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e x p a n d e d  aga in  as t h e y  en t e red  t he  lumen.  Scann ing  
e lec t ron  mic roscopy  d e m o n s t r a t e d  t h a t  each  oocyte  
emerged  t h r o u g h  a c i rcular  open ing  loca ted  in t he  m i d s t  
of t h e  p l aque  of cubo ida l  soma t i c  cells ; du r ing  t h e  passage  
of t he  oocyte,  t he  cubo ida l  cells were d i s t r i b u t e d  a r o u n d  
t he  p e r h i p h e r y  of the  open ing  (Figure 2, arrows).  N o t h i n g  
is ye t  k n o w n  a b o u t  t he  d y n a m i c  cause(s) of o v u l a t i o n  in 
Comanthus; more  work  is needed  to assess t he  possible  
roles of oocy te  mot i l i ty ,  soma t i c  cell mot i l i ty ,  chor ion  
con t rac t i l i ty ,  o v a r i a n  p ro teo ly t i c  enzymes,  and  pressure  
changes  in t he  subchor ion ic  space. 

B y  12.45 h o v u l a t i o n  was  over,  h a v i n g  t a k e n  approx i -  
m a t e l y  1 h f rom s t a r t  to  finish. All  t he  oocytes  were now 
lying free in  t h e  o v a r i a n  lumen ,  a n d  m o s t  of t h e m  h a d  
r eached  m e t a p h a s e  of t h e  f i rs t  m a t u r a t i o n  divis ion (FigUre 
i b). The  chor ions  h a d  been  s t r ipped  off t he  oocytes  d u r i n g  
ovu l a t i on  a n d  r ema ined ,  m u c h  t h i c k e n e d  and  folded, 
b e n e a t h  t he  l in ing  e p i t h e l i u m  of t he  o v a r y  (Figure  l b ) .  
I n  t h i s  ep i the l ium,  no  conspicuous  openings  r e m a i n e d  a f te r  
ovu la t ion .  Fo r  a t  leas t  severa l  hou r s  a f te r  ovu la t ion ,  t he  
ep i the l i um l in ing  t he  o v a r y  was  sti l l  d i f f e ren t i a t ed  in to  
p laques  of cubo ida l  cells a n d  s q u a m o u s  cells. Oocyte  
m a t u r a t i o n ,  wh ich  h a d  s t a r t e d  s i m u l t aneous l y  w i t h  
ovu la t ion ,  c o n t i n u e d  for  severa l  more  hours  a f te r  t he  end  
of ovu la t ion .  M a t u r a t i o n  p roceeded  in t he  ova r i an  l u m e n  
t h r o u g h  t he  two  m a t u r a t i o n  divis ions  a n d  ended  w i t h  
t he  f o r m a t i o n  of an  egg p ronuc leus  in  each  ovum.  At  
spawning,  wh ich  t o o k  place s ho r t l y  before  16.00 h, t he  
ova  were expel led  f rom t h e  o v a r i a n  l umen  in to  t he  sea 
w a t e r  b y  s i m u l t a n e o u s  r u p t u r e  of t he  o v a r i a n  and  b o d y  
wails.  

I n  t he  P h y l u m  E c h i n o d e r m a t a ,  t he  t y p e  of ovu l a t i on  
descr ibed  a b o v e  for Comanthus p r o b a b l y  occurs  in  m a n y  
crinoids,  h o l o t h u r i a n s  a n d  oph iuro ids  12. In  mos t  echinoids,  
b y  con t ras t ,  m a t u r i n g  oocytes  pass  t h r o u g h  a s t r a t i f i ed  

e p i t h e l i u m  of n o n - g e r m i n a l  cells13; a n d  the re  are no 
chor ions  to  be s t r i pped  off and  lef t  b e h i n d  in t h e  inne r  
l ayer  of t he  ovary .  I n  asteroids ,  t he  r e t r a c t i o n  of t he  
follicle ceils f rom the  m a t u r i n g  oocytes l*  is u n d o u b t e d l y  
a p a r t  of o v u l a t i o n ;  u n f o r t u n a t e l y ,  a n  exac t  desc r ip t ion  
of as te ro id  o v u l a t i o n  is n o t  ye t  possible,  since t he  s t ruc-  
t u r e  of t h e  inne r  layer  of t he  o v a r y  is imper fec t ly  unde r -  
s tood a t  present .  

