Results

External morphology of the podia

The  locomotory  podia  of  both  Asterias  nthens  and
Marthasterias glacialis are arranged in four longitudinal
rows on the oral surface of the arms. In a specimen of A.
ruhens with arms about 5 cm long, a podium at the middle
of  the  arm  is  about  1  mm  in  diameter  and  10  mm  in
length when protracted. These measurements, in a spec-
imen  of  .\/.  glacialis  of  about  10-cm  arm  length,  are
1.5 mm and 20 mm, respectively. Each podium consists
of an extensible cylindrical stem topped by a somewhat
wider flat disk (Figs. 1.2).

The surface of the disk is sprinkled with uniformly dis-
tributed cilia and pores (Fig. 3). In both species, there are
about 10 cilia/ 100 /JITT and about 4 times as many pores.
The cilia are about 1 /urn long (Fig. 4). The pores measure
about 600 nm in diameter in A. rubens (Fig. 5), but only
about 450 nm in M. glacialis (Fig. 4). Secretory material
extruded through the pores was clearly visible on some
podia (Fig. 5).

Histology and cytology of the podial disk

The disk consists of four tissue layers that are, from the
inside to the outside, a mesothelium, a connective tissue
layer, a nerve plexus, and an epidermis covered by a cuticle
(Figs. 6, 7).

Disk inner tissues. The inner tissues of the disk in the
two species are very similar structurally, and the following
description applies to both of them.

The  mesothelium  surrounds  the  ambulacra!  lumen.
It is a pseudostratified epithelium comprising three cell
types:  adluminal  cells,  glandular  cells,  and  myoepithe-
lial  cells;  all  of  them  contact  the  underlying  basal  lam-
ina.  Adluminal  cells  line  the  ambulacra!  cavity.  These
are  T-shaped  monociliated  cells  with  a  long  vibratile
cilium  (Fig.  8)  surrounded  by  a  ring  of  about  10  mi-
crovilli.  Glandular  cells  occur  singly  among  the  adlu-
minal  cells.  Their  cytoplasm  is  filled  with  membrane-
bound, electron-dense secretory granules whose diam-
eter  varies  between  0.7  and  1.5  /jm (Fig.  9).  Adluminal
cells are bound together and to glandular cells by junc-
tional  complexes  consisting  of  an  apical  zonula  adher-



ADHESION IN SEA STARS 37

Figures 1-5. Outer aspect of the locomotory podia in Animus nihcn.\ and Marthasterias glacialis. C,
cihum; D, disk; P, pore; S, stem; SM. secretory material.

Figure 1. Podium (.). rulvus).
Figure 2. Podium (.\t glai'ialis).
Figure 3. Disk surface (M. glacialis).
Figure 4. Detailed view of cilia and pores (M. glucialis).
Figure 5. Disk surface with secretory material (.1 rithenx).

ens and a subapical septate desmosome. Both types of
cells  send  basal  processes  that  pass  between  myoepi-
thelial  cells  before  contacting  the  basal  lamina.  Myo-
epithelial  cells  are  located  below  the  cell  bodies  of  the
adluminal  and  glandular  cells.  They  contain  a  bundle
of  myofilaments  (Fig.  8)  associated  with  numerous  mi-
tochondria and are bound together by regularly spaced
desmosome-like  junctions.  The  myoepithelial  cells  are

arranged to form the muscle systems of the podia (that
is, the retractor, the levator, and the radial systems; see
Smith, 1947, for a detailed description of these systems
in A.  rubens).  Intermingled with myoepithelial  cells  are
slender cell  processes (cell  bodies have never been ob-
served  in  the  mesothelium)  whose  cytoplasm  is  tilled
with  electron-dense membrane-bound granules  (about
200  nm  in  diameter).  These  cells  are  similar  to  the
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granulocytes  described  by  Wood  and  Cavey  (1981  )  in
the  podial  mesothelium  of  the  asteroid  Stylasterias
forreri.

