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ABSTRACT: The structural differentiation of the nuchal organs during the post-embryonic develop- 
ment of Pygospio elegans is described. The sensory organs are composed of two cell types: ciliated 
cells and bipolar primary sensory cells, constituting the nuchal ganglion, which is associated with 
both the sensory epithelium and the brain. Since the sensory neurons are largely integrated into 
posterolateral parts of the cerebral ganglion, the nuchal organs are primary presegmental struc- 
tures. The microvilli of the ciliated cells form a cover over the cuticle with a presumed protective 
function. An extracellular space extends between cuticle and sensory epithelium. The distal 
dendrites of the sensory cells terminate in sensory bulbs, bearing one modified sensory cilium each 
that projects into the olfactory chamber, embedded within the secretion of the ciliated cells. During 
development, the nuchal organs increase in size. This is accompanied by a shift in position, an 
expansion of the sensory area, and secretory activity of the ciliated ceils. The nuchal ganglion 
differentiates into three nuchal centres forming three distinct sensory areas around the ciliated 
region. Each nuchal complex reveals two short nuchal nerves comprising the sensory axons, which 
enter the posterior circumesophageal connective. The sensory cells lying in the brain exhibit 
neurosecretory activity; the sensory cilia enlarge their surface area by dilating and branching. 
Nuchal organs accomplish the basic structural adaptions of chemoreceptors and show structural 
analogies to arthropod olfactory sensilla; thus, there is every reason to suppose chemoreceptor 
function. 

INTRODUCTION 

Polychaete nuchal  organs are mostly paired, ep idermal  sensory structures, located 
on the dorsal side of the pros tomium or peristomium. Based on histological and posi- 

tional criteria, they are supposed  to have  chemoreceptor  function (Rullier, 1950, 1951; 

Bullock & Horridge, 1965), p laying a role in food selection or mat ing (S6derstr6m, 1920, 

1930). Clear  physiological  evidence ,  however ,  is still lacking. According to Rullier 

(1951) and Clark (1969), nuchal  organs  have  combined  sensory and secretory functions. 

Their  morphological  diversi ty comprises  simple pits at the posterior marg in  of the 

prostomium as well  as complex  folded lobes cover ing several  segments  (cf. Bullock & 

Horridge, 1965). 
Up to now, it is not clear whe the r  nuchal  organs are prostomial  or true segmenta]  

structures secondari ly jo ined to the brain. The latter view, represen ted  by S6derstr6m 

(1920, 1930), Gustafson (1930) and Rullier (1951) is based particularly on the family 
Spionidae.  According to Akesson 's  embryological  studies on Eunice kobiensis (1967a) 

and Lopadorhynchus (1967b), the nuchal  organs deve lop  p resegmenta l ly  from dorsola- 

teral parts of the hindbrain.  In any case, however ,  nuchal  organs are innerva ted  from the 
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poster ior  por t ion of the bra in  (Clark, 1969; Korn, 1982). Only few papers  descr ibe  the 
u l t ras t ructure  of po lychae te  nucha l  o rgans  (Storch & Welsch,  1969; Whit t le  & Zahid, 
1974; West,  1978). The inves t iga t ions  revea l  var ia t ions  concerning,  in part icular ,  the  
exact  posi t ion of the  sensory epi the l ium,  the cel lular  composit ion,  and  the locat ion of the 
p r imary  sensory  ceils, which are  e i ther  assoc ia ted  with the sensory ep i the l ium or with 
the  brain.  

No a t tent ion  has  ye t  b e e n  pa id  to the  larval  nuchal  organs,  ne i ther  on the l ight- or 
e lec t ron-microscopica l  level  nor to their  di f ferent ia t ion dur ing  pos t -embryonic  deve lop-  
ment .  

F u n d a m e n t a l l y  character is t ic  of the po lychae te  family Spionidae  are the extens ively  
d e v e l o p e d  nucha l  organs.  This family revea ls  the  most  pr imit ive  condit ion:  dorsal  
organs,  cons ide red  to be  homologous  with the nuchal  organs,  ex tend  over a number  of 
anter ior  s egmen t s  (S6derstr6m, 1920, 1930; Clark, 1969). The species  Pygospio elegans 
proves  to be  of spec ia l  in teres t  b e c a u s e  of the  sexual ly  d imorphic  formation of these  
sensory  s tructures  (S6derstr6m, 1920, 1930). 

The aim of the p re sen t  s tudy is to examine  the fine s tructure of the  nuchal  organs of 
P. elegans and  their  re la t ion to the centra l  nervous  system. Part  I concerns  the  ultrastruc- 
ture, the  innervat ion,  and  the morphologica l  changes  dur ing  the larval  deve lopmen t  of 
this species .  

MATERIAL AND METHODS 

Adul t  spec imens  of Pygospio elegans (Spionidae)  were  col lected from the intert idal  
s andy  flats at List /Sylt  and  ma in t a ined  in the  laboratory.  Ha tched  la rvae  were  rea red  at a 
sal ini ty  of 30 %0, a t e m p e r a t u r e  of 18°C and fed a mixture of Dunaliella sp. and 
Phaeodactylum sp. For t ransmiss ion e lect ron microscopy,  different  larval  s tages  were  
first r e l axed  for 15 rain in a 7 % MgC12 solution. Fixat ion fol lowed a modif ied  s imultane-  
ous me thod  used  by  F ranke  et  al. (1969) in a solution of 2 % g lu t a r a ldehyde  and 1 %  
OsO4 in 0.1 m cacodyta te  buffer  (pH 7.4) for 1 h at 0 °C. Spec imens  were  then r insed in 
chi l led buffer  conta in ing  7 % succrose and  2.5 m M  CaClz, and  subsequen t ly  postf ixed 
for 2 h at 0°C in 1 %  OsO4 in the  same  buffer. 