Summary. An i n v e r t e b r a t e  t y p e  of ovu l a t i on  is descr ib-  
ed for t h e  f i rs t  t ime  for a n  ech inoderm.  I n  th i s  ech inoderm,  
w h i c h  is a cr inoid,  o v u l a t i o n  is t h e  passage  of m a t u r i n g  
oocytes  t h r o u g h  t e m p o r a r y  open ings  in the  e p i t h e l i u m  
l in ing  t he  ovary .  Af te r  ovu la t ion ,  w h i c h  takes  a b o u t  1 h, 
t h e  oocytes  lie free in  t he  o v a r i a n  l u m e n ;  t he re  t h e y  
qu ick ly  f in ish  m a t u r i n g  in to  ova  w h i c h  are s p a w n e d  in to  
t h e  sea water :  
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Degeneration of Adrenergic Axons in the Longitudinal Muscle Goat of the Rat Duodenum 
Following Treatment with 6-Hydroxydopamine 

Severa l  a u t h o r s  1-~ h a v e  r ecen t ly  a l luded to t h e  v i r t u a l  
absence  of a n  adrenerg ic  i n n e r v a t i o n  of t he  l ong i tud ina l  
coa t  of t h e  muscu la r i s  e x t e r n a  of m a m m a l i a n  gut .  This  
c o n t r a s t s  w i t h  t h e  c i rcular  coa t  wh ich  is said to  receive a 
d i rec t  adrenerg ic  i nne r va t i on .  D u r i n g  t he  course of a 
s t u d y  on  t he  s u b m u c o u s  gangl ia  of t he  r a t  d u o d e n u m  
following t r e a t m e n t  w i t h  6 - h y d r o x y d o p a m i n e  4 (6-OHDA),  
degene ra t i ng  adrenerg ic  axons,  un re l a t ed  to  b lood  vessels,  
were obse rved  in pass ing,  in b o t h  coats  of the  muscu la r i s  
ex te rna .  I n  v iew of t h e  p a u c i t y  of i n f o r m a t i o n  on  t he  
adrenerg ic  i n n e r v a t i o n  of t he  l ong i tud ina l  coa t  of m a m -  
m a l i a n  gut ,  i t  was  decided to  s t u d y  t he  p r o b l e m  fur ther .  

A d u l t  a lb ino  r a t s  weigl~ing 250-300 g were g iven  a single 
i.v. i n j ec t ion  t h r o u g h  t he  s aphenous  ve in  of i 00  m g / k g  
6-OHD~k (25 m g / m l  6 - O H D A  HC1 dissolved in a so lu t ion  
c o n t a i n i n g  1 m g / m l  ascorbic  acid). Cont ro l  r a t s  were 
in jec ted  i.v. w i t h  a n  e q u i v a l e n t  vo lume  of ascorbic  acid. 
S u b c u t a n e o u s  h e p a r i n  (1 ,000 U) was a d m i n i s t e r e d  to all  
r a t s  a t  t he  t i m e  of t he  i.v. in ject ion.  All  r a t s  were sacr i f iced 
a b o u t  1 h a f te r  t he  expe r imen t s .  The  d u o d e n u m  was f ixed 
b y  i n t r aca rd i ac  per fus ion  for 15 m i n  w i t h  a so lu t ion  
c o n t a i n i n g  4 .0% g l u t a r a l d e h y d e  in 0.10 M cacody la te  
buf fe r  a t  p H  7.25. Fo l lowing  perfusion,  a sho r t  s e g m e n t  of 
d u o d e n u m  was  d i s t ended  s l igh t ly  w i t h  fresh f ixa t ive  a n d  
t i ed  a t  b o t h  ends  to  m a i n t a i n  t he  dis tension.  T he  whole  
s e g m e n t  was  r e m o v e d  a n d  i m m e r s e d  in f resh ice-cold 
f ixa t ive  for a f u r t h e r  2-3  h,  a f t e r  wh ich  i t  was  sliced in to  
t h i n  r ings.  The  m a t e r i a l  was  pos t - f ixed  in 1% o s m i u m  

te t rox ide ,  d e h y d r a t e d  w i t h  ace tone  a n d  e m b e d d e d  i n  
a ra ld i te .  Semi - th in  t r a n s v e r s e  sect ions  of t he  d u o d e n u m  
were s t a i ned  w i t h  m e t h y l e n e  blue  a n d  p repa red  for l igh t  
microscopy.  U l t r a - t h i n  t r a n s v e r s e  sect ions  were s t a i n e d  
w i t h  aqueous  s a t u r a t e d  u r a n y l  ace t a t e  and  lead c i t r a t e  
a n d  e x a m i n e d  in a H i t a c h i  HS-8  e lec t ron  microscope.  