The  connective  tissue  layer,  which  occupies  most  of
the volume of the disk, is made of an amorphous ground
substance that encloses collagen fibers and elongated cells
with  an electron-dense cytoplasm,  which may be nbro-
cytes. Granulocytes resembling those in the mesothelium
are  also  present  (Fig.  10);  they  contain  many  electron-
dense, spherical to ellipsoidal granules, 100 to 250 nm in
diameter. The connective tissue layer consists mainly of
a  circular  structure  the  terminal  plate  that  underlies
and supports  the  whole  disk  (Fig.  6).  The  center  of  the
plate  is  much  thinner  than  its  margin,  which  forms  a
thickened rim continuous, proximally, with the cylindrical
connective tissue sheath of the stem. Distally, the surface
of the terminal plate is drawn out into a series of radial
laminae that thrust into the epidermis of the disk (Fig. 7).
Within these laminae, collagen fibers are arranged lon-
gitudinally (Fig. 10). A few micrometers before reaching
the apical surface of the podium, the distal edge of each
lamina divides  into  numerous collagen-rich sheets  that
insinuate between the epidermal cells and attach apically
to the support cells of the epidermis.

The nervous tissue of the disk consists chiefly of two
components. First, at the base of the disk, the nerve plexus
of the stem is thickened to form the nerve ring (Fig. 6).
It comprises nerve cell bodies as well as numerous neurites
that  contain  mitochondria,  microtubules,  and  clear  or
dense-core vesicles. Second, the nerve ring gives off radial
branches that extend over the proximal surface of the ter-
minal plate, where they run between the radial connective
laminae. The radial nerve strands are made up of neurites
that run mainly in a plane parallel to the apical surface
of the podium (Fig. 1 1). Small bundles of neurites may
also be observed between the basal parts of the epidermal
secretory' cells.

Disk epidermis. In both .-1. rubens and Af. glficialis. the
disk epidermis is made up of five cell types: nonciliated
secretory  cells  (NCS cells)  of  two different  types  (NCS1
and NCS2); ciliated secretory cells (CS cells); nonsecretory
ciliated cells (NSC cells);  and support cells (Figs.  12-15).

SC  NCS1  NSCNCS2  CS  SC

CTL

Figure 12. Reconstruction of a transverse section through a radial
epidermal strip located between two adjacent connective tissue laminae
(not to scale). BB. basal body; BF, bundle of filaments; BL. basal lamina;
C, cilium; CS, ciliated secretory cell; CTL. connective tissue lamina; CU.
cuticle; G. Golgi zone; MI. mitochondrion; MT, microtubule; MV. mi-
crovillus: NCS1. type 1 nonciliated secretory cell; NCS2, type 2 noncil-
iated secretory cell; NS. nerve strand; NSC. nonsecretory ciliated cell;
P. pore; RER. rough endoplasmic reticulum cisternae; SC, support cell;
SD. septate desmosome; SG, secretory granule; SR, striated rootlet; V,
vesicle; ZA. zonula adherens.

All  of  these  cells  are  connected  apically  by  junctional
complexes  made  up  of  a  distal  zonula  adherens  and  a
proximal septate desmosome. In the epidermis, support
cells are the most numerous and form a supportive mesh-

Figures 6-11. Fine structure of the disk of locomotory podia of Asterias rubens and Marthasterias
gladalis. AL, adluminal cell; BL. basal lamina; BM. bundle of myofilaments; C, cilium; CL. connective
tissue lamina; CSE. ciliated secretory cell tapered basal end; E. epidermis; FC. fibrocyte-like cell; GC, gran-
ulocyte; L, ambulacral lumen; M. mesothelium; N, nucleus; NCS1, type 1 nonciliated secretory cell; NP,
nerve processes; NR, nerve ring; NS, nerve strand; SC, support cell; SG. secretory granule; TP, terminal
plate; ZA, zonula adherens.