Larvae  were  d e h y d r a t e d  in an e thanol  ser ies  and  e m b e d d e d  in Durcupan.  Serial 
sect ions were  m a d e  with glass and  d i amond  knives,  s ta ined  with uranyl  ace ta te  and lead 
ci trate and  e x a m i n e d  with a ZEISS EM 9S-2 e lec t ron microscope.  

RESULTS 

The compara t ive  u l t ras t ructure  of larval  nucha l  organs  is descr ibed ,  focussing on the 
ha tch ing  s tage  of Pygospio elegans, i.e. the  3-se t iger  larva and on a late larval  s tage just 
before  me tamorphos i s  with an  ave rage  of 15 set igers.  

3 - s e t i g e r  l a r v a  

General morphology 

In newly  ha t ched  larvae,  the  pa i r ed  nuchat  o rgans  are  s i tuated dorsolateral ly  in the 
pos ter ior  reg ion  of the  pros tomium,  at the  same level  as the  poster ior  port ion of the brain 
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b e t w e e n  la tera l  ocelli  and  prototroch (Figs 1 and  3). The d is tance  b e t w e e n  the sensory 
structures of each  side measu res  about  40 gm. 

Each organ  consists of two cell types  only: b ipolar  p r imary  sensory  cells and  
suppor t ing  cells t e rmed  as ci l ia ted cells. 

The nuchal  organs  rest on a fine f i lamentous,  m o n o l a y e r e d  basa l  l amina  (Fig. 2); 
lateral ly,  on the  under s ides  of the  c i l ia ted cells, re t rac tor  muscles  are  anchored  by  
h e m i d e s m o s o m e s  to the basa l  lamina,  and  run in ven t ro-ap ica l  direct ion towards  the  
pros tomial  muscula ture .  The muscular  inser t ion site of the  basa l  l amina  has  twice the  
width  (0.2 ~tm approx.)  of the usual  d imensions .  5 to 6 c i l ia ted cells form a monolayered ,  
in surface v iew almost  square  ci l iated area  (up to 8 ~m in l eng th  and  9 ~m in width) tha t  
is cont inuous with the  normal  ep idermis  of the p ros tomium (Figs 1, 3, and  4). 

About  15 sensory  cell  bodies  const i tute a nuchal  gangl ion,  basa l ly  s i tua ted  b e t w e e n  
ci l ia ted cells and  basa l  l amina  (Fig. 4) that  ex tends  from the mediof ron ta l  to the  
l a te rocauda l  marg in  of the  c i l ia ted  patch.  The anter ior  pe r i ca rya  are  e m b e d d e d  in the  
gangl ionic  mass  of the centra l  nervous  sys tem (Fig. 5). The nucha l  gangl ion  therefore  is 
closely associa ted  both with the  sensory  ep i the l ium and  with the  pos ter ior  por t ion of the 
brain.  

The anter ior  sensory neurons  give rise to s lender  dis tal  p rocesses  runn ing  d iago-  
nally upwardg and ou twards  to the  body  surface. Consequent ly ,  a discrete  sensory  a rea  
m a d e  up of the  c lus te red  dendr i t e s  of the  sensory  cells, marks  the  mediof ronta l  marg in  of 
the ci l iated region (Fig. 4). The pos ter ior  sensory  cells do not  ye t  show any  di f ferent ia t ion 
of dendri t ic  processes.  

Inn erva tion 

As the nuchal  gangl ion  is l a rge ly  i n t eg ra t ed  into the centra l  nervous  system, a 
dist inct  nuchal  nerve is lacking.  Only  an inconspicuous  nerve  is a p p a r e n t  (Fig. 6), 
compr is ing  the axons of the remotest ,  cauda l ly  s i tuated sensory cells. This nerve  runs 
forward on the basa l  l amina  to en te r  the  pos ter ior  c i r c u m e s o p h a g e a l  connect ive.  

Cuticle 

The structure of the cuticle over ly ing  the nucha l  organs  differs to a cer ta in  deg ree  
from the cuticle of the  other  body  wal l  (Fig. 7). The  normal  cuticle forms a m o d e r a t e l y  
e lec t ron-dense ,  amorphous  layer  with an i r regular  a r r a n g e m e n t  of very  fine f i laments,  
measur ing  0.6 to 0.8 gm in depth .  Occas iona l ly  b r a n c h e d  microvill i  of the  epi the l ia l  cells 
pass  through the cut icular  mat r ix  t e rmina t ing  as spher ica l  bodies  of h igh  e lec t ron  
dens i ty  above  the cut icular  surface. 

In comparison,  the  nucha l  cuticle, only 0.3 gm in depth,  is a very  thin layer.  
Fur thermore ,  the microvill i  of the  nuchal  c i l ia ted cells run th rough  the cut icular  layer  to 
di la te  into broad,  i r regular ly  s h a p e d  end ings  above  the cut icular  surface, forming a k ind  
of outer  cover about  0.3 gm in depth.  The exposed  tips of these  d i s t ended  port ions also 
a p p e a r  as e lec t ron-dense  spher ica l  bodies .  The distal  ends  of the  microvill i  me a su re  up 
to 0.4 gm in d iamete r  and  are  c losely  jo ined  toge ther  l eav ing  in te r spaces  of only 10 nm 
approx.  (Fig. 8); the  resul t  is a closely m e s h e d  layer ,  p e n e t r a t e d  only by  the  moti le  cil ia 
of the ci l ia ted cells. The  centres  of the microvilli  conta in  a mode ra t e ly  e lec t ron-dense ,  
f locculent  mater ia l  su r rounded  by  a more  e lec t ron- lucent  pe r iphe ra l  zone. 

