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Neural tube ( c a n a l )  morphogenesis was examined i n  embryos 
which e x h i b i t e d  notochord d e f e c t s .  Embryos which displayed a 
range of notochord d e f e c t s  were produced by e i t h e r  u l t r a v i o l e t  
i r r a d i a t i o n  o r  cold shock t rea tments .  Both t rea tments  produced 
s i m i l a r  r e s u l t s .  The n e u r a l  cana l  appeared normal i n  morphology 
and i n t e r n a l  c i l i a t i o n  i n  many of the  embryos which contained 
s e v e r e  notochord d e f e c t s .  

I n t r o d u c t i o n  

Neural morphogenesis i s  
c o n t r o l l e d ,  t o  a l a r g e  e x t e n t ,  by 
f o r c e s  w i t h i n  t h e  n e u r a l  p l a t e  c e l l s  
themselves. As e a r l y  a s  1895, Roux 
( 1 )  demonstrated t h a t  an i s o l a t e d  
amphibian n e u r a l  p l a t e  main ta ins  the  
c a p a c i t y  t o  f o l d  and t rans form i n t o  a 
p a r t i a l l y  complete n e u r a l  tube a s  an 
organ c u l t u r e .  The complete 
development of t h e  morphogenetic 
f e a t u r e s  of n e u r a l  tube formation have 
been d i scussed  by var ious  e a r l i e r  
i n v e s t i g a t o r s  a s  depending--to one 
degree  o r  another--on the  i n t e r a c t i o n s  
which occur between the  n e u r a l  tube 
and i t s  surrounding t i s s u e s .  For 
example, t h e  morphology of the  n e u r a l  
c a n a l  was o r i g i n a l l y  observed by 
Lehmann (2) t o  be s t r o n g l y  in f luenced  
by t h e  presence of the  notochord which 
normally l i e s  d i r e c t l y  under the  
n e u r a l  tube. H o l t f r e t e r  ( 3 ,  4 )  
presen ted  evidence t h a t  the  somites  
a l s o  i n f l u e n c e  t h e  development of the  
n e u r a l  canal .  He suggested t h a t  the  
somi tes  p lay  a r o l e  i n  the  th icken ing  
of the  l a t e r a l  wal l s  of the  n e u r a l  
tube. 

Once formed , the  n e u r a l  cana l  
appears  t o  depend on the  tu rgor  
p r e s s u r e  of t h e  f l u i d  i n  the  lumen f o r  
i t s  s t r u c t u r a l  r i g i d i t y .  C e l l s  which 
l i n e  the  n e u r a l  cana l  a r e  bel ieved t o  
be the  source  of the  f l u i d  which f i l l s  
t h e  c a n a l  (5, 6 ) .  The c i l i a  which 

e v e n t u a l l y  l i n e  the  cana l  may play a 
r o l e  i n  the  a g i t a t i o n  of t h a t  f l u i d .  

Recent s t u d i e s  from our 
l a b o r a t o r y  i n i t i a l l y  appeared t o  
confirm the  c l a s s i c a l  view t h a t  the  
morphology of the amphibian n e u r a l  
c a n a l  depends upon the  presence of 
a p p r o p r i a t e  i n t e r a c t i o n s  wi th  
surrounding t i s s u e s  such a s  the  
under ly ing  notochord (7 ) . However, 
upon f u r t h e r  examination of l a r g e r  
numbers of i r r a d i a t e d  embryos which 
d i sp layed  notochord d e f e c t s ,  a 
s u b s t a n t i a l  number of cases  were 
observed i n  which the  n e u r a l  cana l  
morphology was completely normal, even 
i n  the  absence of an i n t a c t  notochord. 
Those f i n d i n g s  prompted a thorough 
a n a l y s i s  of t h e  n e u r a l  cana l  i n  
"notochord d e f e c t i v e "  embryos. The 
s t u d i e s  descr ibed  i n  the  p r e s e n t  r e p o r t  
were designed t o  ask 2 ques t ions :  1) 
Is t h e r e  any c o r r e l a t i o n  between t h e  
morphology (e.g., s i z e ,  shape)  of the  
n e u r a l  cana l  and the  s t r u c t u r a l  
i n t e g r i t y  (e.g., presence o r  absence)  
of t h e  under ly ing  notochord?;  and 2 )  
Are t h e  a l t e r a t i o n s  i n  a x i a l  s t r u c t u r e  
morphology which a r e  observed i n  
i r r a d i a t e d  embryos a unique f e a t u r e  of 
t h e  i r r a d i a t i o n  t rea tment?  