Figure 6. Longitudinal section through the disk (M. gladali*).
Figure 7. Transverse section through the disk (M gladalis).
Figure 8. Longitudinal section through the mesolhelium (Af. glacialix).
Figure 9. Glandular cell of the mesothelium (A- rithcnx).
Figure 10. Transverse section through a connective tissue lamina (,U. gladalt v).
Figure 11. Disk nerve strand (M. gladalis).
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work  in  which  the  other  cell  types  are  homogeneously
distributed;  the  relative  proportion  of  NCS1,  NCS2,  CS,
and NSC cells is, respectively, 4:4:1:2.

Nonciliated secretory cells (NCS1 and NCS2 cells) are
about 250 nm long and flask-shaped. Their enlarged cell
bodies are located basally, at the bottom of the grooves
made up by adjacent connective laminae and close to the
radial nerve strands (Figs. 12, 15). Each cell  body sends
out a long apical process that reaches the apex of the po-
dium (Figs.  12-14).  The cytoplasm of both the cell  body
and the apical process is filled with densely packed mem-
brane-bound secretory granules. In both NCS1 and NCS2
cells,  the material  enclosed in these secretory granules
stains with alcian blue pH 2.6. The cytoplasm of the cell
body also contains a well-developed Golgi apparatus, mi-
tochondria, and cisternae of rough endoplasmic reticulum
(RER)  that  are  sometimes  distended  and  filled  with
amorphous  material  (Fig.  16,  21).  Developing secretory
granules are closely associated with Golgi membranes and
RER cisternae,  suggesting  that  these  organelles  are  in-
volved in the synthesis of the contents of the granules.
Besides secretory granules, the cytoplasm of the apical
process contains longitudinally arranged peripheral mi-
crotubules. At the end of the apical processes, the granules
are extruded through a duct  delimited by a ring of  mi-
crovilli and opening onto the disk surface as a cuticular
pore (Figs. 12, 13). These pores correspond to those ob-
served on SEM pictures of the disk surface (Figs. 3, 5).

The secretory granules of NCS 1 cells are ellipsoids about
1  ^m  long  and  0.6  nm  in  diameter  (Figs.  17-20).  They
have  a  complex  ultrastructure.  Most  of  their  volume  is
occupied  by  a  bundle  of  parallel  rods  about  30  nm  in
diameter. These rods are somewhat more numerous in
the  granules  of  A.  ntbcns  (about  180,  Fig.  18)  than  in
those  of  M.  glacialis  (about  120,  Fig.  20).  In  the  latter,
the rods appear to be embedded in material that is more
electron-dense. Each bundle of rods is surrounded by a
ring of the same density as the rods and separated from
the granule membrane by a clear belt. The secretory gran-
ules  of  NCS2  cells  are  spherical  in  A.  nibens  (about
550  nm  in  diameter.  Fig.  21)  and  slightly  ellipsoidal  in
M.  glacialis  (about  500  nm in  length  and 300  nm in  di-

ameter.  Fig.  22).  They  contain  electron-lucent,  finely
granular material surrounded by a clear belt. In M. gla-
cialis, some of these granules have an inner core that is
more electron-dense (Fig. 22).

Ciliated secretory cells (CS cells) have the same shape
and size as NCS cells. They possess an enlarged nucleus-
containing cell body and a long and narrow apical process
that ends with a bulge just beneath the cuticle (Figs. 12,
13, 23). The entire cytoplasm of the cell (basal part, pro-
cess, and bulge) is filled with membrane-bound secretory
granules. These granules are spherical in A. nibens, 300-
450 nm in diameter (Fig.  24).  They enclose an electron-
dense homogeneous material surrounded by a thin, clear
belt.  In  M.  glacialis,  the  granules  are  spherical  to  ellip-
soidal,  250-300  nm  in  diameter  (Fig.  23).  They  contain
an electron-dense fibrillar core surrounded by a less dense
ring.  The  cytoplasm  contains  many  mitochondria  and
RER cisternae.  The apex of  the CS cells  is  devoid of  mi-
crovilli  but  bears  a  subcuticular  cilium  with  a  striated
rootlet (Fig. 23). The very basal part of the cell is tapered
and thrusts into the radial nerve strand (Figs. 11, 12).

