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OBJECTIVE: Regeneration and fu nctio nal reco very after spinal cord  transection do not o c cu r in m am m alian anim als  
and humans postnatally. The  goal o f this study w as to test w hether in utero transection of the fetal spinal cord  is 
succeeded by anatom ic h ealin g and fu nctio nal recovery.
M ETHO DS: In five sheep fetuses, at 6 0  days of gestation and 75 days of gestation (term  =  150 d), the spinal cord  
was completely transected at T 1 0 . The  anim als w ere delivered near term  by cesarean section for c lin ica l evaluation,

(measurement of co rtica l som atosensory evoked potentials, and m orphologica l assessm ent.
RESULTS: The new born lam bs dem onstrated sensory-m otor paraplegia, w ere incontinent of urine and stool, and  
exhibited a spinally generated, am bulatory pattern of the h indlim bs. N o co rtica l som atosensory evoked potentials 
could be recorded in response to posterior tibial nerve stim ulation, although potentials from  the u lnar nerve, w hich  
enters the cord rostral to the lesion, w ere norm al in all anim als. H isto lo g ica lly , no neuronal co n ne ctio ns across the 
transection site w ere identified. The co rd  proxim al to the lesion was grossly norm al, w hereas distal to the 
transection, it appeared slightly  sm aller but w ith the cyto arch ite ctu re  preserved.
C O N C LU S IO N S : U nlike  in low er vertebrate and avian species, the fetal ovine spinal cord  has no detectable  
spontaneous regenerative cap ab ilitie s w hen transected d urin g m idgestation. G a p  form ation after transection, 
secondary posttraum atic ce ll death, and m issing gu id in g  channels for sprouting axons m ay be factors involved in the
absence of any regenerative response. (Neurosurgery 39 :5 55-561, 1996)
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Permanent paralysis, resulting from spinal cord traum a  
or disease, leads to lifelong and devastating disabilities, 
including loss of m otor and sensory function, neuro­

genic bladder and rectum , sexual dysfunction, and trophic 
disorders of the skeleton and soft tissues. All of these sequelae 
of spinal cord injury substantially contribute to the enorm ous 
medical, psychosocial, and econom ic im pact of this disastrous 
condition. After severe spinal cord dam age, spontaneous an­
atomic regeneration with recovery of function does not usu­
ally occur, and there is no current therapy that can signifi­
cantly improve the established neurological deficit (8, 17, 29).

In contrast to the prevalent opinion that the m ature m am ­
malian and primate central nervous system (CNS) does not

have regenerative potential, there is grow ing evidence that at 
least some regenerative response can be obtained, e.g., by 
eliminating factors that are inhibitory to regeneration (16, 22, 
23), by adding neurotrophic factors known to prom ote regen­
eration (25, 30), or by transplanting fetal neural tissue into the 
site of the wounded adult CNS (14, 19, 24). It is not known 
why fetal CNS tissue enhances sprouting and elongation of 
axotomized adult neurons, and there is little knowledge re­
garding the healing properties and regenerative capacity of 
the fetal CNS. Based on the apparent prom otor effect of fetal 
CNS transplants in mammalian species and that the em bry­
on ic/ fetal spinal cord of larval lower vertebrates (3, 18), chick 
embryos (12, 27), and, questionably, rodent fetuses (4) dem-
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onstrates an astonishing regenerative capacity and recovery  
of function after complete transection, we hypothesized that 
similar regenerative forces might be present in the fetal CNS 
of large mammals. The goal of this study was to determine 
whether anatomic repair and functional recovery occur after 
complete spinal cord transection in the sheep fetus.

M A T ER IA LS  A N D  M E T H O D S

Fetal spinal cord  transection

In sheep fetuses, at 60 days of gestation (n = 5) and 75 days 
of gestation (n = 5) (term =  150 d), the spinal cord at T10 was 
completely transected. This level was chosen, because it in­
duces complete sensorimotor paraplegia (the spinal levels for 
hindlimb innervation range from L3 to S2). Transection was 
performed as early as possible in this animal model (60 d), to 
allow the longest possible time for regeneration. The second 
time point (75 d) was chosen to determine eventual differ­
ences in outcom e and morphology.

For fetal sheep surgery, we used standard techniques pre­
viously described in detail (11). Briefly, the ewe underwent 
general halothane/oxygen anesthesia, the uterus was exteri­
orized through an infraumbilical midline laparotomy, and the 
back of the fetus was exposed via a hysterotomy. T10 was 
easily identified by taking the visible ribs (based on 13 pairs of 
thoracic ribs) as markers. By using microsurgical instruments 
and X 3.5 loupe magnification, the posterior elements of the 
spine were exposed through a midline incision from T8 to 
T12. The spinal cord was exposed between T9 and T il  with a 
complete laminectomy. The spinal cord (including the dura) 
was then lifted up on a nerve hook and transected with 
microscissors under direct vision. The completeness of 
transection was confirmed by immediate gap formation be­
tween the two stumps. In three of the five fetuses operated on 
at 75 days of gestation, the dura was coapted orthotopically 
with one or two 10-0 nonabsorbable Surgilene sutures (Davis 
+ Geek Inc., Manati, PR); in the other animals, the dura could 
not be repaired, leaving the stumps in an orthotopic position. 
Primary wound closure was achieved by coapting the soft 
tissue elements and skin with interrupted sutures. The fetus 
was returned to the uterus and, after restoration of the amni- 
otic fluid volume with warm sterile saline, the hysterotom y  
was closed with a TA-90 stapler (US Surgical Corporation, 
Norwalk, CT). Closure of the maternal laparotom y was per­
formed in layers, and the ewe was returned to her stall. The 
animals were delivered near term (at 145 d of gestation) by 
cesarean section and assessed neurologically, electrophysi- 
ologically, and morphologically.