Both q u e s t i o n s  were answered by 
prepar ing  f o r  scanning e l e c t r o n  
microscope (SEM) observa t ion  s e t s  of 
Xenopus embryos which were e i t h e r  
u l t r a v i o l e t  i r r a d i a t e d  o r  co ld  shocked 
i n  o rder  t o  genera te  a x i a l  s t r u c t u r e  
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d e f e c t s .  The r e s u l t s  r e v e a l  t h a t  the  
n e u r a l  c a n a l  can develop normally i n  
t h e  absence of a  notochord and t h a t  t h e  
morphological  f e a t u r e s  of a x i a l  
s t r u c t u r e s  i n  i r r a d i a t e d  embryos a r e  
g r o s s l y  s i m i l a r  t o  those i n  notochord 
d e f e c t i v e  embryos produced by the  cold 
shock t rea tment .  

Methods and M a t e r i a l s  -- 
Xenopus l a e v i s  eggs were e i t h e r  

u l t r a v i o l e t  i r r a d i a t e d  (UV'd) a t  254 nm 
s h o r t l y  a f t e r  f e r t i l i z a t i o n  (7)  o r  co ld  
shocked (CS'd) a t  0-2" C w i t h i n  40 min 
a f t e r  a r t i f i c i a l  insemina t ion  (8). 
They were then permi t ted  t o  develop t o  
t h e  t a i l b u d  s t a g e  and were f i x e d  and 
prepared f o r  SEM examination (9) .  
F igure  1 summarizes the  procedures 
employed t o  genera te  t h e  d a t a  descr ibed  
i n  t h i s  r e p o r t .  

Each specimen was f r a c t u r e d  (broken)  
a t  the  l e v e l  of t h e  5th-7th somite  s o  
t h a t  p r e c i s e  comparisons between 
embryos could be made. During t h e  
course  of these  s t u d i e s ,  which extended 
over  a  per iod  of approximately t h r e e  
y e a r s ,  t h e  n e u r a l  cana l  was observed i n  
over 100 embryos which were e i t h e r  UV'd 
o r  CS'd. From a l a r g e  number of 
photographs,  t y p i c a l  views were 

k fertilize 
eggs (18Oc) 

5 min. co$ shock (0-2OC) UV irfadiate 
at  40 min after 

fertilization I 

develop at la0 until tailbud stage (22-24) 

collect microcephaltc embryos; discard embryos 
displaying short axes or acephaly 

f ~ x  in 2% glutaraldehyde (pH  7.6) 

fracture some embryos (fig. 3+4). or Peel 
epidermis off and remove neural tube ( f ~ g  2) 

SEM examination of notocord and neural tube 

F i g u r e  1. Manipulat ions which were 
employed t o  produce and examine wi th  
t h e  SEM embryos which d i sp layed  d e f e c t s  
i n  t h e i r  notochord s t r u c t u r e .  Embryos 
prev ious ly  scored  ( 7 )  a s  0 t o  +1 were 
s t u d i e d .  

s e l e c t e d  and inc luded  i n  Figs. 2-4. 
Each specimen i s  l a b e l e d  a s  e i t h e r  UV1d 
o r  CS1d. From a l a r g e  number of 
photographs,  t y p i c a l  views were 
s e l e c t e d  and inc luded  i n  Figs. 2-4. 
Each specimen i s  labe led  a s  e i t h e r  "UV" 
o r  "CS," accord ing  t o  the  t rea tment  
employed t o  genera te  the  notochord 
d e f e c t .  

R e s u l t s  and Discussion -- 
T y p i c a l l y ,  e i t h e r  t rea tment  (UV or  

cS) generated a  wide spectrum of 
notochord d e f e c t s .  Some embryos were 
a p p a r e n t l y  unaf fec ted  while  o t h e r s  
were completely notochordless .  
S e v e r a l  embryos d i sp layed  a  notochord 
which was diminished i n  width and/or  
i n t e r r u p t e d  along i t s  length.  F igure  
2 con ta ins  photographs of CS'd embryos 
which e x h i b i t e d  the  t y p i c a l  range of 
notochord morphologies. I n  those 
embryos which completely lacked a  
notochord t h e  somites  fused a c r o s s  t h e  
midl ine.  Previous a n a l y s i s  revea ied  
t h a t  those W ' d  embryos which 
completely lacked a  notochord had 
indeed never developed one. It d id  
n o t  develop e a r l y  and r e g r e s s  l a t e r  
( 7 ) .  A s i m i l a r  s i t u a t i o n  is presumed 
f o r  the  CS'd embryos d i sp layed  i n  Fig. 
2. The s i m i l a r i t y  between the  e f f e c t s  
of CS shown i n  Fig. 2 and the  e f f e c t s  
of UV descr ibed  e a r l i e r  ( 9 )  is 
s t r i k i n g .  

D e t a i l e d  SEM a n a l y s i s  of the  
s t r u c t u r e  of the n e u r a l  cana l  was 
c a r r i e d  out f o r  both W ' d  and CS1d 
embryos which d i sp layed  the  types of 
notochord morphologies seen i n  Fig. 
2. 