The  cut icle  is unde r l a id  with a dist inct  ex t race l tu lar  space,  the  olfactory c h a m b e r  
(Whittle & Zahid,  1974) (Fig. 7). It measu res  about  8.5 gm in d i ame te r  and  1.2 gm in dep th  
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and is del ineated anteriorly by the distal processes of the sensory cells and posteriorly by 
the apices of the ciliated cells. Horizontally, it is t raversed by the microvilli and  sensory 
cilia of the dendri tes;  vertically, by the microvilli and motile cilia of the ciliated ceils. 

Citiated cells 

The co lumnar  support ing cells are a r ranged in a s ingle-cel led layer; laterally they rest 
on the basal  lamina,  medial ly they are under la id  with sensory cells. They measure  up to 
8.5 ~tm in length  and are joined apically by zonulae  adherentes  followed by long septate 
junctions,  Their fine structure differs to a high degree from the cytoarchitecture of the 
normal  sur rounding  epidermal  cells. In general ,  the ciliated cells contrast by the 
e lect ron-dense  appearance  of their cytoplasm, caused by large amounts  of r ibosomes 
freely distr ibuted in the cytoplasm (Figs 9 and 13). 

The apical cell surface is provided with a border of occasionally b ranched  microvilli 
and a n u m b e r  of motile cilia showing the typical 9 + 2 - a r r a n g e m e n t  of the axoneme,  
basal feet and  a pair of striated rootlets with a periodicity of 660 A approx. (Fig. 16). 
Accessory centrioles are lacking. 

The apical cytoplasm shows a distinct concentrat ion of small spherical vesicles up to 
150 nm in diameter  with e lec t ron- lucent  contents  (Fig. 9). Numerous  small vesicular  
invaginat ions  of the cell m e m b r a n e  (Fig. 10) indicate either a micropinocytotic up take  or 
extrusion of components .  

Frequent ly  in close proximity to the vesicles the cytoplasm contains mult ivesicular  
bodies up to 0.7 ~tm in diameter.  The incorporation of microvesicles into these bodies by 
invaginat ions  of the l imiting m e m b r a n e  may occasionally be observed (Fig. 11). The 
multivesicular bodies undergo a process of differentiation: e lec t ron- t ransparent  bodies 
with only few vesicles and  sparse fibrillar material  gradual ly  develop into bodies 
completely filled with clumps of diffuse fibrillar material, in which a n u m b e r  of double-  
m e m b r a n e - b o u n d  vesicles are scattered (Fig. 12). 

Furthermore,  mitochondria and  a few lipid droplets are distr ibuted b e t w e e n  the 
ciliary rootlets and  the vesicles. 

Prominent  components  of the middle  region are conspicuous, irregularly shaped, 
m e m b r a n e - b o u n d  inclusions, which contain strands of fine f i lamentous material  in 

Abbreviations: bb basal body; b] basal lamina; 
c cuticle; cc ciliated cell; ce circumesophageal 
connective; cv clear vesicles; dv dense-core 
vesicles; er granular ER~ g golgi complex; 
i filamentous inclusion; 1 lipid droplet; ly lyso- 
somes; mb multivesicular body; mc motile 
cilium; mi mitochondrium; mv microvilli; 

nb neurons of the brain; ng nuchal ganglion; 
nn nuchal nerve; no nuchat organ; nu nucleus; 
oc olfactory chamber; pr prototroch~ ps primary 
sensory cell; r rootlet; ri ribosomes; rm retractor 
muscle; sI setiger I; sb sensory bulb; sd sensory 
dendrite; ser smooth ER; sj septate junction; 
t neurotubules; za zonula adherens. 

Figs 1-17. 3-setiger larva: 
Fig. 1, Longitudinal section through posterior portion of prostomium showing the location of the 
nuchat organ (no) in relation to lateral ocellus (lo), neurons of the brain (nb), prototrochal cells, and 
the first setiger (sI). The section marks the lateral portion of the nuchal organ with the ciliated cells 

(cc) in direct contact with the basal lamina larrows) 
Fig. 2. Retractor muscles (rm) insert into the basal lamina (bl) by hemidesmosomes on the 

undersides of the ciliated cells (cc) 
Fig. 3. Scanning electron micrograph of the dorsal surface of the prostomium (pm) 
Fig. 4. Cross section through the nuchal organ 
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varying densi ty (Figs 9 and  13). They occur in groups of smaller units  in some cells, while 
in others they coalesce to form large, irregularly outl ined vacuoles, occupying almost the 
entire middle region of the cell. The inclusions are often sur rounded by few cisterns of 
granular  ER, which starts to differentiate. A histochemical examinat ion  of the material  is 
intended.  A well developed Golgi-complex is general ly  located above the nuclear  
region and is associated with numerous  clear vesicles. 

The basal  cytoplasm contains the large, irregularly shaped nucleus,  which is 
e longated in the transverse axis of the cell, measur ing  about  3 ~tm in length.  It is 
characterized by extensive electron-dense clumps of chromatin and two compact nuc-  
leoli (Fig. 14). 

Sensory cells 

The pericarya of the bipolar pr imary sensory cells contain the nuclei  with extensive, 
moderately e lec t ron-dense  chromat ine  masses, mitochondria,  Gotgi-bodies,  vesicles, 
granular  ER, lipid droplets, and  glycogen. 

The bund led  distal processes extend to the olfactory chamber.  The terminal  ends of 
the dendri tes are enlarged forming sensory bulbs up to 1 ~tm in diameter.  The distal 
border of each bulb bears  a single, modified sensory cilium and  a few long microvilli that 
both traverse the olfactory chamber  in its full length  in caudal  and  lateral direction, 
in termingl ing with the motile cilia and  microvilli of the ciliated ceils (Figs 15 and 17). 
The microvilli (about 80 nm in diameter) show a clear central  space and  peripheral  
flocculent material  of moderate  e lectron-densi ty  sticking to the inner  surface of the 
membrane .  