Nonsecretory ciliated cells (NSC cells) are narrow and
have a centrally  located nucleus (Figs.  12,  13).  Their  cy-
toplasm  includes  mitochondria,  small,  clear  vesicles  of
various shapes and sizes, and longitudinally arranged mi-
crotubules(Fig. 25). Their characteristic feature is a single
short cilium (about 3 ^m long) whose apex protrudes into
the  outer  medium.  The  cilium  has  a  regular  9x2  +  2
arrangement  of  microtubules  and  possesses  a  striated
rootlet. It is surrounded by a ring of nine microvilli. These
cilia are visible on SEM pictures of the disk surface (Fig.
3).  NSC  cells,  like  CS  cells,  terminate  within  the  radial
nerve strands.

Support cells have a centrally located nucleus (Figs. 12,
14).  Their  cytoplasm  contains  mitochondria  and  some
clear vacuoles. Their apical surface bears numerous mi-
crovilli,  and their  base contacts  the basal  lamina of  the
epidermis either on the bottom of the grooves formed by
adjacent connective laminae (thus traversing the radial
nerve strands) or on the laminae themselves. One longi-
tudinal bundle of intermediate filaments traverses the cell
and joins its apical and basal membranes (Figs. 12, 25).

Figures 13-20. Fine structure of the disk epidermis of locomotory podia of Asterias nibens and Mar-
thaxierias glacialis. AP. NCS cell upper process; C, cilium; CS. ciliated secretory cell; CL, connective tissue
lamina; CSG. condensing secretory granule; G, Golgi zone; N, nucleus; NCS I, type 1 nonciliated secretory
cell; NCS2, type 2 nonciliated secretory cell; N, nucleus; NS, nerve strand; NSC. nonsecretory ciliated cell;
P, pore.

Figures 13-15. Longitudinal sections through the disk epidermis (apex, mid part, and basal part; re-
spectively) (M- glacialis).

Figure 16. Nucleus-containing basal part of a type 1 nonciliated secretory cell (NCS 1 cell) (Af. glacialis).
Figures 17, 18. NCS1 cell secretory granules in. -\. nibens (longitudinal and transverse section, respectively).
Figures 19, 20. NCS1 cell secretory granules in M. glacialis (longitudinal and transverse section, re-

spectively).
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Figures 21-25. Fine structure of the disk epidermis of locomotory podia of AMcnas mbens and Mar-
lhasterias gladalis. BF, bundle of filaments; C, cilium; CS, ciliated secretory cell; CU, cuticle; G. Golgi
zone; MI. mitochondrion; MV, microvilli; NSC, nonsecretory ciliated cell; SC. support cell; SG, secretory
granule; SR, striated rootlet; V, vesicle.

Figure 21. Nucleus-containing hasal part of a type 2 nonciliated secretory cell (NCS 2 cell) (.-I- rubens).
Figure 22. NCS2 cell secretory granule (A/, gladalis).
Figure 23. Apical bulge of a ciliated secretory cell (CS cell) (A/ xlm-uiHx).
Figure 24. CS cell secretory granules (.J. rubens).
Figure 25. Apex of a nonsecretory ciliated cell (A/ i;U/ciali\).

A few micrometers before i v;u hing the disk surface, sup-
port cells enlarge, forming an a ;ichment area for the col-
lagen fibers of the connective tissue sheets.

A  two-layered  cuticle  covers  the  epidermal  cells  of
the  disk  (Figs.  12,  23,  30).  The  cuticle  is  traversed  by
the epidermal  cell  microvilli  and by the tips  of  the cilia
of  NSC cells,  and is  regularly  interrupted by  the  secre-

tory  pores  of  NCS  cells.  It  consists  of  an  internal  fila-
mentous  layer  (about  600  nm  thick  in  A.  ruhcns  and
350 nm in .17.  glacialis)  and an external  granular  layer
(about  200  nm  thick  in  A.  nthens  and  100  nm  in  M.
glacialis).  The  external  layer  is  strongly  labeled  with
ruthenium  red,  showing  that  it  bears  many  negatively
charged sites (Luft, 1971). The cuticle is separated from
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the  epidermis  by  a  subcuticular  space  that  is  wider  in
W x/acuilis than in . I. nihcna.

