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Abstract.  The  nervous  system  of  the  starfish  Asterias
rubens was subjected to immunocytochemical investiga-
tion  using  antisera  raised  against  the  molluscan  neuro-
peptide  FMRFamide.  Immunoreactivity  was  detected  in
the radial  nerve cords and the circumoral  nerve ring,  as
well as in the sub-epithelial nerve plexus of the tube foot
system.  The  hyponeural  part  of  the  radial  cords  con-
tained numerous immunoreactive cell  bodies.  In  the ec-
toneural tissue, immunoreactive cells were present in the
epithelium,  with  cell  bodies  especially  abundant  in  the
lateral parts of the nerve, close to the site of emergence of
the innervation to the tube feet. The sub-epithelial nerve
plexus of the tube feet contained immunoreactive fibers
that  were  continuous  with  an  extensive  system  of  ecto-
neural  immunoreactive  fibers  in  the  radial  nerve  cords.
Immunoreactive  fibers  were  particularly  evident  in  the
regenerating radial nerves of previously sectioned arms.

Introduction

The  isolation  and  characterization  of  FMRFamide
(Phe-Met-Arg-Phe-NH  :  )  from  the  clam  Macrocallista
nimbosa by Price and Greenberg (1977) heralded an era
of  intense  investigation  into  both  the  occurrence  and
functional  properties  of  this  neuropeptide  in  molluscs.
FMRFamide has a variety of effects on molluscan hearts,
visceral and somatic muscles (reviewed by Greenberg et
al..  1983),  and  molluscan  neurons  (reviewed  by  Walker,
1986).

Since  its  discovery,  antisera  raised  to  FMRFamide
have been used to investigate the possibility that FMRF-
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amide-like  peptides  occur  in  non-molluscan  species.  In-
deed,  such  immunochemical  studies  have  revealed  that
FMRFamide-like  substances  are  present  in  members  of
most of the major animal groups, including coelenterates
(Grimmelikhuijzen,  1983),  platyhelminthes  (Reuter  et
al,  1984;Gustafsson  eta/.,  1985),  nemertines  (Varndell
and  Polak,  1983),  nematodes  (Li  and  Chalfie,  1986;
Cowden  et  al.,  1987),  annelids  (Kuhlman  et  al.,  1985;
Porchet  and  Dhainaut-Courtois,  1988).  crustaceans
(Hooper  and  Marder,  1984;  Jacobs  and  Van  Herp,
1984),  a  chelicerate  (Watson  et  al.,  1984),  insects  (Boer
et  al..  1980),  and  vertebrates  (Boer  et  al..  1980;Dockray
el  al.,  1981).  Subsequently,  several  of  the  peptides  re-
sponsible for this immunoreactivity have been identified
and, at present, the peptides isolated from protostomian
species appear to be quite distinct from those of non-pro-
tostomes.

The Echinodermata,  a major invertebrate phylum, has
so far been neglected by those interested in neuropeptide
biology. Therefore, as the first step in an attempt to iden-
tify  FMRFamide-related  peptides  in  echinoderms,  we
have  carried  out  an  immunocytochemical  study  of  the
distribution  of  FMRFamide-like  material  in  the  nervous
system of the starfish, Asterias rubens.

Materials and Methods

Specimens  of  Asterias  rubens  were  collected  on  the
south  coast  of  England,  transported  to  Kings  College,
and  maintained  there  in  an  aerated  seawater  system at
ire.

The starfish were narcotized in 3.5% magnesium chlo-
ride,  and  the  various  parts  of  the  nervous  system  were
then  dissected  into  cold  (4C)  Bouin's  fluid  in  seawater.
After  fixation  for  approximately  18  h  at  4C,  the  tissue
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was embedded by routine methods in paraffin wax (58C
mp),  sectioned  at  7-15  ^m,  and  mounted  on  poly-L-ly-
sine  coated  glass  slides.  The  primary  rabbit  antisera  to
FMRFamide  (1  171  from  C.  J.  P.  Grimmelikhuijzen,  and
LI  35  from  G.  J.  Dockray)  were  applied  at  dilutions  be-
tween  1:100  and  1:1000.  The  1  171  antiserum  has  been
characterized  by  solid  and  liquid  phase  absorption  tests
with numerous, potentially cross- reactive peptides; it has
high affinity for FMRFamide, as expected, but also some
affinity  for  FLRFamide,  FMKFamide,  LTRPRYamide
and  RFamide  (Grimmelikhuijzen,  1984).

