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Major  advances i n  t h e  c l i r . i c a l  case cf pa t i en t s  w i t h  acute 

spinai c o r d  injury h a v e  occiirred. These i n c l z d e  e f f i c i e n t  

c -  p r e - h o s p i t a l  s p i n a l  i m m o b i l i z a t i o n ,  Fr! l r e s u s c i t a t i o r .  

and t r a n s p o r t ,  special a t i e n t i o n  EG secondary syscemic 

factors L e .  h~(.otension and hypoxia,  and nore r e c e n ~ i y ,  rhe 

adminiscraticn of nigh dose m e t h y l p r e d n i s ~ l o î ~ e .  Technical 

advances in c o r n p u t e r i z e d  axial tomographji  ; CAT: and magne~lc 

rosonance (Mai) imag ing  have lead r o  jet ter e v a l u a c i o n  of 

bone  and cord i n j u r y .  Aggressive and radical srrgical 

t r e a t m e n t  in t h e  folm of o a r l y  d e c o m p r e s s i o n  of t h e  neural 

elements f o l l o w e d  'oy s p i n a l  colurnn r e c o n s c r x c i o n ,  c o u p i e d  

w i t h  biomechanicai a d v a n c e s ,  nave predornLnantL1~ Secef i ~ o d  

patients w i t h  i n c c m p l e t e  s p i n a i  zord injuries . ü n f o r z u n a c e l y ,  
. . 

patients with r o r n p l e t e  s p i c a l  zorb ; n ; u r i e s  denionstrate 

minimal f u n c c i o n a l  r e c o v e r y  and requ i re  extensive 

r e h a b i l i t a t i o n .  .-y hope cf f u n c t i c n a l  reccvery fer irhese 

patients lies in the o n d e a v o r s  of spinal cord zesearchers. 

The new f r o n t i a r  in s p i n a l  cord i n j u r y  r e s e a r c h  i nvo lves  

r e s e a r c h  i n t o  mechanisms of s p i n a l  cord r e p a i r  a n d / c r  

regeneration. A m a j o r  b r e a k t h r o u j h  occurred recent l y  when 

a d u l t  rats showed s u b s t a n t  i a i  s p i n a l  cord repair  i o l l o w i n g  a 

complete s p i n a l  cord transection. This w a s  made possible by 



reconnecting the spinal cord rs ing p e r i p h e r a l  n e r w  grafts 

and treated w i t h  fiSroblast growth factor iaFGF: (Cheng o? 

a l . ,  1996)  . 

I n  order  t o  d e s i g n  rnechanisms for r e g e n e r a t i c n  of an i r , j u red  

s p i n a l  c o r d  it is i m p e r a t i v e  to f u I l y  underscacd e basic 

patterns of locomotion and t k e  neurocircuicary imolved a î  

the cellular level. There has been extensive progress in the 

gast few p a r s  in che ce l lu la r  a n a l y s i s  o f  central  motor 

ne t s io rks ,  t h e r e b y  permittinq t h e  identification of sorne of 

rhe major classes of neurons t h a t  comprise zhis neural 

n e t w o r k .  

Spinal interneurons active during locomotion 

I n  tne initial d e t e r m i n a t i o n  of t h e  spinal nechariisrn of 

progression, Philippsor! (1905) emphas i zed  rhe r o l e  of ~ h e  

oxterocrptivo r e i l e x e s  in the production of   oc or notion. 

Sherington (1910) concluded a f t e r  his L n v e s t i ç a t i o n s  c h a t  che 

i n t r i n s i c  stimuli for r e f l ex  s t e p p i n g  of the limb w a s  clearly 

n o t  as a result of stimulation of t h e  skin of t h e  Limb b u t  

rather t n e  s t i m u l a t i o n  of tne sensory end-organs of t h e  

muscles of t h e  l i m b .  The c o n t r o l  of l o c o m o t i o n  was t h u s  

thought to be influenced largely by proprioceptive ref le'res. 

One of the landmark a c h i e v e m e n t s  of the neuroscientists i n  

the last century h a s  been the repeated v e r i f i c a t i o n  of t h e  

cent ralist  t h e o r y  of  locornot i o n  which describes motor output 

5 



patterns as being çenerated by c e n t r a l  neiTmrks i n  c o n t r a s t  

t o  chains gf reflexes activatod S y  serisory feedback 

r e f e r e n c e s .  Brown i1911) was ~ h e  flfst n e u r o s c i e n t i s t  to 

conclusively d e m o n s t r a t e  r h i s  roncepc .  tie was a n l e  CO evoke 

the a c t  o f  ~ r o q r e s s i o n  i n  t h e  h i n d  limbs f o l i o w i n q  rapid 

trançection of the thoraci; spinal cord of Che d e c e r o b r a c e  
- - 

cat preparat i o n  a f t e r  a l 1  ?ropriocept i v e  =or leites were 

removed by d e a f f e r e n r a t i ~ ~ .  Xe suggeszed cnat che zencrai 

mechaniSm for i he  aliornating rhyt:minic novemencs o f  spinal 

a n i m a i s  may be t w o  a n t a g o n i s t i c  s p i n a l  c e n t e r s  3air-d ~ i t h  

each o t h e r .  

The c e l l u l a r  n e i w o r k  3f xhe s p i n a l  c o r d  a i s  respcnslblo 

for t h e  generation of rhycbmic loccmo~or novemerts  is re-med 

t h e  c e n t r a l  p a t t e r n  g e n e r a t o r  (CPG; [GziLlner, 1375;  Grillner 

a n d  Wal len ,  l 9 S S )  . The C2G can  be stimuiated ro p r o d u c e  

rhythmic activicy f o l l o w i n g  prirnarÿ af fereni stimulation 

(Sherringzon,i413, C r i l l n e r  a n d  Zangger ,  1 9 7 4 ) ;  a c t i v i t y  of 

the CPG i n t e r n e u r o n s  induced Dy anesrhesia ( r i a r c o s i s  

progression) (Brown, 1913 ,1914) ; st imularcion o f  specif ÀC 

brainçtem n u c l e i  i n  t h e  n e s e n c h e p h a l i c  locomotûr r e g i o n  (mR) 

and vent  romedial nucleus (VMN)  of the thalamus (Garcia-Ri11 

et al., 1985; Steeves and Zordan ,  1904;  Shik e t  a l . ,  1966)  o r  

by the direct electrical and chernical  manipulation o f  the 

presumpt ive CPG neurons (Barbeau and Ross igno l ,  1991; Barbeau 



et al 1993; Cazalots et al., 1390, 1992; C c w l e y  and Scimidt, 

1994; Kiehn  oc a1.,1992; Sqalli-Houssaini et a l . ,  1993; 

R o s s i g n o l  and Dubuc, 1 9 9 4 ) .  G r i l l n e r  (1981) suggested Eha t  

t h e  spinal n e t w o r k  prodücing r h y t - h i c  locomotor mcvements is 

made up of  m u l t i p l e  " l ~ n i i  burst" g e n e r a t o r s  W C  are 

discributad thrûughourr she s p i n a i  cord i n  c lose  p r o x i r n i q  ' io 

the  rnotorneuron pools chey drive. T h e s e  neïworks nay be 

c o n n e c t e d  in a l t e r n a t i v e  vays and zhe number of n e t v o r k s  

activaiod and sheir s p e c i i i c  c o u p l i n g  de teminos  ~~e ouïcorne 

of iocornotor t a s k .  For example reciprocal i n h i b i t i o r .  be tween  

t w o  g e n e r a t o r s  may produce a lcernat ing act i v i t y  such as 

w a l k i n g ,  whereas rnutual  e x c i t a t i o n  o f  t h e  generators may 

p r c d u c e  the s y n c h r o x i r a i i a n  of  che 1imbs as I n  jmping û r  

bounding  . Several o t h e r  stadies s u g g e s t  â sirniiar 

d i s c r i b u t i o n  of unit g e n e r a t o r s  i n  the locomotor sysrrom o f  

mammalian a n d  non-rnarrima1Fac s p e c i e s ,  io . dogf i s h  [GriIlner 

1974)  ; lamproy (Cohen and Wallen 1 9 8 0 )  ; f r o g  embryo (Khac a n d  

R o b e x s  1 9 8 2 ) ;  embryonic c h i c k  (Ho and OfDonovan 13931; zat 

(Celiaqina et a l .  1983) and z u r t l e  ( M o r t i n  and Scein 1989) . 

