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the starfish 

Abstract. The neuroendocrine system of the starfish 
Marthasterias glaciaIis was investigated immunocyto- 
chemically using antisera specific for rat neuronal, bovine 
aortic endothelial, and mouse macrophage, nitric oxide 
(NO) synthases. Immunoreactivity was detected only 
with the antibodies specific for the neural enzyme, in the 
ectoneural and hyponeural  tissues of the radial nerve 
cords and in the basiepithelial plexus and endocrine cells 
of the digestive tract. The pyloric stomach showed more 
immunoreactive structures than the other digestive or- 
gans, with the rectal caeca showing the least activity. Im- 
munoreactive endocrine cells were located in the cardiac 
and pyloric stomachs and in the pyloric caeca. Co-local- 
ization of the enzyme immunoreactivity, and the staining 
for NADPH-diaphorase,  demonstrate the presence of 
NO synthase in echinoderms. These results provide fur- 
ther evidence that NO is a neuronal messenger of early 
phylogenetic origin which has been conserved through- 
out evolution. 
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Introduction 

Recent studies have demonstrated that the neuroen- 
docrine system of echinoderms possesses numerous regu- 
latory substances, including classical neurotransmitters, 
peptides and hormones (Pentreath and Cottrell 1968; 
Cottrell and Pentreath 1970; Huet and Franquinet 1981; 
Bisgrove and Burke 1986; Nakajima 1988; Shirai et al. 
1987; Mladenov et al. 1989; Garcia-Arrar/ts et al. 1991; 
Welsch et al. 1989; Elphick et al. 1989; Elphick et al. 
1991; Martinez et al. 1993). 

The L-arginine: nitric oxide (NO) pathway is a newly 
discovered regulatory system involved in a variety of bio- 
logical functions (Moncada 1992). Nitric oxide is synthe- 
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sized from L-arginine by a group of enzymes, the NO 
synthases (Moncada et at. 1991). Nitric oxide synthases 
require N A D P H  as a co-factor and are inhibited by some 
analogues of L-arginine. At present two broad types of 
enzymes have been identified, i.e. constitutive and in- 
ducible (Moncada et al. 1991; Forstermann et al. 1991). 
Constitutive NO synthases are present in endothelium, 
brain, adrenal glands and platelets (Moncada et al. 1991). 
The inducible enzyme, which is synthesized in response 
to cytokines and inflammatory mediators, has been iden- 
tified in macrophages, hepatocytes, vascular smooth 
muscle, endothelial cells (Moncada et al. 1991) and neu- 
trophils (Rimele et al. 1991). 

Nitric oxide synthases were originally identified in 
mammalian tissues. More recently, however, they have 
been found in the haemocytes of the ar thropod LimuIus 
polyphemus (Radomski et al. 1991), in several ganglia of 
the snail Lymnea stagnatis (Elphick et al. 1993a) and in 
the cerebral ganglion of the locust Schistocerca gregaria 
(Elphick et al. 1993b). Furthermore, an antibody raised 
against mammalian NO synthase has been shown to 
cross-react with amphibian tissues (Li et al. 1992). We 
have now used specific antisera against mammalian iso- 
forms of the NO synthase to investigate the presence, 
nature and distribution of this enzyme in echinoderms. 

Materials and methods 

Three adult specimens of the starfish Marthasterias glacialis were 
collected from the Cantabrian sea (Spain). After anaesthesia with 
magnesium chloride, a careful dissection was performed. Pieces of 
radial nerve cord, cardiac and pyloric stomachs, pyloric caeca, in- 
testine and rectal caeca were fixed in isotonic GPA (glutaraldehyde, 
picric and acetic acids), dehydrated and embedded in paraffin. 

Tissues were sectioned at a thickness of 3 gm and immunocyto- 
chemistry using the avidin-biotin-horseradish peroxidase complex 
(Hsu et al. 1981), was performed. After removal of paraffin, intrinsic 
peroxidase was blocked by treatment of the sections for 30 min with 
a solution of methyl alcohol containing 3% H20 z. Background 
blocking was performed by incubating with normal swine serum 
diluted 1:20 for 30 rain prior to the incubation with specific antisera 
(see below). After incubation with the primary antibody the sections 
were washed in TRIS-buffered saline (TBS 0.05 M, pH 7.36, 0.55 M 
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NaC1), and subsequently incubated for 30 min either in biotinylated 
swine antirabbit IgG (Dakopatts E353, Glostrup, Denmark) for the 
polyclonal antisera, or in biotinylated rabbit antimouse IgG (Dako- 
patts E354) for the monoclonal, both at a dilution of 1:200. After 
rinsing as above, the sections were further incubated with the avid- 
in-biotinylated peroxidase complex (1:100 dilution, Dakopatts 
K355) for 30 min. After a final rinse, peroxidase activity was visual- 
ized using diaminobenzidine (50 mg per 100 ml) and H20 2 (60 gl per 
100 ml). The sections were lightly counterstained with Harris's he- 
matoxylin. 