C lin ic a l assessment for neuro logical deficit

Clinical evaluation of the newborn lambs was performed  
on Days 1 and 3 of life by a veterinarian, according to a 
standardized protocol (5). Briefly, general health status, men­
tal status, and neurological function, including cranial nerves, 
spinal reflexes, postural reactions, gait, and posture, were 
assessed. Pain perception of forelimbs, hindlimbs, face, and 
rump was determined by pricking with a needle (superficial

pain) and by pinching with a hem ostat (deep pain). Finalh 
the animal was observed for muscle atrophy, micturition, anc 
defecation. Ten normal newborn lambs were examined ana, 
ogously, as control animals. The clinical assessment of stud' 
and control lambs was recorded on videotape to facilitate dal 
comparison.

M easurem ent of som atosensory evoked  
potentials (SEPs)

The cortical SEP response to peripheral nerve stimulation, 
primarily mediated by the dorsal column pathway of the 
spinal cord (2). Because reflex m ovem ents in response to pain 
or other stimuli could be mediated at segmental spinal level 
without implying perception, SEP in response to bilatera 
fore- and hindlimb stimulation were recorded in addition to 
the clinical assessment, to conclusively demonstrate the pres­
ence or absence of sensory transmission to the brain. On 
postnatal Day 3, lambs were anesthetized with intravenously 
administered propofol (Stuart Pharmaceuticals, Wilmington 
DE) and posterior tibial and ulnar nerves were stimulated 
with electrical pulses (200-p.s duration, 4 .1 /s )  sufficient to 
produce a clear muscle twitch. SEPs were recorded from 
needle electrodes in the scalp overlying the contralateral pri­
mary som atosensory cortex (15). Three separate averages (n = 
500; bandpass, 50 -1000  Hz) were obtained for each of the four 
stimulation sites to ensure reliability of the responses. Grand 
average w aveform s across all animals in each group were 
com puted for display purposes and to aid in identification of 
the prim ary negative and positive peaks. The latency and 
amplitude of the main negative-positive complex were scored 
for each response and com pared with values obtained from a 
control group of six normal neonatal lambs (C.D. Yingling, 
m anuscript in preparation). The unpiaired t test (two-tailed; 
was used for all statistical com parisons of SEP latencies and 
amplitudes.

M o rp ho lo gica l assessm ent

After SEP recording, the animals were killed by adminiv 
tration of Beuthanasia-D (Schering, Kenilworth, NJ) and im­
mediately thereafter perfused with pihosphate-buffered saline 
standard solution (1.5 L /an im al) for washout; a 10% formalir 
solution (3 L /an im al) was used for fixation. The site of tU 
spinal cord transection (T 7-T 13) was removed intact and pre 
cessed histologically. Serial sagittal sections (T9—Til) and 
cross-sections (T7-T 8 and T 12-T 13) were stained with hema 
toxylin and eosin, G om ori's trichrom e stain, silver stain, and 
Luxol fast blue stain.

R E S U LT S

All 10 animals survived until near term and were deliverer 
by cesarean section. Three animals (with dura repair in twoo* 
three) were subsequently excluded from the study because
indispensable data points were not obtainable (two ammals

were subvital and died shortly after birth; for one a n i m a l  t 1 
tissue block containing the transection site was lost dumv 
histological processing).
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O f  t h e  s u r v i v o r s ,  f o u r  w e r e  o p e r a t e d  o n  a t  6 0  d a y s  o f  

g e s t a t i o n  ( w i t h  d u r a  r e p a i r  i n  n o n e  o f  f o u r )  a n d  t h r e e  w e r e  

o p e r a t e d  o n  a t  7 5  d a y s  o f  g e s t a t i o n  ( w i t h  d u r a  r e p a i r  i n  o n e  o f  

t h r e e ) .  C l i n i c a l l y ,  a l l  a n i m a l s  w e r e  p a r a p l e g i c  b u t  o t h e r w i s e  

n o r m a l .  B r i e f l y  s u m m a r i z e d ,  v o l u n t a r y  o r  c o o r d i n a t e d  m o v e ­

m e n t s  o f  t h e  h i n d l i m b s  w e r e  n e v e r  o b s e r v e d ,  t h e  a n i m a l s  

w e r e  n o t  a b l e  t o  s t a n d  o r  w a l k ,  s e n s o r y  f u n c t i o n  o f  t h e  h i n d ­

l i m b s  w a s  a b s e n t ,  a n d  t h e r e  w a s  u r i n e  a n d  s t o o l  i n c o n t i n e n c e .  