Footprints anil attached podia
The footprints left by the podia of both A. rubens and

M. glacialis have the same shape and the same diameter
as the podial disks (Fig. 26). Almost the whole surface of
the print consists of adhesive material, except for some
small areas that lack it (i.e.. one central circular zone and
a few radial or concentric narrow stripes). Other footprints,
less numerous, are completely full of adhesive material.
Three different aspects of the adhesive material can be
recognized: these may occur together in the same footprint
and probably represent three successive stages in the ac-
cumulation of adhesive during the secretion process. In
the first stage, the adhesive material has the shape of a
network with a mesh of about 3 nm (Fig. 27). The second
stage is characterized by the addition of secretory material
that gives the footprint a felt-like appearance (Fig. 28). In
the third stage, the adhesive material becomes still thicker,
forming a homogeneous layer that completely covers the
glass substratum (Fig. 29).

Smaller prints (Fig. 30) observed on the edges of the
coverslips correspond to podia that adhered by the margin
of  their  disk.  The adhesive strength produced by these
podia was equivalent to that of podia attached by their
entire disk.

Electron micrographs of attached podia of  A.  rubens
and M. glacialis reveal secretory material forming an ad-
hesive layer between the podium and the substratum (Fig.
3 1 ) more exactly, between the cuticle and the thin pri-
mary  film  covering  the  Spurr  block.  (The  film  stains
heavily with ruthenium red, demonstrating that it bears
many negatively charged sites; Luft, 197 1 ). The material
of  the  adhesive  layer  is  a  compact  fibrillar  matrix  (Fig.
3 1 ). It binds ruthenium red, though the labeling is weaker
than on both the primary film and the external layer of
the cuticle.

The adhesive material clearly arises from the two types
of nonciliated secretory cells (NCS1 and NCS2 cells; Figs.
30-33). The material enclosed in their most apical secre-
tory granules (the outermost few, ranging from 1 up to
10 in some NCS1 cells) appears to swell, losing its usual
aspect (Fig. 32). The apical cell membrane and the mem-
branes of the secretory granules vanish, and the granule
content is extruded through the cuticular pores (Fig. 33)
in the space between the podium and the substratum,
forming the adhesive layer.

As for the CS cells, they have the same morphology in
attached and unattached podia (Fig. 34); i.e.. they do not
appear to have extruded any of their secretory granules.

Discussion
Individuals of Asterias rubens and Marthasterias gla-

cialis use their podia in locomotion and anchorage, and

to  open the  bivalve  mollusks  on which  they  feed (Law-
rence,  1987).  These  podia  consist  of  a  cylindrical  stem
topped by a specialized disk. The stem and the disk to-
gether form a functional unit: the stem allows the podium
to lengthen,  ilex,  and  retract  through the  action  of  the
podial retractor muscle on the ambulacra! fluid and the
disk allows it to adhere to the substratum.

Podial adhesion: mechanical versus chemical
attachment

The disk has the classical tissue stratification of echi-
noderm podia; that is, from the inside to the outside, a
mesothelium, a connective tissue layer,  a nerve plexus,
and  an  epidermis  (Kawaguti,  1964;  Florey  and  Cahill,
1977; Wood and Cavey, 1981).

In the mesothelium, myoepithelial cells arrange to form
three muscle systems: the retractor, the levator, and the
radial systems. The levator and the radial muscle systems
have been implicated in  a  sucker-like mechanical  oper-
ation of  the disk;  the former providing the suction and
the latter releasing it (Smith, 1947).