S t e i n  e t  a l . ,  ( 1 9 9 5 )  have postulated a different arrangemenc 

for the scratch CPG in ~ n e  t u r t l e ,  Their results i n d i c a t e d  

t h a t  che c o n t r a l a t e r a l  i n t e r n e u r o n s  were nembers of t h e  

ipsilateral Limb's rostral CPG and t h e  o r g a n i z a t i o n  was 

temeci a "bilateral sharod core". T h i s  concept differs  from 



the traditional view on l o c o m o t o r  p h a s i n g  vhich gropcses chat 

t h e  CPG of o n e  limb is synaptically m o d u i a ~ e d  by zhe CPG of 

t h e  other limb t o  produce alternacinq rhythmic a c t i v i t y  

( G r i l l n e r ,  1 9 8 1 ) .  I n  t h e  biiaterally shaced core rnodel, 

interlimb p h a s i n g  is coordinated DY a p p r o p r i a t e  

i n t e r c o n n e c t i o n s  between 2 e u r o n s  o f  t h e  m z o .  

Numerous s t u d i e s  i n  mammalian p r o p a r a t i m s  have reoealed the 

presence of groups o f  s p i n a l  i n t e r n e u r o n s  that may be 

- .  
i n v o l v e d  i n  t h e  p r o c e s s  of locomotion. T h e  r i r s t  group of 

i n t e r n e u x o n s  s t u d i e d  were the Ia c e c i p r o c a l  InhiSicory  

i n t e r n e u r o n s  and  t h e  2enshaw cel ls .  The II i n k i j i t o r y  

i n t e r n e u r o n s  are i o c a t e d  t h  a narrûw z o n e  In Xexed's 

l amina  VI1 j üs t  d o r s a l  to the rnotor  n ü c l o i .  The 3enshaw 

cells are siruaced i n  the medioventral ~ o r a e r  of t e  motor 

n u c l e i  (jankowska and L inds t ro rn  1972;  1971). The f u n c t i o n  cf 

t h e  Ia innibitory i n t e r n e u r o n  is Co prevent a n c a g o n i s c i c  

n u s c l e  a c t i v a t i o n  and Che f u n c t i o n  of r h e  Renshaw =el: is  co 

a l te r  t h e  motoneuron  firing by a negative feedback nechanism. 

Eiectrophysiological s t u d i o s  show that t h e  Ia inhibitory 

i n t e - t n e u r o n s  and the Renshaw cells d i s p l a y  phasic acrrivity 

which  is c l o s e l y  coupled t o  t h e i r  associated f l e x o z  or 

extençor motoneuron  p o p u l a t i o n  during t h e  fictive scep cycle 

( S h i k  e t  a l . ,  1966; McCrea e t  a l . ,  1980; Pratt  and Jordan, 

1987). 



I n  a n  a t t e m p t  t o  l o c a l i z o  che r eg ion  o f  c h e  locornotor  

neurons ,  G r i l l n e r  a n d  Zangger ( 1979)  d e m o c s t r a t e d  ihat cne 

s p i n a l  a n i m a l ' s  a b i l i t y  t o  i n i t i a t e  iocomotion was l o s t  a i t e r  

s p i r i a l  cransections b e l o w  c a u d a l  L 5 .  T h i s  was c o n s i ç t e n c  

wich t h e  r e s u l c s  o f  D e l i a g i n a  e t  a l . ,  !1483) who showed thair  

Che 5 3 4 5  segments  w e r e  ~ h e  m o s t  imcortanc segments  iE ~ h e  

P .  

p r o d u c t i o n  of rhychmunic a c t i v i t y .  These  x n d i n g s  uere a l s o  

f a v o r o d  by Horr r in  a n d  Stoi-. ( 1 3 8 3 j  and 30 a n d  0' 3oncvan  

(1993)  who i n d i c a t e d  ~ h e  p r o s e n c e  o f  che rhyrtÿii g e n e r a t i n g  

e l e m e n t s  i n  -,ne r o s t r a l  segments  of t h e  L m b o s a c r a l  

e n l a r g e m e n t s  of  t h e  c u r t l e  and c h i c k  s p i n a l  ccrd, 

r e s p e c t  F v e l y  . Noga et  a l . ,  ( i 9 9 5 )  Fias a l s o  d e m o n s t r a t e d  

usLzg f ieSd p o t o n c i a l  r e c o r d i n g s  t h a t  che inEerr ieuzons i n  L4- 
m .  

i 6  were a c t i v e  f o l l o w i n g  induced  riczive l c c o m o t i o n .  

È u r r i e r  siudies r e v e a l e d  i n t e m e u r o n s  i n  3exedfs i m i n a  VI, 

VIT and ~ n e  d o r s a l  p a z t  of  l amina  VI11 of Cho rnidlunbar 

segments  whicn receive descendif ig commands from Che ML2 v i a  

t h e  vWF ( v e n t r o m e d l a l  pontornedul lary  _-et i c u l a r  fo-macion)  

(Edgloy err a l . ,  1988) and are a l so  r h y t L h i c a l l y  a c ~ i v e  during 

f i c t i v e  locomotion (Shefchyk e t  al., 1990)  . Ln addi t ion,  

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

a f f e r e n t s  i n  muscle ,  s k i n  and j o i n t  nerves which i n  turn 

p r o j e c t  onto motoneurons ( E d g l e y  e t  a l .  1988; EdgLey and 

Jankowska,  1987a, 1987b). 



By studying the regional distribution ûf the iocomotor 

pattern-generating necwork in cne neonatal rat spinal cord, 

Cowley and Schmidt, (1997)  have concliided Lhat: 1) the 5-HT 

network which is responsible for the descending rhythmic 

drive to the lumbar locomotor regions, is distributed 

throughout the supralumbar area of  the spinal cord ; 2; .W.- 

and ACh- rhythrnogenic elements aze dis t ribuied ïhroughout che 

spinai cord and; 3) a bilaterally intact systern is essencial 

for the activation of the K h -  rietvork CO produce a l t e r n a ~ i r - g  

lef t  and right rhythmic actlvity. 

Last-order i n t e r n e u z o n s  active dxring locomotion werz 

detocted via transneural labeiing ir, the cat (Ustemark and 

K m e l ,  1986; Zankowska ,  i986; Jar-kowska and Skocg, i986:. 

These interneusons were located i n  l a i i n a e  V-VIT, i p s i l a c e r a l  

to the filled motoneurons and in lamina VITI, contr~laterally 

to the fillsd rnotoneurons. A similar d i s t r i b o t i o n  ûf l a s t  

order interneurons participating in locomotion were located 

mainly in lamina VI1 of spinal segments L2-L7, via retrograde 

transneuronal labeling with wheat germ açglutinin-horseradish 

peroxidase (WGA-HRP) in the ? G R  induced fictive locomotion 

preparation (Noga et al., 1987). Hoover and Durkovic,  (1992)  

retrogradely labeled last order interneurons following 

injections of fluorescent rnicrospheres into hindlimb 

motoneurons (1992). The labeling pattern was consistent with 



that of the above stiidies buc in addition interneurons wero 

labeled in laminae V and X. Transnoural injections of 

psuedorabies viLvs in the rat media1 gastrocnemius rnüscle 

resulted in the labeiing of the last order interneurons in 

larninae 1, II, I V - V I 1 1  and X (Rotto and 3ercelaÿ et ai., 

1992). 

Activity-dependant iabeling has oeen ornployed in nmerocs 

studies to identifÿ tne neurons active in locomotion. The 

activity dependant mecabolic marker, î-cieoxyglucose, .ias ssed 

to label locomotor neurons d u r i n g  L-DOPA ind~ced fictive 

locomotion in low-spinal rabbits. The aegroe of che  uptake of 

2-deoxyglucose is c l o s e l y  corrolated wich E?.e ; x e n s i t ; r  c>f 

metabolic activity uhicn is especislly large 3: ~ c c i v e  

synapses. The greatest iiptake of c h i s  niarker ïas i2 t he  

region of t he  inte-mediate gray 7iatter alcrng L6-Sl 

(Viala et al., 1 9 8 8 )  . 

C-fos immunocytochemistry has been used as a aecabolic 

activity marker which allows for excellent z e l l u l a r  

resolution of activated neurons. This technique has been used 

to label neurons in the decerebrace cat preparation 

undergoing fictive locomotion. Labelinç occurred in lamina 

VII, especially the medial part, in lamina VI11 and in lamina 

X (Dai et al 1990) . Unilateral scratching also induces c-fos 

expression in the decerebrate cat preparation. Here, the 
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labeling p a t t e r n  was focused i n  the d o r s o l a t e r a i  -art of the 

ventral horn, in the intemediate zone (lamina VI:), nedial 

p a r t  of  l a m i n a  VI1 and i n  l a m i n a  VI11 (9arajon et a l . ,  1392). 

Sulphorhodamine, a f l u o r e s c e n t  dye itnown r o  be cakon up endo- 

c y t o t i c a l l y  in synaptically ac t ive  n e u r c n s  has Seon ssed -3 

- L , a n s l a t e  Y ch i s  locomotor  activity i n t o  n e u r o n a l  labeling I n  

the i n - v i t r o  neonatal  r a t  p r e p a r a t i o n .  Tict ive locomo~. ion 

uas c h e m i c a l l y  Fntiuced DY the applicarrior. of 'TMDA and 5-iiT. 