A l l  a n i m a l s  h a d  s i m i l a r ,  s p i n a l l y  m e d i a t e d ,  r e f l e x  p a t t e r n s  

a n d  s h o w e d  " a u t o m a t i c "  c y c l i c  a m b u l a t o r y  m o v e m e n t s  ( t h e  

n e u r a l  c i r c u i t r y  o f  t h e  l u m b a r  s p i n a l  c o r d  c a n  g e n e r a t e  a l t e r ­

n a t i n g  f l e x i o n  a n d  e x t e n s i o n  m o v e m e n t s  o f  t h e  h i n d l i m b s  

w i t h o u t  s u p r a s p i n a l  c o n t r o l )  ( 7 ) .  W h e n  t h e  a n i m a l  w a s  l i f t e d  

:: o f f  t h e  g r o u n d  o r  w h e n  a n  e x t e r n a l  s t i m u l u s  ( p i n c h i n g  o r  

g e n t l e  s h a k i n g )  w a s  a p p l i e d  t o  t h e  r e c u m b e n t  a n i m a l ,  t h e  

a n i m a l  s t a r t e d  t o  r h y t h m i c a l l y  m o v e  i t s  h i n d l i m b s  a s  i f  i t  w e r e  

w a l k i n g .  N o  h i n d l i m b - f o r e l i m b  c o o r d i n a t i o n  w a s  n o t e d  d u r ­

i n g  t h e s e  p h a s e s  n o r  w a s  w e i g h t - b e a r i n g  p r e s e n t .  T h e r e  w a s  

n o  c h a n g e  o f  t h e  n e u r o l o g i c a l  d e f i c i t  b e t w e e n  t h e  f i r s t  a n d  

s e c o n d  e x a m i n a t i o n s .  T h e  c l i n i c a l  d i a g n o s i s  i n  a l l  a n i m a l s  w a s  

c o m p l e t e  s e n s o r y - m o t o r  p a r a p l e g i a  b e l o w  l e v e l  T 1 0 .

Electrophysiological evaluation

R e p e a t a b l e  S E P s  i n  r e s p o n s e  t o  u l n a r  s t i m u l a t i o n  w e r e  

o b t a i n e d  f r o m  a l l  e x p e r i m e n t a l  a n i m a l s .  L a t e n c i e s  o f  t h e  p r i -  

f  m a r y  n e g a t i v e  a n d  p o s i t i v e  w a v e s  i n  r e s p o n s e  t o  l e f t  u l n a r  

s t i m u l a t i o n  w e r e  a s  f o l l o w s :  n e g a t i v e ,  1 6 . 1  m i l l i s e c o n d s ;  p o s ­

i t i v e ,  2 3 . 4  m i l l i s e c o n d s  ( c o n t r o l s :  n e g a t i v e ,  1 6 . 6  m s ;  p o s i t i v e ,  

2 4 . 3  m s ;  n o t  s i g n i f i c a n t ) .  O n  t h e  r i g h t ,  t h e  c o r r e s p o n d i n g  

l a t e n c i e s  w e r e  a s  f o l l o w s :  n e g a t i v e ,  1 7 . 7  m i l l i s e c o n d s ;  p o s i t i v e ,  

. 2 3 . 5  m i l l i s e c o n d s  ( c o n t r o l s :  n e g a t i v e ,  1 8 . 1  m s ;  p o s i t i v e ,  2 3 . 5  

m s ;  n o t  s i g n i f i c a n t ) .  T h e  p e a k - t o - p e a k  S E P  a m p l i t u d e s  w e r e  

x 1 . 1 6  j x V  o n  t h e  l e f t  ( c o n t r o l s :  1 . 2 6  / u . V ,  n o t  s i g n i f i c a n t )  a n d  0 . 5 3  

HV o n  t h e  r i g h t  ( c o n t r o l s :  1 . 2 9  pV ,  n o t  s i g n i f i c a n t ) .  T h e  r i g h t  

S E P  a m p l i t u d e  w a s  s o m e w h a t  l o w e r  t h a n  t h a t  o f  t h e  c o n t r o l  

g r o u p ,  b u t  t h i s  d i f f e r e n c e  w a s  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t  b e ­

c a u s e  o f  t h e  l a r g e  i n t e r i n d i v i d u a l  v a r i a t i o n  i n  S E P  a m p l i t u d e s .

N o  c o n s i s t e n t  r e s p o n s e s  c o u l d  b e  o b t a i n e d  f r o m  a n y  o f  t h e  

T l O - t r a n s e c t e d  a n i m a l s  t o  s t i m u l a t i o n  o f  t h e  p o s t e r i o r  t i b i a l  

n e r v e  (Fig. 1). C l e a r  p o s t e r i o r  t i b i a l  n e r v e  r e s p o n s e s  w e r e  

o b t a i n e d  f r o m  a l l  a n i m a l s  i n  t h e  c o n t r o l  g r o u p ,  w i t h  ( a s  e x ­

p e c t e d )  l o n g e r  l a t e n c i e s  ( m e a n :  n e g a t i v e ,  2 9 . 9  m s ;  p o s i t i v e ,  

3 8 . 7  m s )  a n d  l o w e r  a m p l i t u d e s  ( m e a n  p e a k - t o - p e a k  a m p l i ­

t u d e ,  0 . 4 9  p V )  t h a n  t h o s e  f r o m  u l n a r  s t i m u l a t i o n .
W