Suction has often been regarded as the primary means
of podial adhesion in seastars. Paine (1926), who studied
the podia of Asterias vulgaris. concluded that 56% of po-
dial attachment would be contributed by suction and the
rest  by  adhesive  secretions.  Recently.  Smith  (1991)  re-
evaluated the adhesive strength of suckers in water and
suggested that suction may have been underestimated in
the  adhesive  organs  of  several  invertebrates,  including
sea stars. On the other hand, Thomas and Hermans (1985)
found that podia of the sea star Leptasterias he.xactis ad-
hered very strongly to a fine-meshed, stainless steel plank-
ton screen that precluded the podia from using suction.
These workers  concluded that,  although sea star  podia
may use suction, it is a secondary adjunct to the adhesion
established by secretions.

Data presented in this report support this second hy-
pothesis: first, many epidermal secretory cells cover the
entire apical surface of the disk; second, the footprints are
completely  (or  almost  completely)  full  of  adhesive  ma-
terial; and third, podia may adhere strongly with only the
margin of their disk (leaving crescent-shaped footprints).
These complementary features argue for an adhesive pro-
cess principally mediated by secretion. In this event, the
musculature of  the disk would act  to  modify  the apical
surface of the disk, molding it exactly to that of the sub-
stratum. However, suction cannot be ruled out altogether;
i.e.. the muscular equipment in the podial disk can cer-
tainly  develop  suction  sufficient  to  reinforce  adhesion
(Smith, 1991).

Comparison with other echinoderms
The disk epidermis consists of five cell types: two types

of nonciliated secretory cells containing granules whose
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content is at least partly mucopolysaccharidic (NCS1 and
NCS2 cells);  ciliated  secretory  cells  containing  granules
of unknown content (CS cells); nonsecretory ciliated cells
(NSC  cells);  and  support  cells.  The  cilia  of  CS  cells  are
subcuticular.  whereas  those  of  the  NSC  cells,  although
also short and rigid, traverse the cuticle and protrude into
the outer medium. All of these cells are closely associated
with well-developed nerve strands.

In both species, the two types of NCS cells occurring
in the disk epidermis resemble each other morphologi-
cally: moreover, the tinctorial affinities of their secretory
granules are also similar. This resemblance probably mis-
led earlier students of asteroid podia, for they described
only the NCS 1 cells and failed to recognize the NCS2 cells
(Harrison  and  Philpott,  1966;  Souza  Santos  and  Silva
Sasso,  1968:  McKenzie,  1988);  only  Chaet  (1965)  de-
scribed the two types of NCS cells in the disk epidermis
of  Axterius  forbesi.  The  NCS  cells  of  A.  nihens  and  ,17.
glacialis  are typical  "apical  duct" cells  (according to the
terminology of Flammang and Jangoux. 1992); i.e.. their
secretory  granules  are  extruded through a  duct  that  is
walled by microvilli and opens as a pore onto the secretory
surface. Such cells have already been observed in the podia
of  paxillosid  asteroids,  which  end  not  with  a  disk,  but
with a conical tip (Engster and Brown, 1972); in ophiuroid
podia  (Ball  and  Jangoux,  1990):  and  in  the  locomotory
podia  of  several  holothuroid  species  (Harrison,  1968;
Flammang and Jangoux, 1992). In the podia of all these
species, NCS cells are thought to be adhesive in function.

Both ciliated secretory cells (CS cells) and nonsecretory
ciliated  cells  (NSC  cells)  terminate  within  the  nerve
strands. This, together with the fact that they both bear a
short and rigid cilium, is indicative of their nervous origin
and sensory function. In addition, CS cells are filled with
secretory granules and, therefore, may be considered neu-
rosecretory-like. Ciliated cells morphologically similar to
these two cell types occur in the podial adhesive areas of
most echinoderm species.