The sensory cilia arise from the base  of the invaginat ions  of the outer surface. The 
axonemal  filaments, a r ranged in a 9+2-pat tern ,  are embedded  in a homogenous ,  
e lectron-dense matrix that fills the central  l umen  of the sensory cilia (Fig. 15). This 
matrix cont inues distally from the basal  plate for about  0.5 ~tm, before the cilium splits up 
into several, up to n ine  microvillus-like structures with a d iameter  of about  90 nm. While 
the central fibers end  at the splitt ing point, each micro~dllous process contains at least 
one pair of axial filaments, that are, however,  also lost after a short distance. The basal  
bodies of the modified cilia lack ciliary rootlets; an accessory centriol, a r ranged  parallel  
to the cilia, is present. Sensory dendri tes  are joined apically by zonulae adherentes  and  
below these by long septate junct ions  ex tending  nearly over the total length  of the 
processes. 

The dendri te  cytoplasm contains  a n u m b e r  of clear (up to 120 nm) and  electron- 
dense (up to 50 nm) vesicles, neurotubules ,  mitochondria,  a few mult ivesicular  bodies, 
ribosomes and liped droplets. 

Fig. 5. Longitudinal section through posterior portion of prostomium and the interior part of the 
nuchal organ; the cell bodies of the anterior sensory neurons He within the central nervous system 

(anterior to the right); pp: presumed photoreceptor in the brain 
Fig. 6. The nuchal nerve contains axon types with neurosecretory granules (eg) 
Fig. 7. Section through the cuticle overlying the normal epidermal cells (top of figure) and the 
nuchal organ (bottom of figure); de: dilated ends of microvilli of ciliated cells; arrows: dense 

spherical bodies 
Fig. 8. Horizontal section through the covering layer formed by the dilated ends (de) of the 

microvilli of the ciliated cells 
Fig. 9. Cross section through ciliated cells 
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1 5 - s e t i g e r  l a r v a  

General morphology 

The nuchal  organs of late larval stages of Pygospio elegans extend from the posterior 
border  of the prostomium beh ind  the prototroch to the anterior marg in  of the first setiger. 
Consequent ly ,  a shift of position has taken place from the prostomium backwards  into 
the metas tomium (Figs 18 and  19). The sensory epithel ia  still border mediofrontally on 
the gangl ionic  mass of the posterior portion of the brain  (Fig. 18). 

Due to an addit ional  slight shift from the initial dorsolateral position to a rather 
dorsal location, the sensory organs of each side delimit the developing medial  nucha l  
crest or caruncle (Fig. 19); the distance be tween  them measures  30 to 35 [un. 

Furthermore, the nucha l  organs are larger in size., the ciliated and  sensory regions 
are expanded  as a result of an increase in n u m b e r  of the ciliated and  sensory cells as well 
as an increase in cell size. 

9 to 12 ciliated cells form an oval-shaped ciliated area measur ing  up to 30 [tm in 
length  and 23 ~m in width. 

The sensory cells of the nuchat  gangl ion  are clustered into 3 groups or centres, each 
related to a separate bund le  of dendri tes,  thus forming 3 distinct sensory areas around 
the ciliated patch (Fig. 23). Nuchal  centre I (Figs 21 and 23), represent ing  the largest  
group of sensory cells, forms the mediofrontal  boundary  of the ciliated area; its cell 
bodies are completely in tegrated into the posterior portion of the central  nervous  system. 
No barrier of neurogl ia  or connect ive tissue separates the sensory cells from the neurons  
of the brain. The apper ta in ing dendr i tes  pass backwards  parallel  to the longi tudinal  axis 
of the larva to turn off at right angles  towards the surface. Their microvilli and  sensory 
cilia project backwards  and outwards through the olfactory space, which covers the 
entire nuchal  area. 

The smallest nuchal  centre II (Figs 22 and 23) marks the mediocaudal  border of the 
ciliated region. In the same way, the dendrit ic processes run  forward parallel  to the 
longi tudinal  axis and terminate  in the olfactory chamber.  

Nuchal  centre III (Figs 20 and  23) is si tuated laterally at the posterior edge of the 
ciliated area, ex tending  backwards  to the level of the setal sac of the first setiger. The 
distal processes of the neurons  run  vertically upwards  to the body surface; the dendrit ic 
microvflh and  sensory cilia traverse the olfactory chamber  in anterior direction. 

The 3 groups of sensory cells are connec ted  by a few basally located neurons.  

Fig. 10. A detail of the apical membrane of cihated cells showing slight invaginations (arrows) 
Fig. 11, Multivesicular bodies incorporate vesicles by invaginations of their limiting membrane 

(arrow) 
Fig. 12. Multivesicular bodies with few vesicles and diffuse fibrillar material (rob 0 turn into more 

condensed stages with an increased number of vesicles (rob2); arrow: membrane invagination 
Fig. 13. Middle region of ciliated cell 
Fig. 14. Basal region of ciliated cell with part of the nucleus 
Fig. 15. Sensory bulbs with sensory cilia; the cilia split up into several microvillus-like structures 
(ms), each containing one pair of microtubuli (arrows); the central microtubuli (double arrow) end at 

the splitting point; m: electron-dense matrix 
Fig. 16. The basal bodies of the motile cilia possess basal feet (bf) and striated rootlets 
Fig. 17. Cross section through anterior portion of olfactory chamber showing the long sensory 

microvilli 
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Figs 18-32. 15-setiger larva: 
Fig. 18. Photomicrograph of a longRudinal section through the anterior body region; b: brain, me: 

metastomium, mo: mouth, pm: prostomium 
Fig. 19. Scanning electron micrograph of the dorsal surface of the head region; pa: palps, ca: 

caruncte 
Fig. 20. Nuchal  centre III (nc III), longitudinal  section; nn: outer nuchal  nerve  
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Fig. 23. Schematic reconstruction of the nuchat organ of a 15-setiger stage in relation to the central 
nervous system in dorsal view; ac: anterior commissure of the brain, ace: anterior circumesophageal 
connective, nc I-III: nuchal centres I-III, nni: inner nuchal nerve, nno: outer nuchal nerve, pa: pulp, 

pc: posterior commissure of the brain, pce: posterior circumesophageal connective 