Histological evaluation

I n  a l l  s e v e n  s t u d y  a n i m a l s ,  b o t h  e n d s  o f  t h e  t r a n s e c t e d  

s p i n a l  c o r d  w e r e  s e a l e d  o f f  b y  g l i a l  t i s s u e  a n d  n o  c o n t i n u i t y  o f  

n e u r a l  t i s s u e  b e t w e e n  t h e  r o s t r a l  a n d  c a u d a l  s t u m p s  w a s  

p r e s e n t .  I n  t h r e e  a n i m a l s ,  t h e  s u b a r a c h n o i d  s p a c e  w a s  c o n t i n ­

u o u s  a c r o s s  t h e  l e v e l  o f  t r a n s e c t i o n  b u t  t h e  g l i a l  t i s s u e  c o m -  

p l e t e l y  e n v e l o p e d  b o t h  e n d s  o f  t h e  c o r d  a n d  s o  p r e v e n t e d  

d i r e c t  c o n t a c t  o f  t h e  n e u r a l  t i s s u e  (Figs.  2  a n d  3 ) .  I n  f o u r  

a n i m a l s ,  t h e  p i a  w a s  f u s e d  t o  t h e  d u r a  b e t w e e n  t h e  t w o  

S t u m p s  a n d  t h e r e  w a s  n o  c o n t i n u i t y  o f  t h e  s u b a r a c h n o i d  

s p a c e  a c r o s s  t h e  t r a n s e c t i o n  s i t e  (Fig. 4). T h i s  f u s i o n  o f  d u r a

Clinical evaluation FIGURE 1 .  C o rt ic a l  SEP 
from  bilateral ulnar n erv e  
(U LN )  and  p o s te r io r  tibial 

n erv e  (P77V) s t im ulation .  
Top, g ran d  a v e r a g e  SEP 
fro m  the  e x p e r im e n ta l  
g ro u p  (Exp) in re s p o n se  to  
uln ar s t im ulation , sh ow in g  

resp o n ses  eq uiv alen t  to  
th o se  o b ta in e d  fro m  the  
c o n tro l  g ro u p  of  norm al  
n eon ata l  lam b s (not  s h o w n ).  
Center, g rand  a v e r a g e  SEP 

from  the e x p e rim e n ta l  g ro u p  in res p o n se  to  p o s te r io r  tibial 
n erv e  stim ulation, sh ow ing  the  a b s e n c e  o f  an y  c o r t ic a l  
respon se .  Bottom, g ran d  a v e ra g e  SEP fro m  the  c o n tr o l  g ro u p  
( Ctrl)  in respon se  to  p o s te r io r  tibial n erv e  stim ulation ,  
sh ow ing  bilateral respon ses  at  lon ger la te n cy  than  th o se  to  
ulnar stim ulation. The first 5 m illisecon ds of  e a c h  t r a c e  have  
been  d eleted  to  e l im in ate  the  e le c tr ic a l  stimulus a rt ifa c t .

a n d  p i a  p r o d u c e d  a  c o n i c a l  c o n f i g u r a t i o n  o f  t h e  c o r d  e n d s ,  

a n d  t h e s e  t w o  c o n e s  w e r e  b o u n d  t o  e a c h  o t h e r  b y  c o n n e c t i v e  

t i s s u e  s t r a n d s .  S i x  a n i m a l s  h a d  a  s y r i n g o m y e l i c  c a v i t y  a t  t h e  

r o s t r a l  e n d  a n d  f o u r  a t  t h e  c a u d a l  e n d  o f  t h e  c o r d .  I n  t w o  

i n s t a n c e s ,  t h e  c e n t r a l  c a n a l  o f  t h e  s p i n a l  c o r d  w a s  i n  c o n t i n u ­

i t y  w i t h  t h e  c a v i t y  (Fig. 5), a n d  i n  t h r e e  o t h e r s ,  t h e  c l o s e  

a p p r o a c h  o f  t h e  c e n t r a l  c a n a l  t o  t h e  c a v i t y  s u g g e s t e d  t h a t  a  

s i m i l a r  a r r a n g e m e n t  w a s  p r e s e n t .  D i s c r e t e  p r o l i f e r a t i o n s  o f  

g l i a l  t i s s u e  ( g l i a l  s c a r )  w e r e  p r e s e n t  i n  t h e  a r e a  o f  t h e  c o n i c a l  

c o r d  s t u m p s  o r  a r o u n d  t h e  s y r i n g o m y e l i c  c a v i t i e s  (Fig. 3 ) .  

A x o n a l  g r o w t h  o r  s p r o u t i n g  w a s  n o t  r e c o g n i z a b l e  i n  t h e s e  

a r e a s .  E x a m i n a t i o n  o f  t h e  s e r i a l  h i s t o l o g i c a l  s e c t i o n s  a n d  t h e  

s i l v e r  s t a i n s  d e m o n s t r a t e d  t h a t  t h e r e  w a s  n e i t h e r  c o n t i n u i t y  o f

LEFT RIGHT

PTN Exp f.__ _
(N = 7 )

P T N C tH  ~ A / \ , \ A f \

1.0 jjV     -
0 MS 75 0 MS 75

FIGURE 2 .  Sagittal sect ion  th rou g h  th e  a r e a  of  spinal c o r d  
t ra n se c t io n .  The rostral end is on the  right, an d  th e r e  is 
kyphosis o f  the verteb ral  co lu m n  (v), p resu m ab ly  s e c o n d a r y  
to  the la m in e c to m y  (above). T h ere  is co n tinu ity  o f  the  sub ­
a ra c h n o id  sp a c e  (a) a c r o s s  the tra n s e c t io n  site . At both  
stum ps (arrows) th e r e  is a syrin gom yelic  cavity  (s) c o v e r e d  
by pial tissue and lined internally by a thin layer o f  glial tis­
sue (G o m ori  t r i c h r o m e ;  original m agn if ica tion ,  x 1 0 ) .