LabeLed cells have been i o c a l i z e c l  arounci zhe c e n t r a l  c a n a l ,  

t h e  i n c e m e d i a t e  zone ,  larninae VI-VI1 and X ( K j a e r u l f f  et 

a l . ,  1 9 9 4 ) .  

Jasmin et al., (1994) ilsea a Rota-Rod walking cask ï o  induce 

c-fos exp re s s ion  i n  the i n  v i v o  rat gepara tLor . .  LaDeLing 

nad occur rec  in the dorsal hcrn  and especially L n  larninae VI1 

and X of the v e n t r a l  horn in ~ h e  cervical and l d a r  c o r d s .  

T h e  l a ~ e l i n g  was dramatically r e d u c e d  in bo th  rhe d o r s a l  and 

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

area a r cund  che c e n t r a l  c a n a l .  Tt is i n t e r e s t i n g  r o  aote  t h a t  

t h e  neurons  around ~ h e  central canal of the in vitro neonatal 

rat s p i n a l  cord exhibit N-methyi-D-asparrate mediated 

~ursting p r o p e r t i e s  (Hochman e t  a l . ,  1 9 9 4 )  . This prope r ty  is 

c o n s i s t e n t  w i t h  the r o l e  of these neurons  in t h e  g e n e r a t i o n  



of the locomotor rhythm as dernonstratod in zhe stuaies above. 

Further iabeling oxperiments 5y C a r r  et a l . ,  : 1995)  

d e m o n s t r a t e d  c-fos immunoreactivity in ce l l s  in laminae V I ,  

VII, VIII and X of the lumbosacrâl segments af zhe 

decerebrate car s p i n a i  corti. T h e r e  appears XI oe 

considerable sverlap in the lamina d i s t z i b u t i o n  zf rhe 

- .  n e u r o n s  d i s p l a y i n g  negac ive r leid gocent i a l s  and oîher 

n e u r o n s  active during locomotion. Elec~rophysioLcgFral a n c  

anatomical identification of chese Fnternocrons is t 5e  ?ext 

step in unraveling che intricacies of the manmalian Iccomotor 

central p a c t e r n  generator. 

Origin and morphological 

interneu~ons 

-. Ramon ÿ C a j a l ,  (1911) was zhe r i r ç t  ta uesczibe broad groi;ps 

of  F n t e r n o u r o n s  in lamina V and VI of the dorsal horn, ~ h e  

intermediate zone (Lanina VIL) and lamina VI11 of zho T~entral 

h o r n .  C o m L i s s u r a l  lnterneurons send axons across t he  -;entra1 

commissure t o  link dlfferent areas of che spinal cord 

( p r o p r i o s p i n a l  or intersegmental ) . These axons also ascend 

to var ious  locations in t h e  brainstem, cerebellum and 

thalamus. 



Attempts  at the w a c t e r i z a t i o n  of spinal ammÜssura.1 4 1 s  

in different species 

The ciassification of s p i n a l  neilrons i n  non-mammalian 

species, has been a c c o m p l i s h e d  Sy ~ s i n g  x y s t â l s  Dr f o c a l  

i n j e c t i o n s  of h o r s e r a d i s h  p e r o x i d a s e  ( H R P )  . S i g h t  classes af 

s p i n a l  neurons  have j e o n  idenrified i r .  ile Xenopus laevis 

embryos. Six of t h e s e  classes a r e  i n t e m o u r o n s  5 .  i p s i - ,  

o r  c o n t r a - l a t e r a l l y  3 r o j e c t i n g  axons  ( X o b e r t s  and  Clark, 

a. 

1 9 8 2 ) .  T n e  s p i n a l  cord o r g a n i z a t i o n  in che zebra zlsh 

embrycs has been found m be alrnost idericical zo r h a t  of rne 

Xenopus ( B e r n h a r d t  e t  a 1 . , 1 9 9 0 ) .  A similar s t u d y  i n  the 

c h i c k  has  Identified five o r  six classes 3f n o u m n s  cnat 

i n t e r c o n n e c c  spinal s e v e n t s  (Cpgenheirn oc 31.1988). 

: n i c i a l  .r;iammalian studios i is ing Golgi a n d  i n r : z a c e l l u i a r  

techniques were not successful i n  showing r h e  zomplete 

c h a r a c t e r i s t i c  norpholcigy of t h e  ~ m i s s u r j l  and a s s o c i a t i o n  

i n t e r n e u r o n s  (Scheibel and ScheiDel ,  1966a; Brown, 1 9 8 1 )  . 
3 n l y  one class o f  intersegmental neuron and o n e  class of 

neuron pro j e c t i n g  t o  t h e  cerebellum have been previously 

àescribed i n  terms of 90th l o c a ~ i o n  and  dendritic rnorphology 

(Bras e t  a l . , 1 9 8 8 ,  1989; Edgley a n d  SaIlimore, 1 9 8 5 ) .  

S i l o s - S a n t i a g o  and  Snider, (1992 )  were t h e  first to c o n d u r t  

a detailed developmental s t u d y  of s p i n a i  i n t e r n e u r o n s  

niammals. The s tudy  utilized the lipid s o l u b l e  tracer, D i 1  
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reveal the rno_rphological c h a r a c t e r i z a t i o n  of  s p i n a l  neurons 

in rat embryos. Tt is nc longer necessary r o  naintain a l i v e  

embryonic p r e p a r a t i o n  f o r  t h e  Di1 to be t r a n s p o r t e d  since 

t h i s  tracer is able  to diffuse in aldehyde-fixed tissues 

making n m - a i i a n  tissue rnore accessible. The main f indings 

are summarized belotd: 

a; The  m i g r a t i o n  of rommissural n e u r o n s  proceeded direct ly 

l a t e r a l l y  from the midline. 

b) Commissural cells xere labeled in che d o r s a l  ho rn ,  

intermediate zone and tne sentrai h o r n  at embryonic ages (E), 

- 9 ~ i 3 . 5 ,  E l 5  and E13. 

C )  Sever. groups  of these ce l l s  were p r e s e n t  a t  E i 3 . 5 .  2r.d a 

- .  - - ,,na1 cctai of 19 d i f f e r o n t  groups uero p r e s e n t  Cy Z19.  

d )  The grûups  w i t h  similar ïnorpholcgy conded :O f o m  

c l u s t e r s .  

ej Nosc commissural cells are l o c a t o d  d o r s a l l y  and aedially 

in relation to the ventra l  m o t o r  pools .  

f) The dendricic arbors of C h e  commissural i n t e r n e u r o n s  are 

restricted t 3  the transverse plane in oarly development. 

Cornparison and function of spinal c d s s u t a l  internewons in 

diEf erent species 

Eighteen classes of comissural neurons in rnmdls have Seen 

located whereas studies in non mammalian species have 

0 n e u r o n a l  ident if ieci  o n l y  a small number of distinguishabl- 
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types. Only two i n t e r r i e u r o n  t-fles have been identified 

in the Xenopus (Roberts and Clark, 1932)  am2 three i n  t h e  

zebra  fish and lamprey ( B e r n n a r d t  et a l ,  1390; acchanan ,  

1982 j . T h e s e  extend alri axon acmss the commissure. Two of 

the commissural i~ternourons localizod in tne iamprey have 

axons p r o  jecting c m t r a l a t o r a l l y ,  ar.d c a u d a l l ÿ  a ~ d  appear  zo 

De i n h i b i t o r y .  The  third E y p e  is exzitatory. The i n k i b i c m y  

commissural interneurons have beer! sncwn co je ~ i y c i r e r g i c  

(GrilLner and Matsushina) and play an important ro le  in the 

alternation netween t h e  l e f t  and right sides of t he  sp iaa l  

cord. This reciprocal izhibitiori allows for che contractiwi 

of t h e  i p s i l a t e r a l  muscles wiit t h e  concorni~a~c re laxat ion 

cf che contra laceral  m~scles, r e s u l t i n g  Ln the x d u l a t x y  

movernents cnaracteristic of zhe swimming 9 a t t 2 n .  Zn 

amphibians ana fish (Roberts a n d  Clark, 1392; 3ernhardï et 

al., 1990j s p i n a l  cornissurai î e l l s  have axcos char ascerid CO 

t n e  midbrain and t h a l m u s  and o t h e r  commissural celis kave 

bifurcating ascenaing ar,d desce~dirig axons  i h x  sonnecc ~ h e  

different segmen t s  of the spinal cord (Ferrcho, 1990). 

Conunissural interneurons m a y  f o m  a n  i m p o r t a n t  cornponenc of  

t h e  spinal s w i m i n g  network in Xenopus and iamprey (Buchanan, 

1982; Grillner et al., 1987; Roberts and S i l l a r ,  1990) and  i n  

the escape ref lex  in g o l d f i s h  (Fetcho, 1990) . T C  
L L  is n o t  

clear which classes of t h e  mammalian commissural celis could 

correspond to the commissural colls in t h e s e  lower species. 