Two  methods  were  used  to  visualize  the  bound  pri-
mary  antibodies:  application  of  a  fluorescein  isothiocya-
nate  (FITC)-labelled  swine  anti-rabbit  second  antibody;
or treatment with a peroxidase conjugated goat anti-rab-
bit  second antibody,  followed by  rabbit  peroxidase  anti-
peroxidase  (PAP)  complex  and  diaminobenzidine  as  the
peroxidase substrate (the PAP method).

Three controls  were  carried out:  the  primary  antibod-
ies  were  pre-absorbed  overnight  at  room  temperature
with  10  nmol  of  FMRFamide  per  ml  of  diluted  antise-
rum; antibodies to other peptides (anti-insulin,  anti-sub-
stance  P,  anti-cholecystokinin)  were  tested;  and  non-im-
mune serum was also examined.

Results

General morphology

The major components of the starfish nervous system
are  the  circumoral  nerve  ring  and  its  five  branches  the
radial  nerve  cords  which  extend  along  the  ventral  sur-
face of each arm (Fig. la). These nerve tracts contain two
distinct  parts,  the  ectoneural  and  hyponeural  systems
(Fig. 1 b). The ectoneural system is further organized into
an outer epithelial region containing cell bodies and sup-
porting cells, and an inner axonal region traversed by fi-
bers  from  the  supporting  cells  (Fig.  Ib).  It  is  continuous
with an extensive sub-epithelial nerve plexus of the skin,
which  is  thickened  locally  to  form  the  marginal  nerve
cords  and  the  tube  foot  nerve  ring  (Fig.  la).  The  hypo-
neural system lies above the ectoneural tissue, separated
from it by a thin basement membrane (Fig. Ib).

A  minor  component  of  the  starfish  nervous  system  is
the  aboral  nerve  ring,  which  is  continuous,  in  each
arm, with the apical  nerve,  a small  strand of tissue lying
along  the  mid-dorsal  region  of  the  coelomic  epithelium
(Fig. la).

Immunocytochemistry

Positive  FMRFamide-like  immunoreactivity  was  de-
tected in the circumoral nerve ring and radial nerve cords
ofAsterias(Fig.  2a.  b).

Bipolar  immunoreactive  cell  bodies  were  evident  in
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Figure 1. Diagrammatic representation of the nervous system in
Asterias. (a) Composite cross section of an arm showing the anatomy
of the nervous system at the level of a tube foot (left side) and between
tube feet (right side), (b) Detailed cross section of radial nerve cord.

the  ectoneural  epithelium,  interspersed  between  sup-
porting cells (Fig.  2c).  Longitudinal sections of the radial
nerves show cell bodies along the entire length of the ec-
toneural network, with beaded fibers throughout the ax-
onal region (Fig.  4a).  Transverse sections reveal that the
cell  bodies  and  associated  axonal  tracts  are  particularly
concentrated laterally, close to the points where the tube
feet  receive  innervation  from  the  nerve  ring  and  cords
(Figs. 2b, d; 3a).

Immunoreactive  fibers  occur  throughout  the  sub-epi-
thelial nerve plexus of the tube feet and are clearly con-
tinuous with the system of immunoreactive fibers in the
ectoneural  part  of  the adjacent  nerve cord (Figs.  2b;  3a,
b).  No  immunoreactive  cell  bodies  were  detected  in  the
nerve plexus of the tube feet.