Neurosurgery, Vol. 39, No. 3, September 1996

D
ow

nloaded from
 https://academ

ic.oup.com
/neurosurgery/article/39/3/555/2812580 by U

niversity of Zurich user on 13 July 2021



558 Meuli-Simmen et al.

FIGURE 3 .  H igher m agn ifica tion  of  th e  sa m e  se c t io n  show n  
in Figure 2. The c lo se  a p p r o a c h  o f  the  syrin gom yelic  cavities  
(s) is show n in the  s a m e  o r ie n ta tio n .  The ro s tra l-ca u d a l  c o n t i ­
nuity of  the s u b a r a c h n o id  s p a c e  (a) is c learly  seen b elo w  
(G o m ori  t r i c h r o m e ;  original m agn if ica tion ,  X 1 0 0 ) .

FIG URE 5 .  V entral  wall  o f  a  rostral  syrin gom yelic  cavity (s) 
from  a third a n im a l,  n e a r  th e  point o f  t ra n se c t io n .  Ependyma 
(arrow ) lines th e  rostral  en d  o f  th e  ca v i ty  (right), demonstrat 
ing co n tin u ity  w ith  the  c e n tr a l  c a n a l .  T h e syringomyelic cav­
ity e x te n d e d  to  th e  level o f  th e  t ra n s e c t io n  site. The axons ot 
th e  c o r d  a p p e a r  n o rm a l  (G o m o r i  t r i c h r o m e ;  original magnifi­

c a t io n ,  X 2 0 0 ) .

FIGURE 4 .  Sagittal se c t io n  throu gh  the  t ra n se c t io n  site of  
a n o th e r  anim al (or iented  as in Fig. 2). The ro s tra l-ca u d a l  
con tinu ity  of  the  s u b a r a c h n o id  s p a c e  has been  lost by the  
fusion of the pia to  the  d ura .  A syrin gom yelic  c av ity  (s) is 
p resen t  only at  the  rostral stum p . The ca u d a l  s tum p  (arrow) 
sh o w s only a c o n ic a l  proliferation o f  glial tissue su rrou n d ed  
by pial tissue (G o m o r i  t r i c h r o m e ;  original m agn if ica tion ,  
x 2 0 0 ) .

n e u r a l  t i s s u e  a c r o s s  t h e  p o i n t  o f  t r a n s e c t i o n  n o r  a x o n s  w i t h i n  

t h e  t i s s u e s  c o n n e c t i n g  t h e  e n d s  o f  t h e  t r a n s e c t e d  c o r d .  T h e  

s p i n a l  c o r d  p r o x i m a l  t o  t h e  t r a n s e c t i o n - r e l a t e d  c h a n g e s  a p ­

p e a r e d  g r o s s l y  n o r m a l ,  w h e r e a s  t h e  c a u d a l  c o r d  a p p e a r e d  

s l i g h t l y  s m a l l e r  i n  s o m e  c a s e s .  T h e  c y t o a r c h i t e c t u r e  i n  b o t h  
a r e a s  w a s  i n t a c t .

D ISC U SSIO N

T h i s  s t u d y  d e m o n s t r a t e s  t h a t  e a r l y  s e c o n d - t r i m e s t e r  a n d  

m i d g e s t a t i o n a l  s p i n a l  c o r d  t r a n s e c t i o n  i n  s h e e p  f e t u s e s  d o e s  

n o t  r e s u l t  i n  s t r u c t u r a l  r e s t o r a t i o n  o f  t h e  n e u r a l  t i s s u e  o r  

f u n c t i o n a l  r e c o v e r y ,  a s  e v i d e n c e d  b y  p e r m a n e n t  s e n s o r i m o t o r

p a r a p l e g i a ,  a b s e n t  h i n d l i m b  S E P ,  a n d  a b s e n t  n e u r o n a l  c o n -  I 

n e c t i o n s  a c r o s s  t h e  t r a n s e c t i o n  s i t e .  A l s o ,  d u r a  r e p a i r  ( p e r  

f o r m e d  i n  o n e  o f  t h e  e v a l u a t e d  a n i m a l s )  d i d  n o t  s e e m  t o  h a v e  

a n  i m p a c t  o n  r e g e n e r a t i o n .  M o r e o v e r ,  l i g h t  m i c r o s c o p y  d id  

n o t  r e v e a l  a n y  s i g n s  o f  a x o n a l  s p r o u t i n g  a t  t h e  t r a n s e c t i o n  s ite  

T h e s e  f i n d i n g s  a r e  n o t  c o n s i s t e n t  w i t h  o u r  h y p o t h e s i s  a n d  

r a i s e  q u e s t i o n s  a b o u t  t h e  c a u s e s  o f  r e g e n e r a t i o n  f a i l u r e .