The s t r u c t u r e  of the  n e u r a l  tube 
and the  morphology of the cana l  i n  
embryos with a  normal s i z e d  notochord 
is shown i n  Fig. 3a and b. Also shown 
i n  t h a t  f i g u r e  a r e  photographs of 
embryos which contained a  notochord of 
somewhat diminished s i z e  (Fig. 3c-e) 
and embryos which completely l a c k  a 
notochord (Fig. 3f-h). I n  
approximately 75% of the  embryos which 
d i sp layed  a  d e f e c t i v e  notochord the  
n e u r a l  cana l  was normal i n  s i z e .  Its 
shape was a l s o  normal and, a s  w i l l  be 
mentioned below, i t  contained the  
c i l i a  which l i n e  the  canal .  

Embryos which completely lacked a  
notochord exhib i ted  a  complete 
spectrum of n e u r a l  cana l  morphologies. 
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Figure 2. Typical notochord morphologies in CS'd embryos. The epidermis was 
peeled off and the neural tube removed to reveal the underlying somites 
and notochord. (a) contains a normal notochord which can be seen more 
easily at higher magnification (b). (c) displays a notochord which is 
somewhat reduced in diameter in the anterior region and is also severely 
constricted in one region (arrow). (d) shows a higher magnification view 
of the incomplete notochord. (e) completely lacks a notochord as the 
view in (f) clearly demonstrates. Additional photographs of UV'd embryos 
have been published previously (7). (a), (c), (e) = 44X;  bar = 400 m. 
(b), (d), (f) = 180 X; bar = 100 pm. 
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Figure 3. Views of broken sections of the level of the 5-7th somite of normal 
embryos (a, b). Embryos which displayed a notochord which was slightly 
(c), substantially (d), or severely (e) reduced in size are also shown. 
Notochordless embryos are shown in (f-h). nc = notochord; s = somite; fs 
= fused somite. All taken at 260X; bar = 50 pm. 
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Figure 4. Additional photographs of notochordless embryos which displayed a 
normal neural canal (a-d). The neural canal of a normal embryo is lined 
with cilia (e) as is the canal of the neural tube of notochordless 
embryos (f, g). (a-d) = 260 X; bar = 50 urn, (e-g) = 1400 X; bar = 10 
urn. 
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I n  some embryos the  n e u r a l  cana l  was 
completely o b l i t e r a t e d  (e.g., Fig. 
3 f ) ,  whi le  i n  o t h e r s  (Fig.  3g) i t  was 
s l i g h t l y  diminished i n  s i z e .  
Approximately 60% of the  no tochord less  
embryos, however, d i s p l a y e d  a  n e u r a l  
c a n a l  which was normally p ropor t ioned  
( e . g . ,  F ig .  3b) .  F igure  4 c o n t a i n s  
a d d i t i o n a l  photographs of broken 
s e c t i o n s  of e i t h e r  W ' d  o r  CS'd 
no tochord less  embryos. C l e a r l y ,  t h e  
presence o r  absence of t h e  n e u r a l  c a n a l  
i s  n o t  r e l a t e d  t o  t h e  s t a t e  of t h e  
notochord. Likewise,  t h e  n e u r a l  c a n a l  
s i z e  and shape do n o t  depend upon t h e  
presence of t h e  notochord. The n e u r a l  
c a n a l  of normal embryos c o n t a i n s  c i l i a  
which l i n e  t h e  c a n a l  (Fig.  4e) .  The 
c a n a l  of n e u r a l  tubes  which developed 
i n  no tochord less  embryos was a l s o  
r o u t i n e l y  observed t o  c o n t a i n  c i l i a  
(F igs .  4f and g) . 

From t h e  o b s e r v a t i o n s  included i n  
t h i s  s t u d y ,  s e v e r a l  conc lus ions  can be 
drawn: 1 )  W and CS produce s i m i l a r  
e f f e c t s  on notochord development; 2 )  
t h e  presence of an  i n t a c t  f u l l y  
developed notochord i s  n o t  a  
p r e r e q u i s i t e  f o r  the  fo rmat ion  of t h e  
n e u r a l  c a n a l ;  and 3)  t h e  
d i f f e r e n t i a t i o n  of t h e  n e u r a l  c a n a l  
l i n i n g ,  i n c l u d i n g  t h e  e l a b o r a t i o n  of 
c i l i a ,  proceeds i n  t h e  absence of t h e  
notochord.  

The p a t t e r n  f o r  t h e  fo rmat ion  of 
n e u r a l  tube  c a n a l  appears  t o  be 
i n t r i n s i c  t o  t h e  c e l l s  which a c t u a l l y  
develop i n t o  t h e  n e u r a l  tube .  One 
a s p e c t  of t h e  morphogenesis of t h e  
n e u r a l  tube--canal formation--does n o t ,  
t h e r e f o r e ,  a s  p r e v i o u s l y  suggested ( see  
~ n t r o d u c t i o n ) ,  depend upon t i s s u e  
i n t e r a c t i o n s  w i t h  t h e  under ly ing  
notochord. 
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