Some of the commissural ce11 groups in t h e  dorsal h o r n ,  
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intemediate m n e  and ventral h ~ r n  o f  r h e  r a t  are s i m i l a r  in 

l o c a t i o n  to those found O ' ~ h e  i..itersegmental i n t e r r i e u r m s  

i n  the chick embryos {Oppenheim et al., 1 9 8 8 ) .  The 

commissurai i n t ê r n e u r o n  :ha1 stained Lntracollularly 

following electrophysiol=gicai identification in rhe z a t ,  

[Bras et ai., 1 9 5 4 ) ,  .my currospond :o trio i h e  i n t a - i e d i o -  

laceral ~orcier zom.issural i n t e r r i e u r o n  3f the rat ( S i l o s -  

S a n r i a q o  and Snider, 1992)  . 

Synaptic connections of commissural cells - interneurons in 

lamina VI11 and X 

It jas 8eon  shown c h a t  Lnterneurms w i ï h  axons zhac r r a s s  r j e  

spinal ~ 3 r d  in r?.e z o m i s s u r a l  rogion are zhe r o c i p i e n t s  of 

monosynaptic e:iciracoq connections descending in zhe  venriral 

xnir,9 niamer cf che <orci. T n e i r  axons wero f c m c  CO sxcend 

as far rosrrral ly  as the choracis cor-' ana ir is l i k e l y  z h z t  

,bas , these axons belonq zû a rracz ascending to ïhe b r a i n .  - 
- .  

tnese intorneurûns nay j e  exciced n o n o s y n a p t i c a l l y  by rlbres 

of descending 3athways which are known ïo relay i n  c h e  

-rentra1 h c r n  (Willis, 1969) . Spinal n o f o r n e u r o n s  in zhe zat  

a n d  ra t  have been shown CO Se ccntacted by ïps i i ace ra l  

i n c e r n e u s o n s  of  l a n i n a  V-VI1 and commissural i n t e r r i eu rons  ai 

lamina V I T I  [ X a r r i s o n  e t  al., 1 9 8 4 :  . Severîl o z h e r  stuaies 

a l s o  describe commissurai interneurons chat pro j ecc 

contralateral motorneurons in the cat, (Alstermark and 
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Kummel, 1990,1986;  Harriscn et a l . ,  1986; J a n k o w s k a  and 

Skoog,1986; Noga e t  al., 1987, ra t  ( H u l t b o r n ,  iab 

ccmmunica t ion) ,  a n d  g u i n e a  p i g  (Chantanez  a n d  Skoog, i n  

p r e p a r a t  ion) . The c o l 7 m s  of these i n t e r n e u r m s  extend over 

m n y  segments ,  b u t  Che density of ï h e i r  distriSuiion i s  n o t  

u n i f o m .  Lamina 'JI11 conunissura l  i n t e r n e u r o n s  i n  the Iurnbar 

- - region of ~ h e  cat spinal cord were found w i t h i r .  segments L I ,  

3 3 ,  caudal 55 anci a t  the b o r d e r  ~f L4 a n d  L3 (tiarrisor. ec 

al., 1986; Jankows k a  and S koog, 1 9 8 6 )  . The caudâl g r o u p s  have 

been found to ~e o x c i t e d  ina in ly  DY nigh c h r e s h o i d  muscle 2nd 

s k i n  a f f e r e n t s  a n d  Dy descending  Cracc f i b r e s  with weak nono- 

or d i - s y n a o t i c  Z P S P s  i r o m  g m u p  1 a f f e r e n t s  [ t i a r r i s o r -  e t  

a L , 1 9 8 6 ) .  

Tt is of i n t e r e s t  to note c h a t  iamina VI11 of ïhe nid- a n d  

lower  lumbar s p i n a l  segments of t h e  cat has been a focris o f  

e lect r ical  a c t i - v i ~ ÿ  during locomot ion  (Noga err al., 13951 . 
T h i s  e lect r icai  a c t i v i t y  may arise frorn iamina VIII ce l l s  

activard by the c u n e i f o r m  n u c l e u s  s t i m u l a t i o n  (Jankows k a  a n d  

Noga, 1990)  I n  addi r r ion ,  t h o s e  ceils have been shown t o  j e  be 

interposed in cross reflex pathways i n  t h e  cat  (Harrison e t  

a l . ,  1986) . The role o f  these i n t e r n e u r o n s  i n  locomotion is 

f u r t h e r  s u p p o r t e d  by evidence c h a t  some spinal i n t e r n e u r o n s  

in lamina VI11 t h a t  are activated by rnesencepha l i c  locornotor  

region (MLR) s t i m u l a t i o n .  They e x h i b i t  rhythmic activity 

which is phase-locked to the locomotor  step c y c l e  of the 

18 



c o n t r a l a t e r a l  side d u r i n g  PlLi[LR-evoked Eictive Icccmoïion in 

t h e  cat ( J o r d a n  a n d  Ncga 1991). 

Commissural p r o j e c r i o n s  of  t h e  Hofmann N u c l e i  (EN) of the 

ch ickên  vnbryo have  j e e n  r e c e n t l y  shown so send r e m i n a i  

c o l l a c e r a l s  t o  l a m i n a  V I T I .  T h i s  is i m p o r t a n t  S e c a u s e  lamina  

VI11 c o r n i s s u r a i  i n t e r n e u r û n s  are known t o  be  p r e s y n a p t i c  CO 

motorneurons  ( H a r r i s o n  e t  a .  1486;  Janicowska and Noga, 

1 9 9 0 ) .  The  commissura l  Hofmann N u c l e i  are thus 9robably an  

i m p o r t a n t  component of the s p i n a l  i n t e r n e u r o n a i  network for 

locomot ion .  

Role of commùssural cells in interlimb locomotion 

Commissurai c e l l s  p l a y  an  irnporranc r o l e  i n  rhe neural 

c o n t r s i  of locomot ion  Secause r h e y  are roquirod for incerlinb 

c o o r d i n a t i o n  ( K u i a g i n  and Shik 1970;  F o r s s b e r g  e t .  a i . ,  

1 9 8 0 ) .  It h a s  been dernons t ra ted  Chat  power fu l  c o n t r a l a t e r a l  

effecrs on motorneurons  a r e  p r o à u c e d  DY t he  s t i m u l a t i o n  of 

inuscle a f f e r e n c s  [Ayra et a l  F N l j ,  and a f a i r l y  l a r g e  number 

of group II i n t e r n e u r o n s  a r e  activated by c o n t r a l a t e r a l  g roup  

II a f f e r o n t s  (Bajwa et  a l  i992). These are  p r o b a b l y  cha same 

neurons  r h y t . h i c a l l y  active during fictive locomot ion  

(Shefchyk er: a l . ,  i990) . One o f  t h e  major c o n c l u s i o n s  drawn 

from p a s t  s t u d i e s  is t h a t  the s t e p  cycle of one l i m b  Fs  

strongly influenced by the step cycle i n  t h e  c o n t r a l a t e r a l  

limb. Commissural i n t e r n e u r o n s  h a v e  a l so  been shown t o  be 
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involveci L n  the resettizg of rhe locsrnotor rhythm produc& 

group 1 and group II muscle a f fo r en t  stimulation 

(Perreault et al 1994). 

B i l a t e r a l  f i e l d  p o t o n c i a l  recordinçs  i n  che lumbar 

onlargement of the  r a C  s p i n a l  cord sclggest that rhen zhe 

comand signals from ïhe ML3 and medial reticular fa-mtion 

(NRF) descend CO rhe  s p i n a l  cord via t e  f i b e r s  of Zhe 

ve~crolateral funiculus (VLF) , zhey cross over the r o s c r a l  

lumbar segmencs and teiminace in the ventzal and incemediate 

laminae (Magnusson and Trinder 1 9 9 7 ) .  T h i s  c l e a r l y  indicaces 

~ n a c  t h e  fibers tarryinq inportant locomotûr signal3 In ïhe 

s p i n a l  cord c x s s  over ar zhe midiine. Çeveral l e s i û n  studies 

have aljo zevealed t h e  r o l e  of ïhe commissural ceils in ~ h e  

nediation of coordinated Left/righc alcernat icg a c t i v i t y  

h r i n g  locomoticn. Harder and Schmidt (i992) showed t ha t  

l e i t - r i g h t  coordinacicn 5s poss iSle  wirh o n i y  a small rider 

of commissural connecCion rernaining, whilo Kjaerulff  and 

Kiehn demonstrated that lefc/right alternating rhy~hms a r e  

contingent upon i n t a c t  commissural fibers of the spinal cord 

(1396). After examining the organization of the transverse 

coupiing system i n  t h e  neonatal rat, Kremer and Lev-Tov, 

(1997) concluded that the T I E L 4  segments have imporrant 

cross connections which aid in the mediation of ieft and 

right alternating activity during locomotion. 