Antisera 

Four specific antisera against different isoforms of the NO synthase 
were used in this study. All were incubated at 4~ for 16-20 h at the 
specified dilutions: 
1. Rabbit serum against purified rat brain NO synthase, character- 

ized as described by Springall et al. (1992) and diluted 1:1000. 
2. From the deduced sequence of the cloned rat neural NO synthase 

(Bredt et aL 1991), the amino acid sequence LPLLQANGND- 
PELFQIPPEL was selected as a possible exposed region on the 
native enzyme, as described by Riveros-Moreno et al. (1993). The 
peptide was synthesized with an added cysteine at the carboxy 
terminal to allow an ordered binding to the carrier protein Key- 
hole Limpet Haemocyanin (KLH). The conjugated peptide was 
used to raise antibodies in rabbits. The immune serum was used 
at a dilution of 1:1000. 

3. The deduced sequence of the cloned murine inducible NO syn- 
thase (Lyons et al. 1992) was analyzed in a similar fashion to the 
brain enzyme. An amino acid sequence with tow homology to 
the constitutive enzyme was selected and synthesized; 
QNGSPQLLTGTAQNVPESLDKLHVT. A carboxy terminal 
cysteine was added for binding to KLH as the carrier protein and 
the peptide was injected into rabbits. The specificity of the anti- 
serum raised has been described in Hamid et al. (1993). The 
serum was used at a dilution of 1:750. 

4. Monoclonal antibody for the constitutive endothelial isoform of 
the bovine NO synthase, as described by Pollock et al. (1993), 
was used at a dilution of 1:1000. 

Controls 

Mammalian tissues (digestive tract) were used as positive controls 
and substitution of the specific antibody by a non-immune serum 
was used as a negative control. The specificities of the antisera were 
confirmed by pre-absorption of the sera with the corresponding 
antigens and with the conjugated carrier-peptide for the synthetic 
peptides. 

NADPH-diaphorase  staining 

Starfish tissues were dissected out, small pieces were immersed in 
phosphate-buffered saline (PBS, pH 7.4) containing 20% sucrose 
and embedded in OCT compound (Miles 4583, Elkhan, USA). 
Cryostat sections (5 I-tin thick) were incubated in PBS containing 
1.2 mM [3-NADPH (Fluka 93220, Switzerland) and 0.3 mM nitro 
blue tetrazolium (Boehringer 1175041, Mannheim, Germany) for 
10-30 rain at 37~ After a thorough rinse in PBS the sections were 
mounted in PBS-glycerol (1:1). 

Results 

I m m u n o r e a c t i v i t y  for N O  synthase  was found  with  2 an-  
t i sera  ra ised  aga ins t  the neura l  cons t i tu t ive  form of  the 
enzyme,  while no  i m m u n o s t a i n i n g  was obse rved  using 
the an t ibod ie s  aga ins t  the endo the l i a l  or  the  induc ib le  
forms. Bo th  an t ibod ie s  ra ised  aga ins t  the m a m m a l i a n  
neura l  form y ie lded  s imi lar  results,  a l t h o u g h  the ira- 

m u n o r e a c t i v i t y  obse rved  with the  a n t i b o d y  ra ised 
aga ins t  the synthe t ic  pep t ide  was s t ronger .  Hence  the re- 
suits and  figures shown are  those  using this an t i serum.  

The  5 rad ia l  nerve cords ,  t oge the r  wi th  the c i r cumora l  
nerve ring, are  the m a j o r  c o m p o n e n t s  of the starfish 's  
cent ra l  ne rvous  system. These  nerve t rac ts  ex tend a long  
the vent ra l  surface of  each a r m  and  con ta in  two dis t inct  
pa r t s  (Fig. 1), the  th ick  ec toneura l  sys tem on the o ra l  side 
and  the a b o r a l  h y p o n e u r a l  sys tem tha t  lies a b o v e  the 
ec toneura l  tissue. The  two par t s  are s epa ra t ed  by  a thin 
b a s e m e n t  m e m b r a n e .  