I n  t h e o r y ,  t h e r e  a r e  f o u r  p o s s i b l e  e x p l a n a t i o n s  f o r  n o n r e ­

g e n e r a t i o n .  F i r s t ,  t h e  a x o t o m i z e d  n e u r o n s  a n d  t h e  n e u r o n s  

w i t h  a  d i r e c t  l e s i o n  o f  t h e  c e l l  b o d y  m a y  h a v e  d i e d  f r o m  th i 

i n f l i c t e d  m e c h a n i c a l  i n j u r y  a n d / o r  n e u r o t r o p h i c  f a c t o r  d e p r i -  

v a t i o n  ( 1 3 ) .  A l t h o u g h  w e  d i d  n o t  a p p l y  s o p h i s t i c a t e d  m e t h o d ^  

t o  p r o v e  o r  e x c l u d e  m a s s i v e  n e u r o n a l  d e a t h ,  t h e r e  w a s  l i t t l e  if  

a n y  g r o s s  e v i d e n c e  f o r  s i g n i f i c a n t  n e u r o n a l  l o s s  a t  s p i n a  

l e v e l s  d i s t a n t  f r o m  t h e  t r a n s e c t i o n  s i t e .  L o n g i t u d i n a l  s e c t i o n s  

(Figs. 2 a n d  4 )  a n d  c r o s s - s e c t i o n s  r o s t r a l  a n d  c a u d a l  t o  th< 

t r a n s e c t i o n  s i t e  d e m o n s t r a t e d  a n  a m a z i n g l y  w e l l - p r e s e r v e d  

s p i n a l  c o r d ,  w h i c h  d i d  n o t  d i f f e r  s i g n i f i c a n t l y  f r o m  s e c t i o n s  

t h r o u g h  a  n o r m a l  s p i n a l  c o r d  i n  t e r m s  o f  s i z e  a n d  c e l l u l a t  

a r c h i t e c t u r e .  O n  t h e  o t h e r  h a n d ,  l o c a l i z e d  n e u r a l  l o s s  l i m i t e r ,  

t o  t h e  a r e a s  a d j a c e n t  t o  t h e  t r a n s e c t i o n  s i t e  p r e s u m a b l y  o c ­

c u r r e d  s h o r t l y  a f t e r  s e v e r i n g  o f  t h e  c o r d ;  t h e  g a p s  f o u n d  at 

b i r t h  ( 10-20  m m )  w e r e  c o n s i d e r a b l y  l o n g e r  t h a n  j u s t  a fte r  

t r a n s e c t i o n  ( 1 -2  m m ) .  P o s s i b l y ,  r e t r a c t i o n  o f  t h e  s p i n a l  c o r d  

s t u m p s  a n d  p o s i t i v e  a l l o m e t r i c  g r o w t h  o f  t h e  v e r t e b r a l  c o l 

u m n  i n  r e l a t i o n  t o  t h e  s p i n a l  c o r d  m i g h t  a l s o  h a v e  c o n t r i b u t e d  

t o  t h e  f o r m a t i o n  o f  t h e s e  l o n g  g a p s  ( 1 0 ) .  H o w e v e r ,  re c e n >  

r e p o r t s  p r o v i d e  s t r o n g  e v i d e n c e  s u p p o r t i n g  t h e  l o c a l  n e u r a  

n e c r o s i s  p a r a d i g m .  T r a u m a t i c  c o r d  l e s i o n s  o f t e n  b e c o m 1 
g r e a t l y  e n l a r g e d  a s  a  c o n s e q u e n c e  o f  m a s s i v e  s e c o n d a r y  o ’ 

n e c r o s i s ,  w h i c h  i n c l u d e s  n e u r o n s  a s  w e l l  a s  g l i a l  c e l l s  ( 1 
A l t h o u g h  t h e  u n d e r l y i n g  m e c h a n i s m s  a r e  n o t  u n d e r s t o o d  >n 

d e t a i l ,  p o s t t r a u m a t i c  l o s s  o f  v a s c u l a r  a u t o r e g u l a t i o n  w i t h  e 

c r e a s e d  m i c r o c i r c u l a t i o n ,  l e a d i n g  t o  l o c a l  i s c h e m i a  a n d  i n f are

N eurosurgery , Vol. 39, No. 3, September 1996

D
ow

nloaded from
 https://academ

ic.oup.com
/neurosurgery/article/39/3/555/2812580 by U

niversity of Zurich user on 13 July 2021



Fetal Spinal Cord Transection 559

t i o n  o f  t h e  i n j u r e d  t i s s u e  a n d  a d j a c e n t  a r e a s ,  m a y  b e  a n  

i m p o r t a n t  f a c t o r  ( 2 8 ) .

S e c o n d ,  a l t h o u g h  t h e  a x o t o m i z e d  c e l l s  w o u l d  i n t r i n s i c a l l y  

h a v e  r e g e n e r a t i v e  c a p a b i l i t i e s ,  s p r o u t i n g  a n d  e l o n g a t i o n  o f  

a x o n s  c o u l d  h a v e  b e e n  b l o c k e d  b y  a n  e n v i r o n m e n t  i n h o s p i ­

t a b l e  t o  n e u r i t e  o u t g r o w t h .  F o r  e x a m p l e ,  s e v e r e  g l i a l  s c a r r i n g  

( 1 7 ,  21 ) ,  o l i g o d e n d r o c y t e s  a n d  C N S - m y e l i n - a s s o c i a t e d  m o l e ­

c u l e s  ( 1 ,  2 6 ) ,  a n d  l a c k  o f  g u i d i n g  c h a n n e l s  ( 9 )  a r e  f a c t o r s  

r e p o r t e d  t o  i n h i b i t  r e g e n e r a t i o n  i n  a d u l t s .  H o w e v e r ,  n o n e  o f  

t h e s e  f a c t o r s  a r e  l i k e l y  t o  h a v e  p l a y e d  a  p r o m i n e n t  r o l e  i n  o u r  

f e t a l  e x p e r i m e n t s .  S e v e r e  g l i o s i s  ( o r  s c a r )  w a s  n o t  f o u n d  a t  t h e  

t r a n s e c t i o n  s i t e .  I n  p a r t i c u l a r ,  t h e  g l i a l  t i s s u e  t h a t  s e a l e d  o f f  

t h e  c u t  e n d s  o f  t h e  c o r d  w a s  v e r y  t h i n  a n d  v i r t u a l l y  i d e n t i c a l  

t o  t h e  p i a  t h a t  n o r m a l l y  e n v e l o p s  t h e  s p i n a l  c o r d .  T h i s  f i n d i n g ,  

t o g e t h e r  w i t h  t h e  c o m p l e t e  a b s e n c e  o f  a x o n a l  s p r o u t i n g  i n  t h i s  

a r e a ,  c o n v e y s  t h e  i m p r e s s i o n  t h a t  t h e  g l i a l  s e a l  o c c u r r e d  b e -  