Zmportant characteristics of commissural cells 

A s u b - p o p u l a t i o n  o f  commissural cells i n  c h e  t u r c l e  s p i n a i  

c o r d  have  a n  i m p o r t a n i  i n t z i n s i c  ceil p r o p e r t ÿ ,  ie. calcium 

rnediated p l a t e a u  p o t e n t i a l s .  These S i - s t a b l e  p o t e m i a l s  v c u l d  

b e  v a l u a b l e  i n  enhanc ing  the ceils '  a b i i i t y  g e n e r a t e  

a l r e r n a t i 3 . g  rhythmic a t t i v i r y  (Zcunsgaarci 1992)  . A s ï u d y  i n  

t n e  cat revealed t h a t  some of t h e  c e l l s  active U ~ r L n q  

induceci f i c t i ve  iocomocion were also cholinergie : C a r r  e t  

- 7  a l . ,  1994 )  . Lipon r e c o n s t r u c t i o n ,  t h e s e  cel ls  ~ o s s e s s e d  

c o n t r a l a t e r a l l ÿ  3 r o j e c t i n g  a x o n s .  A s u b - s e t  of choli~ergic 

commissura l  celis has  a l s o  been described i n  s revious  

s t u d i e s  (Houser  et a l . ,  1983;  Sarber oc al., 1984; ?helps et 

al., 1984;  a o r g e s  and Iverson, 1386; ? h e l p s  et: a l  1390) . 
A c e t ÿ l c n o l i n o  has  been s h o w  ïo p o d u c e  coacziaat ion of 

f l e x o r s  and extonsors o n  one side of t h e  s p i n a l  e o r d  and 

a l t e r n a t i o n  becween t h e  l e f t  a n d  r i g h r  sides of rie cord 

d u r i n g  f i c t i v e  locornotor studies ( C o w l e y  a n d  Çci imidt  1594). 

Expression of c-fos as a mark= of neuronal activify 

S y n a p t i c  a c t i v i t y  a l ters  t h e  p o s t  s y n a p t i c  gene  e x p r e s s i o n  i n  

t w o  ways. An e a r l y  r e s p o n s e  is t h e  rap id  i n d u c r i o n  of 

inmiediate e a r l y  genes  (IEG's) i n  r e s p o n s e  t o  neuronal s t i m u l i  

(Greenberg  e t  a l . ,  1985; Morgan and  Curran, 1986; aar te l  e t  

a l . ,  1989; B a r z i i a i  e t  a l . ,  L989) ,  a n d  a delayed expression 

of late-onset genes (Merlie e t  a l . ,  1984; C a s t e l l u c c i  e t  a l . ,  

1988; Golàman e t  a l . ,  1988; B a r z i l a i  et a l . ,  1989; O f f o r d  and 
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Catterall, 1989; Klarsfeld et al., 198% . Togetner, these 

genes encode differentiated neuronal products eg . 
neuropeptides and neurotransmitier biosynthetic enzymes. 

Regulation of inumdiate eatly germa 

Imediate early genes were first detected in qrowrh factor 

stimulated fibroblasts and subsequentiy, in neuronal  cell 

lines (Curran and Morgan, 1997; Lau and Nathans i987; . They 
have several distinguishing features. Their expression is low 

in non-activated cells ,  b u t  are rapidly induced ie. x i t h i n  

minutes of extracellular stimulation (30-60 minutes), at the 

transcriptional level. This induction is transient and 

independant of new protoin synthesis. The mRINAfs that are 

transcribed from t n e s e  genes typicaliy naoe a snorc halE- 

l i f e ,  eg.  c-fos niRNA has a half-life of 10-15 ninates [Shenq 

and Greenberg, 1990) . 

One of the best characterized IEG to dace is the c-Cos geno 

(Curran, 1988). It was initially characterired as a viral 

oncogene in feline osteosarcom cells. The cellular proto- 

oncogene counterpart, c-fos, probably has a regulatory 

function in encoding transcription factors. C-fos combines 

with another IEG, c-jun, to fo-m a Fos/Jun hetero-dimer which  

activates t h e  transcription of target genes  (Halazonetis et 

al., 1988; Kouzarides and Ziff, 1988; Nakabeppu et a l . ,  1988; 



zausher et al., 1988a). C-fos e x p r e s s i o n  Ls r a p i d l y  

activated i n  response t3  n e u r o n a l  stinuli and is türned -,fZ 

w i t h i n  an houx (Armstrong and Montiminy, 1 9 9 3 ) .  T h e  c-fos 

gene  can be i n d u c e d  by a .ride varioty of s t i m u l a n t s  whirh 

u t i l i z o  d i f f e ren t  second messenger pathways. I n  X i 2  s e i i  

c u l t u r e s ,  t h e  e x p r e s s i o n  of c-fos  mRNA and prccoi:: have 

oeen  induced  by the f o l l o w i n g  : c l e p o i a r i z a t i c n  (Xorgan and 

Curran, iW6) ; a g e n t s  cha t  a c t i v a t e  vol tagê  ciependanc caicium 

channels (Morgan and Cur ran ,  198 61 ; n e u r o - t r a n s m i ~ t e r ç  

(Greenberg  e t  a l . ,  1996) and neuro t ropnic  factors ( C u r r a n  and 

Morgan, 1 9 8 5 )  . T h e s e  various agents enploy many second 

meçsenger systems that i n c h d e  t h e  m o d u l a t i o n  of  the 

i n t r a c e l l u l a r  c a l c i u m  levo l s ,  ryclic .AM2 and p r o t e i n  k i n a s e  C 

a c t i v i t y  (Morgan a n d  C a r r a n ,  1999) . 

Several studies h a v e  also s u c c e s s f u i l y  d e r n o n s t r a ï s d  ïhe 

i n d u c t i o n  of c-£os i n  t h e  i n t a c t  n e n o l i s  syscem, f u r c h e r  

s u p p o r t i n g  t h e  idea thac c-fcs is an important regularror o f  

n e r v e  ce11 responses i n  v i v o .  S t i m u l a i i o n  of the rnammalian 

nervous system by pharmacological agents [Morgan ec al., 

1987 ) ,  electrical stimuli (Dragunow a n d  Rober t son ,  1987;  

S a g a r  e t  a l . ,  1988), s u r g i c a l  trauma (Whice a n d  G a l l ,  1987) 

a n d  p h y s i o l o g i c a l  c h a l l e n g e s  (Hunt e t  a l . ,  1957; Sagar et 

al., 1988; Bullit, 1 9 8 9 )  r e s u l t e d  in increased c-£os 

e x p r e s s i o n .  Numerous i n v e s t i g a t o r s  have a l s o  used c - f o s  



expression as a means of identifying the cells active during 

locomotion (Dai et al., 1390; Jasmin et al., 1994; Carr et 

al., 1995). 

C-fos i o r e a c t i v i t y  

The c-£os mRNA encodes a p r o t e i n  product, Fos p r o t e i n .  This 

protein is rapidly synthesizod and transiocated to the 

nucleus. An antibody directed at the N-terminal sf Fos 

(Franza et al., 1 9 8 7 )  is utilized in tne immunocytochemical 

studies to select ively observe c-fos imrnunoreactivity. The 

nuclear localization of t h e  antigen allows for excellent 

cellular resolution of activated ceils and is ideal for 

double-labeling immunocytochemical techniques where Che 

second antigen is located elsewhere in the ce& c g .  the 

cytoplasm. These cells may be characterized S y  location, 

type of neurotransmitter, cytologie appearance and other 

morphological features. The mapping cf c-fos induction is 

therefore a powerful tool in identifying the cellular and 

neuroanatomical targets of pnarmacological stimuli or the 

intricate pathways involved in neurophysiological responses. 

Pluoiogold as a retrogzads traces 

Fluorogold is a fluorescent stilbene derivative and is m d e  

up of two benzene rings connected by a vinyl link. This 

alternating single and double bond configuration of the whole 

molecule has electrons lying within the outer p-orbital 
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clouds. Uitrarziolet Xght (UV) excites chese eiectrons io a 

higher energy level and upon retlizn to îheir original enerçy 

level they emit an intense blue lighc. This ~aluable 

fluorescent compound, f luorogold, has f c u n d  sevoral 

applications in neuroanatomical studies, especially as a 

retrograde axcnal tracer, because 3f ics mique set 3f 

properties sivas Ft a distinct advantage over zhe other 

f iuorescen: iracers ie. an intense whiCe/blue f iuoroscence in 

an an acidic medium, iïs capabiiity for extensi~lo decdritic 

filling, its rosistance to fading easily, its demonstrated 

compatibility with other neuroanatornical and 

immunoniçtocnemic3; cechniques, its confiriemenc within the 

cell withoilt ariy det~ctable leakage, it allows fcr varias 

surv iva l  iimes, and it does not aopear io be t a k e n  up  from 

undanaged fibres (Ssiimued, 1990) . FluorogoId, known to j e  

i aken  up endocytotically :rom the ends of cut axons, is 

ïransported o n l y  i n  fresh tissue. Since iï is n o t  ~ûxic to 

the tissue, the animal is able to survive as long as 

necesçary to ensure adequate l a b e l i n g  of the desired 

structures. The average length of survival iime for in vivo 

preparations is about one week. Tt is also importani to note 

chat there is minimal necrosis observed at the site of the 

fluorogold injection (Schmued and Fa l lon ,  1986). The tissue 

does not require post injection processing and the 

retrogradely labeled cel ls  may be visualized imediately upon 

slicing. 
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S-fos immunof luorescence is excited Sy a l onger  wavelength 

chan that of the fluorogold fluorescence (LW), chereby 

allowing the detection of both the cracers xithin zhe same 

ceil by u t i l i z i n g  separate exc i t a t i on  filcers for separate 

photomisrographs . This greatly enhances she visualizat i o n  

and mapping of double labeled ceils In ne~iroanatomicai 

studies. 