The und iv ided  nuchal  gangl ion of the 3-set iger  larva consequent ly  differentiates 
into 3 coherent  nuchal  centres;  the sensory area  of the 3-set iger  larva corresponds to the 

nucha l  centre  I, whi le  the caudal  sensory cells of the ha tched  stage develop dendri tes 

and are organized  into the nuchal  centres II and III, thus forming two additional sensory 

areas at the posterior end of the nuchal  organs. 

Inn  e rva  tion 

Each nuchal  complex  reveals  two nuchal  nerves  enter ing the posterior cir- 
c u m e s o p h a g e a l  connect ive.  The latter runs from the posterior commissure  of the brain 

around the base  of the pulps to fuse ventrotateral ly with the anterior c i rcumesophageal  
connec t ive  (Fig. 23). As the posterior connect ive  passes be low the anterior portion of the 

sensory epi thel ium, only short nuchal  nerves  are apparent .  The outer  nuchal  nerve 

comprises  the axons of nuchal  centre  III (Fig. 20) and runs forwards to merge  with the 

poster ior  connec t ive  at that point, whe re  a curved nerve  coming from the anterior 

c i r cumesophagea l  connec t ive  joins the posterior one. 

The  axons of the nuchal  centre  II, mak ing  up the inner  nuchal  nerve  (Figs 21 and 22), 
en ter  the posterior  connect ive  within the region of the nuchal  centre  I just before the 

connec t ive  joins the neurop i lem of the brain. 
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Ciliated cells 

In the nucha l  organs  of late la rvae  the  c i l ia ted cells have  inc reased  in size, now 
measu r ing  up  to 15 [~m in length.  Ad jacen t  cells are  often connec ted  by  la te ra l  mem-  
b rane  interdigi ta t ions.  During the pos t -embryon ic  d e v e l o p m e n t  the fol lowing ul t rastruc-  
tural  changes  occur: The  amount  of free r ibosomes  is cons ide rab ly  reduced ,  caus ing  a 
more  e lec t ron- t ransparen t  a p p e a r a n c e  of the  cy toplasm (Fig. 24). Instead,  ex tens ive  
profi les  of g ranu la r  ER are  d i f ferent ia ted  in the  basa l  regions  of the cells (Figs 20, 21 and  
24), concentr ica l ly  a r r a n g e d  a round  the nucleus.  The par t ly  d i s t ended  c is ternae  conta in  
a fine f locculent  mater ia l  of low e lec t ron-dens i ty  and are  in close contact  with the Golgi-  
zones  (Figs 25 and  26). 

The depots  of the  large,  f i lamentous  mater ia l  conta in ing  inclusions have  a lmost  
ent i re ly  d i sappea red .  The few rema in ing  inclusions are  a lways  closely assoc ia ted  with 
g ranu la r  ER, Golgi-zones ,  dense -co re  vesicles,  and  numerous  conspicuous  dense  bod ies  
r esembl ing  lysosomes (Fig. 26), the n u m b e r  of which  propor t iona l ly  inc reases  with the  
ca tabol ism of the f i lamentous  mater ia l .  Transi tory  s tages  b e t w e e n  the f i lamentous  and  
the dense  bodies  are  f requent ly  obse rved  (Figs 24 and 28). These  supposed  lysosomes  
are  roughly  spher ica l  bodies ,  showing  vary ing  deg rees  of differentiat ion:  they  conta in  
modera t e ly  e l ec t ron-dense  f ibrous and  f locculent  material ,  mye l in - l ike  m e m b r a n e  con- 
figurations,  ves icular  e lements ,  and  few c lumps  of e lec t ron-dense  mate r ia l  up to increas-  
ingly  condensed  inclusions (Figs 27 and  28); they  are a b u n d a n t  in the sup ranuc l ea r  
cytoplasm, a lways  su r rounded  by  numerous  we l l -deve loped  Golg i -complexes .  The 
Golgi -zones  are  assoc ia ted  both wi th  smal l  c lear  vesicles and  with la rger  dense -core  
vesicles  wi th  a max. d i ame te r  of 250 nm and a punc ta te  core (Figs 27 and  28). Whi le  the  
dense-core  vesicles are la rge ly  found in the  middle  region of the cells, the  heavi ly  
inc reased  clear  vesicles accumula te  in the  apica l  cytoplasm, vary ing  in d i ame te r  from 60 
to 320 nm. Mul t ives icular  bodies  are  more  numerous  and  sca t te red  th roughout  the  