In  the  hyponeural  part  of  the  nervous  system,  immu-
noreactive  cell  bodies  are  particularly  abundant,  and
processes could occasionally be seen directed towards the
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mm,

Figure 2. (a) Transverse section of radial nerve showing distribu-
tion of immunoreactivity in the ectoneural (EN) and hyponeural (HN)
systems. Primary antibody. 1 171, with PAP labelling. Scale bar = 100

(b) Longitudinal section ofcircumoral ring and part of tube foot epi-
thelium showing lateral concentration of ectoneural cell bodies (triple
arrows) and distinctive tube foot sub-epithelial nerve plexus (TFP). Pri-
mary antibody. 1 171. with PAP labelling. Scale bar = lOO^m.

(c) Longitudinal section of radial nerve cord showing bipolar ecto-
neural cell bodies (white arrows) interspersed between supporting cells
(black arrows) of the epithelium. Primary antibody, I 171, with PAP
labelling. Scale bar = 30 ^m.

(d) Transverse section of lateral region of the radial nerve cord near
junction with tube foot showing increased concentration of immunore-
active ectoneural cell bodies and fibers (arrows). Primary antibody,
L 1 35, with PAP labelling. Scale bar = 30 M m.

basement  membrane,  although  no  fibers  appeared  to
cross it in either direction (Fig. 4a, c).

In preliminary experiments designed to investigate the
pattern of neuronal regeneration in previously sectioned
arms, the concentration of immunoreactive fibers in the
ectoneural system of the regenerates was noticeably in-
creased (Fig. 4b).

Both  FMRFamide  antisera  used  gave  positive  results,
but all of the control experiments, including those using

antisera  previously  absorbed  with  FMRFamide,  proved
negative.

Discussion

This investigation records for the first time, the occur-
rence  of  immunoreactive  FMRFamide-like  molecules  in
the  nervous  system  of  an  echinoderm.  These  findings
have  implications  for  both  neuropeptide  phylogeny  and
echinoderm neurobiology.

Neuropeptide phylogeny

Over  the  last  decade,  FMRFamide-like  peptides  have
been characterized in a variety of species and appear, at
present,  to  fall  into  two  distinct  groups.  First,  those  iso-
lated  from  protostome  phyla  (Nematoda,  Annelida.
Mollusca,  and  Arthropoda)  share  with  FMRFamide  the
general  C-terminal  sequence:  F(X)RFamide,  where  X
can be methionine,  leucine,  or  isoleucine.  Second,  those
peptides  isolated  from  non-protostomes  (Coelenterata
and  Chordata)  usually  share  with  FMRFamide  only  the
C-terminal  RFamide.

Greenberg  et  al  (1988)  suggested  that  the  protosto-
mian  peptides  are  homologous,  whereas  the  sharing  of
the  RFamide  C-terminus  with  FMRFamide  among  the
non-protostomian  peptides  "may  merely  reflect  general
characteristics of associations between peptides and pro-
teins. If there is a homology, it is likely to reside with the
class  of  membrane  proteins  comprising  peptide  recep-
tors."  Since  the  echinoderms  are  deuterostomian  inver-

Figure 3. (a) Oblique section through radial nerve cord. Hyponeu-
ral cell bodies (HN) are clearly evident as is the sub-epithelial plexus in
adjacent tube feet (arrows). Notice the high concentration of immuno-
reactive cells where the nerve cord branches to innervate the tube feet
(arrow heads). Primary antiserum, 1 171, with PAP labelling. Scale bar
= 100 ^m.

(b) Transverse section of marginal nerve cord (MN) and adjacent
tube foot (TF). Immunoreactive fibers in the sub-epithelial plexus are
clearly evident (arrow). Primary antiserum, 1 171, with PAP labelling.
Scale bar = 30 ^m.



144

Figure 4. (a) Longitudinal section of radial nerve with cell bodies
in both ectoncural ( EN ) and hyponeural ( H N ) systems as well as beaded
fibers in the axonal region (arrows). BM, basement membrane. Primary
antibody, L 1 35, with PAP labelling. Scale bar = 100 urn.

(b) Transverse section of regenerating radial nerve to show dense
concentration of immunoreactive fibers (arrows). The absence of im-
munoreactive cell bodies suggests these fibers are derived from cells
distal to the region of growth. Primary antibody, LI 35, with PAP label-
ling. Scale bar = 100 ^m.