Aims of Strudy 

Aithough there is subscancial ovidence f o r  rhe r a i e  of spinai 

commissural ceLls in ccordinating p h a s i n g  of the l e f t  and 

right sides of the body during v a r i v u s  rhythrnic  activities 

e . g . valking, swimming and s c r a t c h i n g ,  rhere are several 

important distingcishing features ûf the r n m l i a n  locsmotûr 

commissurzl ce l l s  whFch have not yet 8een established: 

1. their location in the spinal cord 

2, their mechanism of excitation or inhibixion 

3. which neurotransmicters are employed 

4, and what of t h e i r  synaptic c c n n e c t i o n s ?  

This çtudy rhe re fo re  accempts tc localize anaComically zhe 

copulation of camnissuial cells a c t l v e  during creadmF11 
-. 

locomot ior? i i s ing  flüorûgold retrograde r luoresceni  x a c i n g  

and c-fos immunocytochemistry in a double iabeiing experiment 

using an in vivo adult rat nodel of locomotion. 



=-ta1 anbals w i t h  locomotion 

Three adu lc  male r a t s  (22Og-270g) oach mderden ï  a 

laminec~cmy ami f l t io rcgold  in j ec t io r .  followed ,Xy a 60 min 

treadmill t a s k  one w e e k  Later, to induce z-fos srstein 

expression i n  the s p i n a l  corci. The a n i m l s  were cerfused 

imediately rnrreafter and t h e  s p i n a l  cords romcveb. The 

tissue w a s  grocessed for c-fûs  inmiunocyt~chemis t ry .  

Experimental animala without locomotion 

T h i s  group ronsisted ûf cfiree adult, male rats (2209-270q)  . 
Each r a t  u n d e r d e n t  similar siirgiial crocedlires as tne 

. . 
experimental a n i m a i s  io l lowed  by f l r o r c ç o I d  x q e c t i o n .  

I n p o r t a n t l y ,  no locomocor task vas p e r f o m e d .  .G-ter :he one 

veok recovery period, rhese raLs were a i l  zllowed ~o s i r  in 

ïhe treachill f o r  60 nin wichout iocomct iûn and serfused 

immediately a1 the end of the session and ~ h e  s p i x a l  c i s s u e  

procesçed for c-fos I m n o c y t o c n e m i s t r y .  

P o s i t i m  contzol aninbals 

Two a d u l t ,  male ra t s  (2209-2709) performed ïhe 60 m i n  

treadm.il1 locomotor t a s k  only and did not undergo a 

larninectomy nor were tney injected wich f l u o r o g o l d .  The 

purpose of this phase of the experiment was to establ ish t h e  

p a t t e r n  of c-fos expression induced by t r e a d m i l l  locomotion 

and t o  e n s u r e  that t h e  c-fos a n t i b o d y  and the 



imunohistochemical prûcedüres were indeed re l iable  Ln 

detect ing a c t  ivitÿ induced c - 3 s  i,muno-reacti-le cells . The 

tissue from c h e s e  aniinals xas 3rocessed simultanecüsly wich 

tnose of the oxperimencal a n d  conzzol animais. 

a, Fluorogold injection 

Eacn r a t  was we ighed  acd anesther- ized v ia  an I? injeczicn of 

t h e  appropriate dosage of a Rompur., Keralean and A u o p i n e  

nixture ( ISAR) .  IC.A.3. sürgical dose: Ketamine 130 n i g / k g  

(10 mg/lOûg rat); Atropine C.ûSrng/kg  : C . i 3 C 5 m g / I û C ç  r a t ) ;  

3cmpcn 19 mg/kg :lncj/100g ; s a l i ~ e  9.1 nl/L?Og rat. 

.L?es~nesia uas faciiicacod 5y placicg zhe eninal in a z losed 

chamber containi'g halorhane and nizrous x i d e ,  i-mediaïel- 

p r i o r  cc :KA!! i r i  j e c ~ i o r i .  ' f i e z  the anima1 became light as 

d e t e L m i n e c  by t h e  m e - p i n c h  reflex, haiothane (0.3-1.53) uas 

csed CO maintain a s u r g i c a l  depth of aneschesiâ. The animal 

vas then i n j e c t e d  vich a n  ontibiatic, Derapan, 0.9Lml/lOOg. 

The eye b l i n k  reflex and rrne toe p i n c h  reflex were monitorod 

to determine how d e e p i y  t h e  r a t  w a s  anesthetized. Once ïhe 

an imal  was a n e s t h e t i z e d ,  gentocin opthalmic o i ~ t m e n t  was 

applied to t h e  e y e s ,  Che dorsal surface shaved a d  ' ~ h e  area 

wiped down with betadine.  The animal was placed in a 

stereotaxic apparatus. The ros t ra l  end of the animal was 

stabilized by clamping the head in the stereotaxic f rame ana 



t h e  spinal coiumn was s r a b i l i z e d  S y  clampinç zhe L2 vertebra. 

The laminectomy was pe~forined at T13 vortebral  ;ovoi, CO 

expose a small area cf Che s p i n a l  cord cf the corresponding 

lumbar segment. Ste roo tax ic  measurements were seï LÛ 9rossure 

inject a l  of l%flucrcgol~, 3.75mm l a ~ e r a l  rio :ie centrai 

canal on the right hand slde a= an ang le  of 2ûc  - i e r . t r o l a ï e r a l  

î o  t h e  s p i n a l  cord and 10 s -depth  af 1.6 m. A f e w  3rops ~f 

xylocaine were îpp l i ed  c x o  :he cord and a f t e r  a few minutes 

fluorogold sras gradually injected over a ;Ornix. period. The 

needie  was allowed CO romain in position f o r  5min. and then 

slowly removed. A srnall strip of g e l  foam was jer . t ly @ced 

inco the incision area and t h e  sitir closed w i f h  scainless 

steel c l ips .  3etadirie and a y l o c a i n e  p a s ï e  were applisd over 

=he i n c i s i o n  area. A 3.15 mi IiM injectior 3f an analjesic, 

3 a n m i n e ,  uas adminiscered for pain c o n t r o l  immedia~tiy af r e r  

surgery and as required chereaf c e r .  The aninal * a s  allowed 

to rocover for 1 veek before oxposuro CO ciie ireaàmill. 

b. Treadmill procedure 

u 
A motorized 4 lane i z e a d m i l l  (Columbus I n s t r u n e r i t  

International Co. Columbus, OH) was u s e d .  The power switch 

w a s  t u r n e d  on , t h e  s h o c k  g r i d  t u r n o d  off and  the b e l t  speed 

set t o  zero .  The rat was placed in a lane and allowed t o  

adapt for 15 min. T t  w a s  t h e n  careiuily removed, given a 
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peanut butter t reat  and rozxried t3 :ne animal room. 