Ni t r i c  oxide  synthase  i m m u n o r e a c t i v i t y  was de tec ted  
in b o t h  the ec toneura l  and  the h y p o n e u r a l  systems 
(Fig. 1). Some ec toneura l  (Fig. 1B) and  h y p o n e u r a l  cell 
bodies  (Fig. 1C), a few b e a d e d  fibres in the axona l  reg ion  
of  the  ec toneura l  tissue, and  some nerves  in the neigh-  
b o u r h o o d  of the cu t icu la r  surface (Fig. 1A) were posi t ive.  

The  i nne rva t i on  of the  a l imen ta ry  t rac t  of  the  starf ish 
consis ts  of two nervous  plexuses,  s epa ra t ed  by  a connec-  
tive layer ;  these compr i se  a bas iep i the l ia l  plexus runn ing  
a m o n g  the basa l  processes  of  the digest ive ep i the l ium 
and  a subcoe lomic  plexus  innerva t ing  the muscle  cells in 
the coe lomic  face (Fig. 2). I m m u n o r e a c t i v i t y  to N O  syn- 
thase  was res t r ic ted  to the lumina l  side of  the  digest ive 
wall,  where  epi the l ia l  endocr ine  cells and  nerves of the  
bas iep i the l ia l  p lexus  (Fig. 2) were s ta ined.  There  were no  
differences be tween  the muc ose c r e to ry  and  the cur ren t -  
p r o d u c i n g  regions  of  the ca rd iac  s t o m a c h  bu t  in py lor ic  
caeca  the s ta in ing  in the  cur ren t  zones  (Fig. 3) was 
s t ronger  than  in the pouches .  The  py lor ic  s t omach  dis- 
p l ayed  m o r e  i m m u n o r e a c t i v e  s t ruc tures  than  the o ther  
organs ,  showing  a th ick  N O  syn thase -pos i t ive  basi-  
epi the l ia l  plexus and  n u m e r o u s  endocr ine  cells (Fig. 4). 
The  same plexus  in the in tes t ine  showed  a discrete  reac-  
t iv i ty  (Fig. 5) a n d  the bas iep i the l ia t  plexus of  the  rectal  
caeca  p resen ted  the weakes t  N O  synthase  i m m u n o r e a c -  
t iv i ty  (Fig. 6). Posi t ive  endocr ine  cells were found  in b o t h  
s tomachs  and  in the  py lor ic  caeca  (Figs. 2-4)  bu t  none  
were obse rved  in the in tes t ine  or  the rec ta l  caeca.  

Fig. 1. A Longitudinal section of radial nerve cord showing some 
NO synthase-positive hyponeural cells (small arrows), and few im- 
munoreactive fibres in ectoneural tissue (arrow) and below the cuti- 
cle (arrowheads). B Detail of small positive neuronal bodies in the 
ectoneural tissue. C Positive hyponeural cells. A x 375. Bar: 20 gm. 
B and C x 600. Bar: 20 gm 

Fig. 2. Transverse section of the mucosecretory region of cardiac 
stomach. The basiepithelial plexus (arrowheads) and an endocrine 
cell are clearly immunoreactive. The subcoelomic plexus (arrows) is 
not stained, x 600. Bar: 20 gm 

Fig. 3. Current zone of a pyloric caecum. A slender epithelial en- 
docrine cell that probably contacts the hasiepithelial plexus shows 
a strong immunoreactivity, x 600. Bar: 20 gm 

Fig. 4, Panoramic view of the pyloric stomach. NO synthase im- 
munoreactivity can be observed in the broad basiepithelial plexus 
(arrowheads) and in endocrine cells (arrows). Inset: Detail of the 
endocrine cells. • 150. Bar: 50 gm. Inset x 600. Bar: 20 ~tm 

Fig. 5. Transverse section of the intestine. The basiepithelial plexus 
is clearly stained, x 375. Bar: 20 gm 

Fig. 6. Rectal caecum. A faint immunoreactivity can be observed in 
the basiepithelial plexus, x 150. Bar: 50 ~tn~, 
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Absorption controls demonstrated the specificity of 
the antisera. The staining was abolished after incubation 
with the synthetic peptide (Fig 7) or the rat brain extract. 
Pre-incubation with K L H  did not alter the immunoreac- 
tivity. The reaction product of the NADPH-diaphorase 
staining was located in the same areas that displayed NO 
synthase immunoreactivity, as well as in the apical region 
of the cells (Fig. 8). 