CS cells are remarkably similar in all echinoderm spe-
cies whose podia have been examined. In all cases they
contain small electron-dense granules and often present
a  subcuticular  cilium  (Engster  and  Brown.  1972;  Mc-

Kenzie,  1987;  Ball  and  Jangoux,  1990;  Flammang  el  al,
1991;  Flammang  and  Jangoux,  1992,  1993).  CS  cells  of
A. n/bens and M. glacialis are, however, peculiar because
they possess a large apical bulge instead of the more com-
mon granule-filled, microvillar-like cell processes (Flam-
mang  et  a/..  1991;  Flammang  and  Jangoux,  1993);  and
also  because  of  the  large  size  of  their  granules.  Some
workers have considered CS cells to be de-adhesive, al-
though the way in which they fulfill this function remains
obscure. Ball and Jangoux ( 1990) proposed that CS cell
secretions could act as neurotransmitters controlling or
terminating the release of the adhesive secretion. On the
other hand, Flammang and Jangoux ( 1993) suggested that
their  granule  content  would  be  released into  the  outer
medium, acting directly as a de-adhesive.

NSC cells are monociliated; their cilium traverses the
cuticle and protrudes into the outer medium. These cells,
like CS cells, are almost identical in the podia of all echi-
noderm species studied so far (Engster and Brown, 1972;
Burke,  1980;  McKenzie,  1987;  Ball  and  Jangoux,  1990;
Flammang  et  al..  1991;  Flammang  and  Jangoux,  1992,
1993).

Comparison with other taxa

Many  marine  benthic  organisms  are  equipped  with
particular secretory organs that allow them to adhere to
the substratum. Three forms of adhesion may be distin-
guished: ( 1 ) loose adhesion involving mucus and permit-
ting  simultaneous  adhesion  and  movement  along  the
substratum (e.g.. the foot secretions of some mollusks);
(2) permanent adhesion involving the secretion of a ce-
ment (e.g.. the attachment of barnacles on rocks); and (3)
temporary  adhesion  allowing  an  organism  to  attach
strongly but momentarily to the substratum (Tyler, 1988).

Among the adhesive organs of marine invertebrates,
duo-gland organs, enclosing two types of secretory cells
(vi:.,  cells  releasing  an  adhesive  secretion  and  cells  re-
leasing a de-adhesive secretion) and involved in temporary
attachment, are morphologically the closest to echinoderm
podial adhesive systems. These duo-gland adhesive organs
are very frequently found in small invertebrates inhabiting

Figures 26-34. Footprints and attached podia ofAsterias mbens and Marthasterias glacialis. Arrowheads
indicate the primary film; arrows indicate the external layer of the cuticle. AM. adhesive material; CS. ciliated
secretory cell; CU. cuticle; GE. granules in the process of extrusion: NCS1, type 1 nonciliated secretory cell;
NCS2. type 2 nonciliated secretory cell; P, pore; S. substratum; SO. secretory granule; SM, secretory material;
SR. striated rootlet.

Figure 26. Footprint of M. glai'iuli*
Figures 27-29. The three aspects of the secretory material (M. glacialis).
Figure 30. Crescent-shaped footprint left by the margin of a podium of .-I. rithcnx on the edge of a

coverslip.
Figure 31. Attached podium of , I rithcn.\.
Figures 32, 33. Apical part and secretory pore, respectively, of a NCS1 cell (.-1. rnhcns).
Figure 34. Ciliated secretory cell (M. #
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the  interstitial  environment  for  example,  in  Turbellaria
(Tyler,  1976);  in  Gastrotricha  (Tyler  and  Rieger,  1980);
in Nematoda (Adams and Tyler, 1980); and in Polychaeta
(Gelder  and  Tyler,  1986).  In  every  species  studied,  the
adhesive organs contain two types of closely associated
secretory cells. Cells of the first type are specialized epi-
dermal  cells  similar  to  echinoderm  NCS  cells,  and  they
release an adhesive material. Cells of the second type are
derived from sensory nerve cells and resemble echinoderm
CS cells;  they are de-adhesive in function.  They release
their secretory granules through a pore adjoining the se-
cretory pore of the adhesive cell.