The power was switched oc miy. T n e  r a t  was placed i n  rhe 

tenter lane and tnen the s h o c k  g r i d  was s v i ~ c ~ e d  on. The 

i n t e n s i t y  and repetltior. ra:a were oach se; at 5 .  CP ihese 

settings were maintained c>r qradiialiÿ incroased wtil a n  

adequate stimulus vas attained t c i  provent Che =a', f m m  

approaching t h e  grid. The 5elt speod sras slowly izcreased 

over a j min. period up t o  0. Hin/s. The rat was rna inca ined  

at t h i s  valking speed fcr abouc 5 pin. TC was Zhen zarof i i l iy  

romoved once a11 swi;:h.es weze tuneci 3ff, g i v e n  2 p ? a X u C  

eu t t e r  t reat  and ce txrned  t o  che  ar.imal rcorn. 

w 
The initial steps as in "Day 2" were repeaced and r3.e r a E  was 

allowed t o  w a l k  comforta~ly at 0 . 1 4 d s  f o r  a cota1 riae o f  50 

min.  I t  was removed carefully and overdosed x l i h  an  rnixcure 

of Ketalean and Rompun (RI ) .  The êye O l i n k  reflex and ïhe 

toe pinch reflex were carefully monitorea, and the perfusior? 

procedure was performed o n l y  once an  appropr ia te  ievel of 

anesthesia was achieved. 



c. Perfusion procedure 

Per füs ion  solutions wore made iip f resh  on Che nornlrig of ~ h e  

p e r f u s i o n  and stored a t  4 OC. 

i . Perfusion sol ü t i o n s  p e r  animal : 2 Q0ml ?rs - f i x a  ~ 1 7 1  

3.ig Nam2 

9. lrnl  heparin 

lCml 3 . 5  iY @ a s p n a t s  5 ~ f f ~ r  

13ml 95 XaC1 stock soln. 

topped up CO l O C m l  r i t h  d i s t i l k d  'nacer  

ii. 5COml 4 %  Paraformaidehyde ( 1 0 0 . d / l  COg v a i g h t  of animal) 

2Cç parafomaldehyde was xaighed out, 2Xml c ! i s t i~h d  wa Csr 

added a-rid tne inixture Qeated and stirrod to 6G 3C. A f s w  

drops of N2O.F w i s  ddded CO d e a r  cl?e solut ion.  ;@on 

c l a r i f i c a t i o n ,  the Lnix?uro vas rmcved f r ~ m  W2 stirrtr and 

cooled t o  rocm tempera t ~ r e .  l O O m l  3.5M phospBaze S u f f i r  ;ias 

added and tnen fil t s rd  throuç;? no. 1 f i l ;sr  gaper .  Tnê H 

was ad jus ted  t o  7 . 4  w i t n  NaGH and K I  and the mixture Copped 

up to 500ml us ing  dis t i l l ac i  w a t e r .  

P d u s i o n  Pump Calibration 

The tubing was first washed cnrougn with distillêd water. 

Thereafter it was primed p r i o r  to p e r f u s i o n  with cold p r e  - 

fixative solution, and the flow rate was adjusted to 

14rnl/min. 



Anesthetic overdose procedure 

T h e  rat w a s  removed frorn Zhe ~readmiL1 once iï had Completed 

60 m i n u t e s  of locomotion. Ir was o v e r d o s e d  w i ~ h  a K e t a l e a n  

and Rompun mixture via an Z? injecciûn. K . .  euthanizing 

dose: Ke tamine  400 rng/kg : 4 0  nq/100g r a t : ;  Rom~uc 10 mq/kg 

(Irng/lûOg rat); saline 2.1 n l /XCg  rat. The r o e  pinch reflex 

and the j l i n k  reflex uere monirorod t c  detemine h c w  zieeply 

the an ima l  was anesthecized. 

Perfusion procedure 

-. 
Once it ï a s  esrablished tha t  no re- lexes e P ~ P S ~ E ~ ~  zhe  

neart w a s  expcseci. The cannula actached ta rne p e r f x s i c n  

pump ras  inser ted i n t o  =Pie  apex cf t h e  Loft e l  ~ h e  

pump was switcned on 2nd t h e  2re- f i x  g e r f u s i o n  vas 

commenced. A small Fncision in t h e  r i g h t  atrilm was made io 

allow the blood to dra in  out. ThereaEcor, z h e  a n i m a l  was 

perfused ~ i i h  t h e  4 %  p a r a f o n r i a l d e h y d e  s o l ü ~ i o n .  A iaminecComy 

was performed CO expose Zhe s p i n a l  co rd  and  Che dura m x o r  

was removed. The s p i n a l  cord was isolated using a p a i r  o f  

fine scissors and then p l a c e d  in 4 %  p a r a f o m a l d e h y d e  s o l u r r i o n  

for two hours. Thereafter t h e  cord w a s  ~ransferred Co a 25% 

sucrose s o l ü t i o n  in 0.1M ghospha te  D u f f e r  and 1C% g l y c e r o l  

for a rnininum of t h r e e  days for t r y o - p r o t e c t i o n .  T h e  sucrose 

s o l u t i o n  w a s  changed  at least  once b e f o r e  s l i c i n g .  



Cryo - Protactant S o i u t i o n  (25% sücrose i n  &iX pnosphace 

Suffer and 10% glycerol )  

125g sucrose 

300mi d i s t i l l e d  x t e r  

501111 qiyceroi 

5Cml 0.5M ghospnato juffsr, TH 7 .4  Cc 5 O O r n l  

v i t 3  distiii-d v a t s r  stors 3 i  4 IC 

3 .  ZN Phospna te Suffsred 0 . 3 %  sa1 i n e  (59s) 

701111 d i s t i l l s d  w a t s r  

20ml O.5Y phosphats  Sufisr, pH 7 . 4  

l O m l  9 4  N a C l  stock s o l ~  

Û.1M Phosphate  5uffered 0.3% saline anci 3 . 3 %  Tr icon-X (PBSTj 

200ml 0.5M pnosphate Suffer, pH 7 . 4  

l O O m l  95  N a C l  s tock soln, 

3ml T r i t o n  - X 

The solution was topped up co lOOOml using discilLod wate r  

and stirred until homogenized. 

SOmM T R I S  ( T r i z m a  Base) 

SmL 1M T R I S  soln .  

95ml d i s t i l l e d  water  



rmmrinocytochamisw 

The cord Mas secrioned at 16 7x1 m Lhe s i i d ing  microtome and 

s e r i a l  s ec t i ons  were co l lec ted  in individual wells in JBS. 

Every t h i r d  seccion was washed 3x13 m i n .  i n  ?9ST solution and 

t h e n  left in the f o u t ?  ?BST s o i i ~ t i o n  overniçhr: i n  r,he zo ld  

roorn at 4 OC. They vero then rnounted i n  52 TIPI TRIS s o l r t i o n  

ont0 s u b b e d  slides and allowed ï o  dry for at l e a s t  4 h r s .  a t  

room temperature. The sect ions  were rehydraced f o r  30 ni in.  

in P9ST. The back ûf Ehe slides 2nd a r o u ~ d  cho s e c t i o n s  were 

dried and a pap Den used co rnake a w e l i  around t h e  seccicns.  

Well markings w e r e  allowed ï o  dry  for  3 f e w  seconds and rhen 

t h e  prirnary antibody , P o l y r l o n a l  rabbic ar-r i  - e - fos 

(Santa Crxz 3iocechnoloqy),  d i l a t ed  1: 5 C O C  i n  3.1-1 ? 3 S ,  9 - 9 4  

sodium cnlor ide ,  0 . 3 %  Tr i tan  XI00 and 1% horse  sertm, was 

inserted. The si ides were stored i n  t h e  cûld zoom :sr 3 daÿs 

and ïhe antibody replenishod as requ i red .  OF. rhe fourth, day, 

t h e  secr ions  were washed 3x30 m i n .  in ?BST s o l u c i o n  and the 

secondary antibody, Donkoy an~i-rabbit Cy3 ( j a c k s o n  Immuno 

Research Laboracory Inc) , di lu ted  1:250 i n  0. LM P9S, 0 . 3% 

sodium ch lor ide ,  0.3% Triton XI00 and 1% horse serum, 

inser ted  and t h e  sections incubated f o r  2 . 5  hrs. a t  rccm 

temperature. T h e r e a i t e r  they w e r e  washed 1x20 min. in PBST 

solut ion and 2x20 min. in 50 mM TRIS solut ion acd a i r  dried 

overnight. The slides were cover slipped usinç anti - fade 

cornerc ia l  vec tor  medium and stored in t he  freezer. 
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e. Neurolucida image analysis 

S p i n a l  c o r d  si ices o j c t end ing  from t h e  T13-L6 segments v e r o  

examined  u n d e r  epifluorescenco rnicroscopy o r  iight nicroscopy 

and t h e  g r a y  and w h i t e  na t t s r  ooz l i nes  as -deil as zhe 

location of labeled tells vero d r a w n  usi?.ç an image a n a l p i s  

program, ~7eurolucidaTM. The specific l o c a c i v n  of zie sec:i~is 

in the spinal cord vas 5eie;ornined Sy the s h a p e  of  ~ 5 - e  gray 

matter. 30th f l u o r e s c e n c  uacers ,  r-fos and f iuorogcLd, were 

detocted i n  e i c h e r  the sarne cell c r  s e p a r a t e  c e I l s  by t h e  

a l t e rna te  utilizaticr. of two differenr  excitation Si lcers ,  

Rhodamine and LV, respect i v e i y  . 



S e v e r a l  ret rogradely labelec! s p i n a l  locomotcr n e u r m s  were 

ident i f iec i  i n  ; h i s  stsdy. They were iocaiized p r i n i a r i l y  i n  

laminae VI1 and X of the intamediace zor~e and lami-tia 'KTI 3F 

the y ~ e n t r a i  h o r n  (LFQ.  1 i FFg.2) . 