cy toplasm (Fig. 24). Sensory cells 

The fine structure of the sensory cells differs r ega rd in  9 the severa l  nucha l  centres:  
the sensory neurons  of the  nuchal  cent re  III are  charac te r ized  by  ex tens ive ly  d e v e l o p e d  
cisterns of the  smooth ER, concentr ica l ly  a r r anged  a round  the nuc leus  or concent ra t ions  
of e lec t ron-dense  par t ic les  (Figs 20 and  30). Whirls formed by  the smooth ER are  f requent  
s tructures in these  sensory cells. The  s ingle  par t ic les  show an a ve ra ge  d i ame te r  of 10 nm 
and are p r e s u m e d  to be  r ibosomes,  the rose t te- l ike  aggrega t ions  me a su re  up to 100 nm 
in d iamete r  and  it r emains  uncer ta in  whe the r  they represen t  po lysomes  or cog lycogen  
part icles.  The ag ranu la r  ER par t ly  passes  into g ranu la r  cis terns (Fig. 30). Fur thermore ,  
the cytoplasm contains  one supranuc lea r  Golg i -complex  assoc ia ted  with some clear  
vesicles (about  50 nm), few l a rge r  vesicles with an e lec t ron-dense  core (about  250 nm), a 
number  of mi tochondr ia ,  free r ibosomes,  and occasional  lysosomes.  The  p rominen t  
fea tures  of the sensory cells of the  nuchal  centre  I are  a b u n d a n t  small  m e m b r a n e - b o u n d  
vesicles  with a max. d i ame te r  of 60 nm represen t ing  neurosecre to ry  g ranu les  of two 
different  types:  vesicles with e lec t ron- t ransparen t  and  e lec t ron-dense  contents  (Figs 21 
and  29). They  are  d is t r ibuted  throughout  the cy toplasm with  except ion  of the dendr i tes .  
The pe r i ca rya  show the ul t ras t ructural  character is t ics  of pep t ide - sec re t i ng  neurosecre t -  
ory cells: a we l l -deve loped  granu la r  ER and  Golgi -complex ,  mi tochondr ia ,  mul t ivesicu-  
lar bodies ,  and  free r ibosomes.  
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The distal dendri tes  of all sensory cells terminate  in the olfactory chamber  forming 
sensory bulbs  and  contain the same kinds of e lements  as in the young  larvae. However,  
the membranes  of the sensory cilia reveal considerable  en la rgements  of their surface 
area by the deve lopment  of dilated portions along their length  and  at their ends (Figs 31 
and 32). 

The axons of the sensory cells comprise the nucha l  nerves;  the axoplasm contains 
mitochondria,  vesicles, neurotubuli ,  and ribosomes. 

DISCUSSION 

M o r p h o l o g i c a l  c h a n g e s  

The present  study demonstrates  the origin of the nucha l  organs of Pygospio elegans 
in dorsolateral portions of the posterior part of the brain. The sensory neurons  are 
primarily in tegrated into the central  nervous system and secondari ly joined to the 
sensory epithelia. Thus, the rud iments  of the nucha l  organs prove to be definitely 
prostomial or presegmental .  The results, therefore, confirm the embryological  studies of 
Akesson in Eunice kobiensis (1967a) and  Lopadorhynchus (1967b), but  refute S6der- 
str6m's (1920; 1930) and Rullier's (1951) s ta tements  that sedentary  polychaetes do not 
possess any embryological  connect ion be tween  nuchal  organs and the brain, The 
incorporation of the nuchal  gangl ion  into the brain, therefore, does not represent  the 
derived but  the primary condition in spionid polychaetes.  

The morphological changes  which occur dur ing deve lopment  include a genera l  
increase in size accompanied  by a shift in position, an expansion of the ciliated and  the 
sensory areas, as well as changes  in the ultrastructural  features of the cells. 

The shift in position from the prostomium backwards  into the metas tomium is due to 
a slight caudal  extension of the prostomium resul t ing in a caudal  d isplacement  of the 
brain. The shift from dorsolateral to dorsal may be explained by differential growth or 
cell movement  giving rise to the medial  nucha l  crest. 

Expansion of the ciliated area is a result  of a general  increase in cell size and an 
addit ion of cells; the expansion of the sensory area is caused by an increase  in n u m b e r  of 
sensory cells and  the differentiation of two addi t ional  nuchal  centres at the posterior 
margin  of the nuchal  organs, result ing in three distinct sensory areas. The partial 
de tachment  of the nuchal  centres II and fII from the brain  dur ing deve lopment  requires 
two nuchal  nerves enter ing the posterior c i rcumesophageal  connective.  

The change  of ultrastructural  features of the ciliated cells is related to increas ing 
secretory activity. The ciliated cells of 3-setiger larvae are characterized by large 
amounts  of ribosomes, freely distr ibuted in the cytoplasm. On the other hand,  the cells 
contain an only weakly developed granular  ER. Ribosomes, not associated with mem- 
branes,  are a b u n d a n t  organel les  of developing cells and  responsible for the production 

Fig. 24. Cross section of ciliated cells; arrows: transitory stage between filamentous and residual 
body 

Fig. 25. A detail of the partly dilated cisterns of the granular ER containing fine fibrillar material 
Fig. 26. The filamentous inclusions are closely associated with granular ER, Golgi-zones, dense- 

core vesicles, and lysosomes 
Fig. 27. A detail of the middle region of a ciliated cell 
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Fig. 32. Schematic longitudinal section through part of nuchal organ 

of proteins n e e d e d  for growth. As the cells increase in size the amount  of free r ibosomes 

considerably decreases  in favour of the differentiat ion of an extens ive  granular  ER. 

Simultaneously,  the depots of the large inclusions containing f i lamentous mater ial  

vanish, while the number  of dense,  lysosome-l ike  bodies increases  proportionally. The 
inclusions are supposed to contain mater ia l  which is re leased  by fusion with primary 

lysosomes to be involved  in the differentiat ion process of cell, probably  in secretory 

Fig. 28. The middle region of citiated cells is characterized by accumulations of lysosomes in 
various degrees of differentiation in the vicinity of several secreting Golgi-zones; arrows: transitory 

stage between filamentous and residual body 
Fig. 29. Sensory neurons of nuchal centre I containing clear and dense neurosecretory granules (eg) 
Fig. 30. Detail of a sensory neuron of nuchal centre IIt, showing whirls formed by the smooth ER, 
which partly passes into granular cisterns {arrows); arrow-heads: rosette-like aggregations of 

particles 
Fig. 31. Detail of the olfactory chamber showing partial dilations (di) of the sensory cilia 
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activity. There  is no ev idence  that  the f i lamentous  contents  are r e l eased  from the cell 
surface. 