The  l ong i t ud ina l  coa t  of t he  r a t  d u o d e n u m  was  30-35 
~ m  t h i c k  and,  t h o u g h  c lear ly  t h i n n e r  t h a n  t he  c i rcular  
coat ,  was  a b o u t  4/5 t he  l a t t e r ' s  t h i c k n e s s  (Figure 1). 

E l ec t ron  mic roscopy  of t he  6 - O H D A  t r e a t e d  r a t s  show- 
ed, in t he  core of t he  l ong i t ud ina l  coat ,  smal l  to  m e d i u m -  
sized ne rve  bund l e s  whose  axons  were somet imes  seen 
to  a p p r o a c h  ind iv idua l  muscle  f ibres  (Figures 2 a n d  3). 
Adrenerg ic  axons  w i t h i n  n e r v e  bund l e s  could be  recognized 
b y  t h e i r  c o n t e n t  of sma l l  g r a n u l a t e d  vesicles as well  as 
a g r a n u l a r  vesicles a n d  large g r a n u l a r  vesicles 6. F igure  2 
shows p a r t  of a n e r v e  b u n d l e  pa r t i a l l y  enve loped  b y  
S c h w a n n  cell c y t o p l a s m  a n d  c o n t a i n i n g  4 adrenerg ic  
axons,  3 of wh ich  (al-a3) were  showing  ear ly  degene ra t i on  
(general  da rken ing ,  swol len vesicles a n d  degene ra t i ng  
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All i l lus t ra t ions  are t aken  from t ransverse  sections of the duodenum of t r ea ted  ra ts  (1 h, i.v. 6 -Ot tDA 100 mg/kg).  

Fig. 1. Light  photomicrograph  of a semi- thin section. S, serosa; LM, longi tud ina l  coat ;  CM, circular  coat :  SM, submucosa.  • 570. 

Fig. 2. Par t  of a medium-sized nerve  bm~dle in  the core of the longi tud ina l  coat.  al-a~, adrenergic axons ;  ar row in a 1 points  to a degenera t ing  
mi tochondr ion;  LM, smooth muscle;  Sc, Schwann cell cy top lasm;  sgv smal l  g ranular  vesicle;  lgv, large granular  vesicle;  agv, ag ranu la r  
vesicle; m, degenera t ing  mitochondrion.  For  futher  discussion see text .  • 27,500. 

Fig. 3. A smal l  nerve bundle  in the core of the longi tudina l  coat. a 1 and a2, adrenergic  axons;  agv, ag ranu la r  vesicle; lgv, large g ranu la r  ve- 
sicle; in, rni tochondrion;  sgv, smal l  granular  vesicle;  LM, smooth muscle;  CI, caveolae intracel lulares ,  x 27,500. 

Fig. 4. Par t  of a medium-sized nerve  bundle  in  the myen te r i c  plexus,  a I and  a2, adrenergie  axons;  agv, agranu la r  vesicle; lgv, large g ranu la r  
vesicle; sg,J, small  g ranular  vesicle; LM, smooth muscle in longi tud ina l  coat ;  CM, smooth muscle in c i rcular  coat.  • 32,000. 

Fig. 5. A smal l  nerve  bundle  on the serosal  aspect  of the longi tud ina l  coat con ta in ing  a degenera t ing  adrenergic axon. LM, smooth muscle;  
rob, inembrane-bound  body ;  bl, basa l  l amina ;  agv, agranu la r  vesicle;  sgv, smal l  g ranu la r  vesicle;  igv, large granular  vesicle;  Sc, Schwann 
cell cytoplasm.  • 27,500. 
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Fig. 6. Part of a mediuln-sized nerve bundle in the circular coat. al, adrenergic axon; agv, agranular vesicle; lgv large granular vesicie; sgv, 
small granular vesicle; a~ and aa, nonadrenergic axons with many agranular vesicles; CM, smooth muscle i~1 circular coat; CI, eaveolae intra- 
cellulares. • 27,500. 