Discussion 

Our results demonstrate the presence of a NO synthase in 
the neuroendocrine system of an echinoderm, the starfish 
Marthasterias glacialis. This enzyme is constitutive, and 
reacted positively with an antibody raised against a syn- 
thetic peptide belonging to the sequence of the neuronal 
constitutive mammalian NO synthase, and to an anti- 
body raised against the whole enzyme. In addition, this 
immunoreactivity co-localized with regions positive for 
NADPH-diaphorase which in the mammalian nervous 
tissue correspond to the NO synthase (Hope et al. 1991). 
Furthermore, there was no immunoreactivity with an an- 
tibody raised to an amino acid sequence belonging to the 
inducible macrophage enzyme, which has a low amino 
acid identity (,-~ 12%) with the constitutive enzyme and 
no reactivity with a monoclonal antibody specific for the 
endothelial form of the enzyme. 

All this suggests that the detected enzyme is similar to 
the mammalian constitutive neuronal NO synthase 
(Bredt et al. 1990) and that this enzyme has therefore 
been largely conserved throughout evolution. This, to- 
gether with the finding of NO synthase in amphibians (Li 
et al. 1992), moluscs (Elphick et al. 1993a) and arthropods 
(Elphick et al. 1993b), also indicates a widespread physio- 
logical involvement of NO across different phyla. 

The role of NO in echinoderm biology requires further 
investigation. However, it is interesting that the most 
abundant immunoreactivity was found in the basiepithe- 
lial plexus, which is in direct contact with the flagellated 
cells of the epithelium (Martinez et al. 1991). Nitric oxide 
might modulate the activity of these cells in a way similar 
to that recently described for the ciliary beat frequency in 
airway epithelial cells (Jain et al. 1993). Furthermore, the 
basiepithelial plexus is near the muscle sheet of the diges- 
tive wall and NO could be involved in muscle relaxation 
in a similar way to the role played by NO in the motility 
of the mammalian gastrointestinal tract (Rand 1992). 
Stomach eversion is a feature unique to asteroid echino- 
derms. Their unusual extraoral feeding behaviour in- 
Volves a process whereby the cardiac stomach is everted 
through the mouth and inserted between the shells of the 
bivalve molluscan prey (Jangoux 1982). Stomach ever- 
sion involves relaxation of the muscles of the stomach 

< 

Fig. 7A,B. Serial sections of pyloric stomach immunostained with 
anti-NO synthase (A) and with anti-NO synthase preabsorbed with 
the synthetic peptide (B) x 600. Bar: 20 gm 
Fig. 8. Frozen section of cardiac stomach histochemically stained 
for NADPH-diaphorase. The precipitate is located over the basiep- 
ithelial plexus (arrowheads) and in vesicles of the apical region (ar- 
rows), x 375. Bar: 20 gm 



603 

wall  as well as extr insic  and  int r ins ic  r e t r ac to r  s t rands  
(Basch 1956). Some molecules  such as ATP ,  adenos ine  
and  ad rena l ine  are  k n o w n  to pa r t i c ipa te  in this re lax-  
a t ion  (Hoyle  and  G r e e n b e r g  1988; K n i g h t  et al. 1990). 
However ,  the a b u n d a n c e  of  N O  synthase  i m m u n o r e a c -  
t ivi ty  in the  py lor ic  s t o m a c h  suggests  tha t  N O  m a y  also 
p l ay  a crucial  role  in this process.  

In  summary ,  ou r  resul ts  c lear ly  indica te  the presence 
of  a cons t i tu t ive  neu rona l  type  enzyme in an ech inoderm.  
Its d i s t r i bu t ion  suggests  tha t  the N O  genera ted  by  this 
enzyme has  s imi lar  funct ions  to  tha t  in m a m m a l s .  There-  
fore, the L-a rg in ine :  N O  p a t h w a y  can be cons idered  as 
an  efficient r egu l a to ry  sys tem which  deve loped  ear ly  in 
the phylogenes i s  of  the an ima l  k i n g d o m  and  has  been 
conserved  t h r o u g h o u t  evolut ion .  
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