The  d i f ferent ia ted  c i l ia ted cells show typical  cytological  fea tures  indica t ing  an 
in tens ive  synthesis  of pro te inous  secre tory  products  (Bubel, 1983): two large,  compact  
nucleoli ,  a mass ive  g ranu la r  ER, severa l  w e l l - d e v e l o p e d  Golg i -zones  p roduc ing  clear  
and  dense -co re  vesicles,  a number  of mul t ives icular  bodies ,  as well  as abundan t  
a u t o p h a g o s o m e s  and  res idual  bodies;  their  number  is re la ted  to the degree  of secretory 
activity.  The  secre tory  produc ts  a re  p robab ly  formed in the par t ly  d i s t ended  cisterns of 
the ER, and concen t ra t ed  and ves icu la ted  by  the Golgi -complex.  The secretory vesicles 
migra te  and  accumula te  in the  apical  cytoplasm, and  par t ly  en la rge  their  size by 
ama lgamat ions ,  before  be ing  finally r e l ea sed  across the  apical  cell m e m b r a n e  into the 
ex t race l lu la r  space  in which  the sensory s tructures  are e m b e d d e d .  

The p rominen t  morphologica l  changes  of the sensory  cells refer to the differentia-  
t ion of concent r ica l ly  a r r a n g e d  cisterns of the smooth ER in sensory neurons  of the 
nucha l  centre  III, and  to the accumula t ion  of neurosecre to ry  granules  in the cells of the 
nucha l  cent re  I. Lamel lae  and  whir ls  formed by  the ag ranu la r  ER are, according to 
Bullock & Horr idge  (1965), f requent  s tructures in inver tebra te  sensory neurons.  

The invo lvement  of neurosec re to ry  e l emen t s  in inver tebra te  sensory structures has 
of ten been  repor ted .  Dhainau t -Cour to i s  (1968) and Gold ing  (1973) po in ted  out that, in 
some polychae tes ,  p r e s u m e d  photorecep tors  e m b e d d e d  in the bra in  are associa ted  with 
neurosec re to ry  centres,  poss ib ly  p lay ing  a role in the  control  of neuroendocr ine  function. 
M e r k e r  & Vaupe l -von  Ha rnack  (1967) found the ma x imum concentra t ion of neurosecret -  
ory cells in the  dorsola tera l  regions  of the h indbra in  of Protodrilus rubropharyngaeus, in 
d o s e  proximi ty  to the  nucha l  organs.  Fur thermore ,  neurons  r e sembl ing  neurosecre tory  
cells are  const i tuents  of the  nucha l  nucleus  in Nereis pelagica (Dhainaut-Courtois ,  
1968). In Nephtfs caeca (Whittle & Zahid,  1974), neurosecre to ry  e lements  occur in the 
nucha l  nerves ,  which  are  poss ib ly  conce rned  with the  control  of ci l iary activity. In the 
nucha l  organs  of Pygospio elegans, a par t  of the pr imary  sensory ceils itself shows a 
neurosec re to ry  act ivi ty p robab ly  involved in med ia t ing  envi ronmenta l  influences.  
Besides,  the  la rvae  possess  p r e s u m e d  photorecep tors  e m b e d d e d  in the brain,  which are 
also connec ted  with secre tory  act ive p r imary  sensory cells (Schl6tzer-Schrehardt ,  in 
prep.) .  Possibly, both  l ight  and  chemica l  stimuli affect the  neurosecre to ry  activi ty of the 
sensory cells; their  axons can be t raced  back  into the ventra l  neurop i l em of the brain, 
which  is l ined by  a coelomic space  into which the secretory products  are  possibly 
re leased .  The  phys io logica l  effects in the organism,  in which these  systems are involved, 
have  ye t  to be  e luc ida ted .  Finally, the m e m b r a n e s  of the sensory cilia in late larval 
s tages  deve lop  a cons ide rab le  e n h a n c e m e n t  of the surface area  by dilat ions indicating 
an inc rease  of the  ava i lab le  sensory area.  

As these  morphologica l  different ia t ions occur just  before  the beg inn ing  of metamor-  
phosis ,  the  nucha l  o rgans  pe rhaps  p l ay  a role in the select ion of the appropr ia te  habitat  
dur ing  se t t lement .  

C o m p a r a t i v e  m o r p h o l o g y  

On compar ing  the p resen t  s tudy with previous  ul t ras t ructura l  invest igat ions of adult  
po lychae te  nuchal  organs,  some basic  conformit ies  become  obvious:  the nuchal  organs, 
loca ted  in the  pos ter ior  reg ion  of the  prostomium,  a lways  comprise  retractor muscles, 
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ciliated cells, and bipolar primary sensory cells forming the nuchal  gangl ion  (except the 
secondary sensory cells in Eurythoe complanata described by Storch N Welsch, 1969). 

A common characteristic feature is an extracellular space, the olfactory chamber,  
ex tending  be tween  the cuticle and sensory epithel ium. The sensory dendri tes  bear  few 
microvilli and one (West, 1978) or several (Whittle & Zahid, 1974) modified sensory cilia 
projecting into the chamber.  The sensory cilia show the 9 + 2 - a r r a n g e m e n t  of the 
axoneme and taper into microvillus-like structures; the ciliary m e m b r a n e  forms coils or 
dilations achieving a considerable increase in the surface area. 

Variations arise from the position of the nucha l  gangl ion;  this is either associated 
with the sensory epi thel ium (Eulalia, Nephtys) or located within the posterior portion of 
the brain Nereis, Glycera, Ophelia). Consequent ly ,  the nucha l  nerves either comprise 
the axons or the dendri tes  of the sensory neurons.  