mi tochondr ia )  while the  o ther  axon (a4) could not  be 
d is t inguished  f rom adrenergic  axons p resen t  in controls.  
Where  axon a~ faced the  tongue-l ike process  of the  muscle 
fibre, Schwann  cell cy top lasm was absen t  and here the  
neuromuscu la r  gap was a b o u t  55 nm. In  Figure 3 two 
adrenergic  axons  (a 1 and a2) were seen close to a muscle 
fibre wi th  neuromuscula r  gaps of 150 n m  or more. Axon 
a 1 was  a b o u t  3/3 ' naked '  and, where  i t  faced the  muscle,  
the  la t t e r  con ta ined  m a n y  caveolae intracel lularesL 
Figure  4 was t aken  f rom a medium-s ized  nerve bundle  a t  
the  junc t iona l  region of the  myen te r i c  p lexus  and shows 
2 adrenergic  axons  (a I and  a2) one of which  (al) was 
par t i a l ly  ' naked '  and facing the  muscle t ibre in the  longitu-  
dinal  coat  w i th  neuromuscu la r  gap of a b o u t  315 nm.  

Nerve  bundles  were rare ly  encoun te r ed  on the  serosal  
aspec t  of t he  longi tudinal  coat  and  def ini te  nerve muscle 
re la t ionships  have  so far no t  been seen here.  However ,  on 
the  occasions when  small  nerve  bundles  were p resen t  t h e y  
somet imes  con ta ined  w! th in  t h e m  degenera t ing  adrenergic  
axons  (Figure 5). 

The results  show t h a t  6-OHDA m a y  be used in combina-  
t ion wi th  e lectron microscopy  to d e m o n s t r a t e  the  pre- 
sence as well as t he  d i s t r ibu t ion  of adrenergic  axons  in the  
muscular is  ex te rna  of m a m m a l i a n  gu t  (cf. THO1~NEI~ s 
and THOENEN and  TRANZERg). The f inding of the  adrener-  
gic axons  wi th in  the  nerve  bundles  t h a t  course in the  
longi tudina l  coa t  of the  ra t  duodenum,  and  the  r epor t  of 
the i r  v i r tua l  absence in the  guinea-pig i leum 1, suppor t  the  
view t h a t  the re  are regional  differences in the  adrenergic  
innerva t ion  of the  smoo th  muscle of m a m m a l i a n  gu t  2, a. 
The ra t io  of t he  th ickness  be tween  the  longi tudinal  and 
circular  muscle  coats  in the  ra t  d u o d e n u m  and  the  guinea- 
pig i leum appears  di f ferent ;  4:5 in the  former  and 1:2 in 
t he  l a t t e r  1. Vv'hether the  th ickness  of t he  longi tudinal  
coat,  absolu te  or relative,  m a y  be ref lected in its p a t t e r n  
of inne rva t ion  is no t  clear, bu t  it  has  been repor ted  t h a t  
the  th ick  taen ia  coli of the  guinea-pig receives an adrener-  
gic i nne rva t ion  1~ 

The p a t t e r n  of innerva t ion  ot the  longi tudinal  coat  of 
the  ra t  d u o d e n u m  resembled  the  mul t i -axona l  neuro-  
muscu la r  re la t ionships  descr ibed in the  smoo th  muscle of 

anuran  gut  11, 12. Most  of the  junct ions  had  wide gaps, 150 
nm or more. Gaps t h a t  were abou t  50 nm or less were ra- 
rely encountered .  This con t ras t s  wi th  the s i tua t ion  in the  
circular coat  where  nar rower  junct ions  were much  more  
co mmo n l y  found  1 (Figure 6). 

BENNETT and ROGERS 10, in the i r  s tudy  of the  guinea- 
pig taenia  coli, e s t ima ted  t h a t  for nerve varicosit ies to 
produce  a de tec tab le  pe rmeab i l i t y  change  they  need to 
be wi th in  300 n m  of a s mo o t h  muscle.  If  similar c i r ter ia  
are also appl icable  in the  longi tudina l  muscle coat  of the  
ra t  duodenum,  then  a p ropor t ion  at  least of the  adrenergic  
neuromuscular  re la t ionships  descr ibed in the  p resen t  
s tudy  m a y  be considered to be funct ional ly  effective.  

Summary. Following sys temic  t r e a t m e n t  w i t h  6-OHDA, 
electron microscopy of adu l t  ra t  d u o d e n u m  showed degen-  
era t ing  adrenergic  axons in the  longi tudinal  muscle coat  
making  neuromuscu la r  re la t ionships  wi th  gaps of var ied 
widths .  
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