. c a u s e  o f  t h e  i n e r t  c u t  e n d .  B e c a u s e  m y e l i n a t i o n  o f  t h e  C N S  i s  

a  p h e n o m e n o n  t h a t  s t a r t s  l a t e  i n  g e s t a t i o n  a n d  i s  c o m p l e t e d  

o n l y  p o s t n a t a l l y ,  i t  i s  n o t  l i k e l y  t h a t  m y e l i n - a s s o c i a t e d  p r o ­

t e i n s  i n h i b i t e d  r e g e n e r a t i o n  a t  m i d g e s t a t i o n  ( 2 6 ) .  T h i s  v i e w  i s  

f u r t h e r  s u p p o r t e d  b y  t h e  v i r t u a l  a b s e n c e  o f  m y e l i n  i n  t h e  f e t a l  

s h e e p  s p i n a l  c o r d  a r o u n d  m i d g e s t a t i o n  ( d a t a  n o t  s h o w n ) .  

F i n a l l y ,  a l t h o u g h  o n l y  m i n i m a l  g a p  f o r m a t i o n  o c c u r r e d  i m ­

m e d i a t e l y  a f t e r  t r a n s e c t i o n ,  i n d i c a t i n g  t h e  a b s e n c e  o f  r e l e v a n t  

t e n s i o n ,  t h e s e  g a p s  c o u l d  h a v e  b e e n  f u r t h e r  e n l a r g e d  b y  s u b ­

s e q u e n t  f i b e r  r e t r a c t i o n .  T h i s  m i g h t  h a v e  h a d  a  n e g a t i v e  i m ­

p a c t ,  b e c a u s e  i t  i s  k n o w n  t h a t  r e g e n e r a t i n g  a x o n s  d o  n o t  l i k e l y  

b r i d g e  l o n g  g a p s  i n  t h e  a b s e n c e  o f  a p p r o p r i a t e  g u i d i n g  c h a n ­

n e l s  ( 2 4 ) .

T h i r d ,  t h e  a f f e c t e d  n e u r o n s  i n t r i n s i c a l l y  m a y  n o t  h a v e  a  

r e g e n e r a t i v e  c a p a b i l i t y .  A l t h o u g h  w e  w e r e  n o t  a b l e  t o  i d e n t i f y  

• s i g n s  o f  r e g e n e r a t i o n ,  i t  w o u l d  b e  i n a p p r o p r i a t e  t o  s i m p l y  

c o n c l u d e  t h a t  r e g e n e r a t i o n  w a s  i n h e r e n t l y  i m p o s s i b l e ,  b e ­

c a u s e  m a n y  r e c e n t  s t u d i e s  d e m o n s t r a t e d  r e g e n e r a t i o n  o f  C N S  

n e u r o n s  i n  v a r i o u s  e x p e r i m e n t a l  s e t t i n g s  ( 8,  1 2 ,  1 4 ,  1 6 ,  1 9 ,  

2 2 - 2 5 ,  2 7 ,  3 0 ) .  I n  p a r t i c u l a r ,  o n e  r e c e n t  s t u d y  i n  r a t s  r a i s e d  

i n t e r e s t  ( a n d  c o n t r o v e r s y )  b y  r e p o r t i n g  r e s t o r a t i o n  o f  s p i n a l  

c o r d  f u n c t i o n  a f t e r  e x c i s i o n  o f  n e o n a t a l  s p i n a l  c o r d  s e g m e n t s ,  

w h i c h  w e r e  r e p l a c e d  b y  o r t h o t o p i c a l l y  t r a n s p l a n t e d  f e t a l  s p i ­

n a l  c o r d  s e g m e n t s  ( 1 4 ) .

F o u r t h ,  t r a n s e c t i o n  m a y  h a v e  b e e n  p e r f o r m e d  “ t o o  l a t e "  i n  

g e s t a t i o n ,  i . e . ,  a t  a  t i m e  p o i n t  a t  w h i c h  t h e  h y p o t h e t i c a l  a b i l i t y  

t o  r e g e n e r a t e  w a s  a l r e a d y  l o s t .  I n  o u r  m o d e l ,  t h i s  a s p e c t  

c a n n o t  b e  c l a r i f i e d  b e c a u s e  w e  h a v e  a l r e a d y  c h o s e n  t h e  e a r -  

p  ^ 'e s I  b m e  p o i n t  ( 6 0  d  o f  g e s t a t i o n )  a t  w h i c h  t h i s  t y p e  o f  

e x p e r i m e n t  i s  f e a s i b l e .  H o w e v e r ,  t h e  t i m e  p o i n t  o f  6 0  d a y s  o f  

g e s t a t i o n  i n  s h e e p  ( t e r m  =  1 5 0  d )  c o m p a r e s  f a v o r a b l y  w i t h  t h e  

. e m b r y o n i c  D a y  1 4  t i m e  p o i n t  i n  r a t s  ( t e r m  =  2 1  d ) ,  w h i c h  i s  

i 8e n e r a l l y  c o n s i d e r e d  t h e  t u r n i n g  p o i n t  a f t e r  w h i c h  f e t a l  s p i n a l  

r c o r d  t r a n s p l a n t s  a r e  l e s s  e f f i c i e n t  ( 1 9 ) .