The a r r angemen t  of the larval nuchal  organs of Pygospio elegans shows an inter- 
mediate  stage. Due to the close proximity of the organs to the brain, they are both 
associated with the sensory epi thel ium and the cerebral ganglion,  represent ing  no doubt  
a primitive condition. The nucha l  nerves  are made  up by the sensory axons. 

Further differences are related to the cellular composition and ar rangement .  Cili- 
ated and  sensory cells either form discrete areas (West, 1978) as in P. elegans or the 
dendri tes regularly separate the ciliated cells (Whittle & Zahid, 1974). Addit ional  
cellular e lements  occur as supportive cells (Storch & Welsch, 1969; West, 1978), presum- 
able photoreceptor cells (Storch & Welsch, 1969), and mucous g landular  cells (Storch & 
Welsch, 1969; Whittle & Zahid, 1974). 

F u n c t i o n a l  m o r p h o l o g y  

According to Rullier (1951) and  Clark (1969), polychaete nuchal  organs have 
combined secretory and sensory functions with different cells specialized for both 
activities. Al though the larval nuchat  organs of P. elegans are confined to ciliated and  
sensory cells, the results confirm this statement,  since the ciliated cells demonstra te  an 
intensive secretory activity as pointed out above. Summarizing,  the ciliated cells show 
three main functions: they bear  the motile cilia; they give rise to protective structures 
over the sensory epithelium, and  they secrete material  sur rounding  the sensory e lements  
(Fig. 32). 

Previous authors supposed a chemorecept ive function of the nuchal  organs particu- 
larly in terms of structural analogies to the vertebrate olfactory mucosa (Whittle & Zahid, 
1974; West, 1978). According to Laverack (1968, 1974) and Altner  & Prill inger I1980), 
chemoreceptors should be easily accessible to stimuli in the med ium and expose a large 
surface area to them, but  should also be protected from abrasion. Structural adapt ions of 
the nuchal  organs to these basic requi rements  are: 

(a) The nuchal  organs are located in the anterior body region. (b) The protective 
function of the cuticle is possibly enhanced  by the microvillar cover overlying the nuchal  
area; it might mechanical ly  stabilize the sensory epithelium. (c) The interspaces 
be tween  these projections and the relatively thin cuticle allow the infiltration of the 
stimulus molecules. (d) The action of the motile cilia of the ciliated cells is responsible 
for genera t ing  water currents. (e) The olfactory chamber  on the one hand  ensures  the 
circulation of the ambien t  medium and the exposure to the stimuli, and on the other h a n d  
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p ro t ec t s  the  s enso ry  s t ruc tu res  aga ins t  injury.  (f) The  m o d i f i e d  sensory  cilia, a s s u m e d  to 

r e p r e s e n t  the  r e c e p t i v e  s t ruc tures ,  d i sp lay  su r face  e n l a r g e m e n t  of the  ci l iary m e m b r a n e s  

by  b r a n c h i n g  a n d  d i la t ing ,  thus  i n c r e a s i n g  the  a v a i l a b l e  s enso ry  area.  (g) T h e  sensory  

e n d i n g s  a re  e m b e d d e d  w i t h i n  t he  sec re t ion  of t he  c i l i a ted  cells;  L a v e r a c k  (1968, 1974) 

s u g g e s t s  tha t  t he  e x t r a c e l l u l a r  f luid s u r r o u n d i n g  the  s enso ry  cil ia p rov ides  an  a m b i e n t  
m e d i u m  or a buf fe r  b e t w e e n  the  r e c e p t o r  s t ruc tu res  and  the  ex t e rna l  e n v i r o n m e n t ,  

p e r h a p s  ac t ing  as a s t i m u l u s - c o n d u c t i n g  mate r ia l .  

In addi t ion ,  the  n u c h a l  o rgans  exh ib i t  s t ruc tura l  pa ra l l e l s  to a r th ropod  olfactory 
sens i l la  ( c o m p a r e  Barber ,  1974; A l tne r  & Pri l l inger ,  1980); the i r  c h e m o r e c e p t o r  func t ion  

is e v i d e n c e d  by phys io log i ca l  e x p e r i m e n t s :  (a) Each  c h e m o r e c e p t o r  uni t  consis ts  of 

b ipo la r  p r i m a r y  s enso ry  cel ls  a n d  s u p p o r t i n g  cells.  (b) T h e  senso ry  cel ls  possess  dis tal  

p ro ce s se s ,  w h i c h  b e a r  a m o d i f i e d  c i l ium (= ou t e r  dendr i t i c  s egmen t ) .  {c) T h e  ci l iary 
m e m b r a n e s  s h o w  an i n c r e a s e  of t h e  su r f ace  a r e a  by  b r a n c h i n g  of the  ci l ium; e a c h  b r a n c h  

con ta ins  at l eas t  one  mic ro tubu le .  (d) T h e  ci l iary p r o c e s s e s  pass  into a l iqu id- f i l l ed  

e x t r a c e l l u l a r  s p a c e  b e n e a t h  t he  cut ic le ;  the  s u p p o r t i n g  cei ls  a re  r e s p o n s i b l e  for sec re t ing  

the  l iqu id  a n d  for the  p r o d u c t i o n  of cu t i cu la r  p ro t ec t i ve  s t ructures .  
In conc lus ion ,  it is r e a s o n a b l e  to a s s u m e  tha t  n u c h a l  o r g a n s  in fact  a re  c h e m o s e n s i -  

t ive.  A f inal  de f in i t ion  of funct ion ,  of course ,  has  to wa i t  unt i l  phys io log ica l  e v i d e n c e  is 

ava i l ab le .  An  e x a c t  m o r p h o l o g i c a l  s tudy,  h o w e v e r ,  can  supp ly  the  f u n d a m e n t a l  struc- 
tura l  p r e c o n d i t i o n s  a n d  v a l u a b l e  ind ica t ions .  
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