A duo-gland adhesive system has also been described,
recently, in the captacula (i.e., the food-collecting tenta-
cles) of scaphopod mollusks (Byrum and Ruppert, 1994).
still widening the distribution range of this adhesive system
in marine invertebrates. In the species examined, Grap-
tacme calamus, the secretory cells look strikingly similar
to echinoderm NCS and CS cells.

A model for the adhesive mechanism of sea star podia

Epidermal cells of the podial disk of A. nibens and M.
glacialis  are  presumably  involved  in  adhesion  and  de-
adhesion and function as a duo-gland adhesive system,
as proposed by Hermans (1983). In the functional model
we propose, adhesive and de-adhesive secretions are pro-
duced by NCS and CS cells, respectively.

We consider the two types of NCS cells to be adhesive
because they are the only secretory cells having extruded
some of their secretory granules in attached podia. More-
over, these cells have been suggested to be adhesive in
every  podium so far  studied.  Their  secretions form the
adhesive layer joining the podium to the substratum; this
layer remains on the substratum as a footprint after the
podium has become detached.

The de-adhesion would be due to the material enclosed
in the granules of CS cells. Indeed, there must be a de-
tachment mechanism that is under control of the animal
and allows the podia to easily become detached from the
substratum. The CS cells are the best candidates for this
function.  In  A.  rubens  and  M.  glacialis,  the  way  their
secretions are exocytosed is enigmatic; but, by analogy
with  echinoid  CS  cells,  we  believe  that  their  secretory
granules are extruded and act at the surface of the disk.
This  de-adhesive  material  would  also  prevent  particles
from accumulating on the adhesive surface of the disk.

All  of  these secretions  are  presumably  controlled by
stimulation of the two types of ciliated cells (receptor cells),
which then interact with the secretory cells by means of
the nerve strands. Because the cuticle-protruding cilia of
NSC  cells  are  the  first  to  contact  the  substratum,  it  is
likely that they trigger NCS cell  secretion. On the other
hand,  the release of  secretory granules by the CS cells

would be induced by a stimulation of their subcuticular
cilia.

The significance of two types of adhesive cells in the
podial disk epidermis of both A. rubens and M. glacialis
is obscure. Furthermore, asteroid podia are not exceptions:
ophiuroid podia also have two types of adhesive cells (Ball
and Jangoux, 1 990), as do holothuroid locomotory podia
(Flammang and Jangoux, 1992); and in non-echinoderm
invertebrates, the co-occurrence of two types of adhesive
cells has been reported in a species of turbellarians (Ehlers,
1989). Maybe the two secretions combine to form a special
type of adhesive secretion. Another possibility is that one
type of adhesive cell is used only in locomotion on hor-
izontal substrata, whereas both types are necessary during
locomotion on vertical substrata or for anchorage, when
a stronger adhesive bond is required.

Tyler (1988) suggested that most adhesives in marine
organisms involve an association of protein and glycans.
In both A. rubens and M. glacialis, the adhesive secretion
is  probably  a  polysaccharide-protein  complex,  with  the
main  component  being  an  acid  mucopolysaccharide
(positive  reaction  of  NCS  cells  with  alcian  blue  pH  2.6,
ruthenium red labeling of the adhesive layer between po-
dia  and  substratum).  We  failed  to  detect  proteins,  but
Perpeet and Jangoux ( 1973) found a protein component
in NCS cell secretory granules of ,-1. nibens. This adhesive
material could link the negatively charged cuticle, through
divalent cations, to the negatively charged primary film.
Such a mode of adhesion has already been described in
bacteria  (Corpe,  1974;  Marshall,  1974)  and  diatoms
(Cooksey, 1981),  and has been proposed in several tur-
bellarians and archiannelids (Martin,  1978).  This  notion
is, however, contrary to the model that Thomas and Her-
mans (1985) proposed for asteroid podia, in which acid
mucopolysaccharides are considered to be de-adhesive in
function. In the two species studied in this work, the com-
position of the de-adhesive secretion remains unknown,
as it does in all marine invertebrates (Tyler, 1988).
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