(c) Longitudinal section of the radial nerve cord showing hyponeu-
ral cell bodies, one with a process (arrow) directed toward the basement
membrane (BM). Primary antibody, 1 171, with FITC labelling. Scale
bar = 25 pm.

tebrates.  the  characterization  of  the  FMRFamide-Iike
peptides in  echinoderms would provide a  further  test  of
the  notion  that  the  F(X)RFamide  peptides  are  peculiar
to protostomes.

M.  R.  ELPHICK  ET  AL

Echinoderm neurobiology

Our  current  understanding  of  echinoderm  neurobiol-
ogy is far behind that of most of the other major inverte-
brate  phyla  (see  Cobb,  1987,  1988).  Only  one  native
echinoderm  neuropeptide  has  ever  been  thoroughly  in-
vestigated:  gonad  stimulating  substance  (GSS)  (see  Ka-
natani.  1979).  Discovered  thirty  years  ago  (Chaet  and
McConnaughy,  1959),  GSS  has  only  recently  (and  par-
tially) been sequenced (Shirai,  1987).

This is the first extensive study of peptidergic neurons
in  an  echinoderm.  The  distribution  of  FMRFamide-like
immunoreactivity  in  the  nervous  system  may  provide
some clues as to the function of these peptides in starfish.
The  abundance  of  immunoreactivity  and  its  presence  in
both  the  ectoneural  and  hyponeural  systems  suggests
that  the  peptides  may  have  a  general  transmitter-like
role.  However,  the  immunoreactivity  is  particularly  as-
sociated  with  the  innervation  of  the  tube  feet.  Thus  the
sub-epithelial  nerve plexus of  the tube feet contains nu-
merous  immunoreactive  fibers,  whereas  the  soma  of
these  neurons  appear  to  lie  within  the  adjacent  nerve
cord or ring.

Florey  and  Cahill  (1980)  demonstrated  that  the  tube
feet  of  sea  urchins  are  under  cholinergic  motor  control.
Their  evidence  indicates  that  chemical  transmission  in-
volves  the  diffusion  of  acetylcholine  (ACh)  from  nerve
terminals of the sub-epithelial plexus to the musculature,
across  the  intervening  connective  tissue  layer.  Peptides
produced  by  the  immunoreactive  neurons  described
here  may be  modulating  the  motor  control  of  tube foot
activity. Some circumstantial support for this idea comes
from  Unger's  work  (1960,  1962).  Using  simple  chro-
matographic  methods,  this  author  isolated  two  physio-
logically active substances from the radial nerve cords of
Asterias  glacialis.  In  addition  to  effecting  color  changes,
both  factors  induced  movement  in  whole  animals,  as
well  as  in  isolated  arms,  and  one  of  them strongly  exci-
tated  the  Helix  heart.  These  effects  were  clearly  distin-
guishable  from  those  of  ACh,  serotonin,  adrenalin,  nor-
adrenalin,  and  histamine,  and  we speculate  that  the  ex-
tracts  may  have  contained  peptidic  factors,  including
FMRFamide-like  molecules.

The  immunocytochemical  data  presented  in  this  re-
port  shows us  relatively  little  about  the chemical  nature
of the immunoreactive peptides since any peptide with a
C-terminal  sequence  similar  to  that  of  FMRFamide
might  cross-react  with  the  antisera.  A  good  example  is
the  family  of  pancreatic  polypeptide-related  peptides
(PP-RP)  which  terminates  in  Arg-Tyr-amide  (see  Thorn-
dyke,  1986,  for  a  more  complete  discussion  of  this
problem).

Experiments  designed  to  isolate  and  sequence  the
FMRFamide-like  peptides  in  Asterias  are  currently  un-
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derway.  Once  one  or  more  sequences  are  known  and
synthesized, the physiological roles of the native echino-
derm molecules can be established.

Note added in proof

Three  novel  peptides,  detected  with  antisera  to
FRMFamide,  have  now  been  purified  from  the  radial
nerves of the starfish Asterias, and sequenced (Elphick cl
al.. 1989).
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