S p i n a l  c o r d  t r a n s e c t i o n s  d u r i n g  d e v e l o p m e n t  h a v e  b e e n  

p e r f o r m e d  i n  a  v a r i e t y  o f  s p e c i e s .  I n  l o w e r  v e r t e b r a t e s  ( e . g . ,  

s e a  t a n n p r e y ) ,  t h e  t r a n s e c t e d  l a r v a l  s p i n a l  c o r d  r e g e n e r a t e s  

a n d  n o r m a l  n e u r o l o g i c a l  f u n c t i o n  i s  r e s t o r e d  ( 3 ,  1 8 ) .  S t u d i e s  i n  

c h i c k  e m b r y o s  a r e  t h e  o n l y  e x p e r i m e n t s  i n  h i g h e r  v e r t e b r a t e s  

« c o r | c l u s i v e l y  d e m o n s t r a t e  s i g n i f i c a n t  a x o n a l  r e g e n e r a t i o n  

a n d  r e s t o r a t i o n  o f  n o r m a l  m o t o r  f u n c t i o n  a f t e r  c o m p l e t e  t h o -  

r a c i c  t r a n s e c t i o n  o n  e m b r y o n i c  D a y  1 0  ( t e r m  =  2 1  d )  ( 1 2 ,  2 7 ) .

T h e  m e c h a n i s m s  d r i v i n g  t h i s  p o w e r f u l  r e g e n e r a t i o n  m a c h i n ­

e r y  a r e  u n k n o w n .  I n  t h e  p a s t  2  d e c a d e s ,  s p i n a l  c o r d  t r a n s e c ­

t i o n s  i n  m a m m a l i a n  f e t u s e s  h a v e  b e e n  p e r f o r m e d  i n  f e t a l  m i c e  

( 9 )  a n d  f e t a l  r a t s  ( 4 ) ;  h o w e v e r ,  n o  s t u d y  h a s  c o n c l u s i v e l y  

d e m o n s t r a t e d  n e u r a l  r e g e n e r a t i o n  a n d  r e s t o r a t i o n  o f  f u n c t i o n  

a f t e r  c o m p l e t e  t r a n s e c t i o n .  N o t a b l y ,  t h e  r e p o r t e d  r e c o v e r y  o f  

h i n d l i m b  m o t o r  f u n c t i o n  ( 4 )  d o e s  n o t  c r i t i c a l l y  d e p e n d  o n  

r e g e n e r a t i o n ,  b e c a u s e  t h e  w e l l - k n o w n  a b i l i t y  o f  t h e  d i s c o n ­

n e c t e d  c a u d a l  s p i n a l  c o r d  t o  g e n e r a t e  c y c l i c  o u t p u t  t h a t  r e ­

s u l t s  i n  a  w a l k i n g  p a t t e r n  h a s  a l s o  b e e n  d o c u m e n t e d  i n  f e t a l  

r o d e n t s  ( 20) .

I n  c o n c l u s i o n ,  o u r  f i n d i n g s  s u g g e s t  t h a t  f e t a l  s p i n a l  c o r d  

t r a n s e c t i o n  r e l a t i v e l y  e a r l y  i n  g e s t a t i o n  d o e s  n o t  e l i c i t  a n y  

d e t e c t a b l e  r e g e n e r a t i v e  r e s p o n s e  i n  s h e e p ,  a n d  w e  a s s u m e  

t h a t  t h i s  h o l d s  t r u e  f o r  m a m m a l s  i n  g e n e r a l .  F a c t o r s  s u c h  a s  

m a s s i v e  s e c o n d a r y  c e l l  d e a t h  a t  t h e  s i t e  o f  t r a n s e c t i o n  a n d  t h e  

a b s e n c e  o f  g u i d i n g  c h a n n e l s  b e c a u s e  o f  g a p  f o r m a t i o n  m a y  b e  

i n v o l v e d ,  a l t h o u g h  f u r t h e r  i n v e s t i g a t i o n s  a r e  n e e d e d  t o  c l a r i f y  

t h e  u n d e r l y i n g  m e c h a n i s m s  l e a d i n g  t o  t h e  c o m p l e t e  a b s e n c e  

o f  r e g e n e r a t i o n .  O u r  m o d e l  c a n  b e  u s e d  t o  t e s t  t h e  e f f e c t  o f  
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f u l  t o  h a v e  b o t h  s m a l l -  a n d  l a r g e - a n i m a l  m o d e l s .  M o s t  o f  t h e  

a d v a n c e s  i n  o u r  k n o w l e d g e  o f  m a m m a l i a n  C N S  r e g e n e r a t i o n  

i n  t h e  p a s t  h a l f - c e n t u r y  h a v e  c o m e  f r o m  t h e  u s e  o f  s n n a l l -

5 pc
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a n i m a l  m o d e l s ,  i n  p a r t i c u l a r ,  r a t s .  T h e  p r e s e n t  s t u d y  p e r ­
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