Pattern of c-f os labeling: 

. , 
-1s w i t n  n 0  Jocorno tm~ 

C-fos e x p r e s s i o n  i n  the spinal cord of che anima3 virh ri O 

ioccmotlon M a s  m i n i m a l  azd t h e  neurons 

d o r s a l  horns  8 F i a t e r a l l y .  N o  c-fos 

Uetocted FR i a m i n a e  VIT, VIE, IX cr X, 

were restrictêd to she 

1 7  gosirive r e l ~ s  were 

bilarerally (rig. 4 )  . 

I n  a l 1  3 e x p e r i n e x a l  anlrnals thac ua1ked ûn Zhe treadmi11 

for 1 h r ,  numerous c-fos p o s i t i v e  neurons w e r e  discribuced in 

che s p i n a l  cord from ihe Tl3 CO che 26 segments. T h e s e  

n e u r o n s  were located bilaterally i n  l a m i n a e  1 LO l a m i n a  VI of 

the dorsal nom, laminae VI1 and X of the i n t e m e d i a t e  zone 

and larninae VI11 and IX of  the v e n t r a l  h o r n  (Fig.5-FFg-11). 



Pattern of fluorogold labeling: 

Ipsi-lateical to the injection site 

There was extensive arid irxense fliiorogolll labeling aE ~ h e  

i i l j e c t i o n  s i t e  (-0.5mm i n  diamecer], which was localized EO 

che s p i n a l  cord s e g m e n t  L5. The injeccicn s i re  e x t e n d e d  from 
- - a  rhe d o r s a l  horn CG che v e n t r a l  ho rn .  F e w  r iucrûgold  ~ o s i c i v e  

cells extended r o s t r s l l y  and c a u d a l l y  from the Fnjecticn s i t e  

from the Tl3 CO the L6  segments. The disiribution of these 

cells was restrïcted tc laminae II to VI of the d o r s a l  horn, 

laminae V I I  and X of the inte-mediate zone  and lamina VI11 of 

the ven t ra l  horn (Fig.12-FFg.i4). 

. . 
b.  ?- w r t n  l ccomor :~2  

Fluorogold re l ls  uere well distributed i n  b o t h  ~ h e  dorsal a n d  

vencra l  h o r n s  ac t h e  i n j e c t i o n  sire ( - 0 . 6 m  in d i a m e t s r )  in 

b ~ h e  region of the 13/L4 segment. Many fluorogold s o s i t i v e  

cells extended rostra3.y and caudallÿ from the i n j e c t i o n  s i c e  

CO involve t h e  Tl3 ïo the L6 segments. The laminar 

d i s t r i b u t i o n  was as foliows: laminae 1 4 1  3 E  che d o r s a l  norn, 

laminae VI1 and X of the i n t e m e d i a t e  zone a n d  iamina '7111 

and I X  of t h e  v e n t r a l  h o r n  (Fig.15 & Fig.16) . 

c. 1 3- wi th ~ ~ ~ Q I D O ~ J  on 

There w a s  extensive fluorogold labeling in botn the dorsal 



ar,d v e n t r a l  nons ac t i e  injection s i t e  i-û.hn in ciiarneter) 

of t h e  L6  segment. Several f l u o r o g c l b  ceils vere 3 1 s ~  

d i s t r i b u t e d  r o s t r a l l y  and caudally f rom =ho i n j e c t i c r .  s i t e  

extending irom segments T l 3  to r3e L 6 .  T h e  invclvod larninae 

-- were: l a rn inao  u-VI af z5.e dorsal horn, laminae VII and X o f  

the  i n t e r n e d i a t e  zone 2nd lamina 7111 vf  t h e  -drer.izal horn  

( F i g . 1 7  & F i g . 1 3 ) .  

There was extensive and intense f l u o r o g o l d  l a b e l i q  a t  'Lhe 

. . m;ocr,ion sites l o c a ï e d  at L 3 4 6  i n  the lumbar o n l a r g e m e n t .  

: ?  S F n i l a r  t o  che rcstral-caudai distriktion -.- i ?-e 

e x c e r i m e n c a l  acirnals w i - . i  Lccomotion, riie f l i l o r ~ g o l d  laheled 

necrons exïended :rom i h e  T l 3  ro the L 6  segments. The lami.nar 

c i i s ~ r i b u t i o n  vas a l s o  s in i i a r  :û ~ h a i ,  of :ne aninah vi:h 

locomotion. 

ii. Labeling (F'G) contralateral to the injection site: 

The r o s t r a l - c a u d a l  d i s i r i ~ u t i o n  of  f luorogold l a b e l i n g  on the 

side c o n t r a l a t e r a l  t o  cne i n j e c t i o n  s i t e  w a s  i d e n t i c a l  i n  tne 

experimental anlmals w i c h  and w i t h o u t  locomotion and e x t e n d e d  

from T l 3  to L6 in a l 1  a n i n a l s .  There were slight c l i f f e r e n c e s  

i n  t h e  l a m i n a  d i s t r i b u c i o n  of  f l u o r o g o l d  s t a i n i ~ g  neurons FE 

che animals with l o c o m o ~ i o n .  At che level of i n j e c t i o n  in 

animal 1, a Eew fluorogold pos i t ive  cells  were d i s t r i b u t e d  

t h r o u g h o u t  laminae I-VI of t h e  dorsal ho rn  c o n t r a l a t e r a l  t o  
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C - f o a  and 

locomotion : 

The double 

locomotion, 

fluorogold double labelinp in -1s 

labeled n e u r o n s  in a l 1  experimentai xiimls 

were localized bilatorally grimarily i n  

reg ion  of the i n j e c t i o n  site ( F i g s . 2 1 ,  24 & 27; c a ~ l e s  1, 2 ,  & 

3 ) .  However, t h e  nmber of c-fos and f l r o roço ld  douDlo 

labeled neurons  ir! a n i m a l  1, was less char. :na= ocserved in 

both animals 2 and 3. Tnis m y  be a x r i b u c o d  ch2 incensiiy 

fluorogold labeling which was much reduced in animal 1. 

1. Ipsi-lateral double labeling 

a. enta1 a n l m 1  1 - w j  t h  locornot~o~.  

The rostral-caudal distribution was Crom segments L2-L6 Ln 

laminae 1-VI of the dorsal h o r n ,  laminae VI-X of  îhe 

intermediate zone and lamina VI11 of  t h e  v e n t r a l  horn  

(Fig.19-Fig.20). 



T - 9  1 b. L a n r m a ! L . W o m o  -W' c i o n  

Double labeled ce l l s  were ~ e l l  represented from segments 

L 6 ,  i n  laminae 1-V1 of t h e  dorsal h o r n ,  laninae VI1 and  

the intermediate zone a n d  iaminae VIII-IX of che -rentra1 

( Fig. 22-Fig . 23) . 

T13- 

X of 

h o r n  

T h e  r o s t r a l - c a u d a l  c i s t r i b u t i o n  of e retroorâdely labeled 

cells e x t e n d e d  from segments L 3 4 6  in laminae 1-VI of :he 

dorsal h o r n ,  laminae VI1 and X of the intocmediate zone  and  

l a m i n a e  VI11 and I X  of the ventral n o r n  (Fig.25-Fig.26) . 

2. Double Labeling contralafaral to the injection site 

a. 

The r o s t r a l - c a u d a l  d i s t r i b u t i o n  of d o u b l e  labeled celis vas 

from segments L4-46 in laminae III-VI of :ho dorsal horn, 

laminae VI1 and X of the intermediate zone  and lemino VI11 of 

the v e n t r a l  horn (Fig.i9-Fig.20). 

b. j th locomotion 

Several double labeled cells were f o u n d  in segments T13-L6, 

in laminae II-VI of the dorsal h o r n ,  l a m i n a e  VI1 and X of the 

intermediate zone and lamina VITI of the ventral horn 

(Fig.22- Fig.23). 



. , - wltn J ommotron C. 

The rostral-caudal distrikution extended from semenCs L3-L6 

in laminae III-VI of the dorsal horn, laminae VIT and X of 

the intermediate zone and lamina VI11 of the ;rentra1 horn  

(Fig.25-Fig.26). 

C - f o s  and fluorogold &&le labeluip in -1s w i t h o u t  

1ocanotion : 

No double labeled ce l l s  were obserrod in îhese animals. 

Although the fluorogold labeling was s u b s t a n t i a l  2nd exïended 

from the T i 3  to Che L6 segments, e absence cif doublo 

labeled ce l l s  is a reflection of t h e  m i n i m a l  c-fos e x p r e s s i s n  

in the s p i n a l  cord. The c-fos labelod n e u r o n s  were r o s t r i c c e d  

t o  both dorsal horns .  No z-fos i m r r u n o r e a c t i v i r y  was detected 

i n  either iaminae VI1 and X of c e  i n t o m e d i a c e  zone Gr 

lamina  VIII of the v e n c r a l  horn,  bilacorally (Fig. 4 )  . 



j ' j  sure 1 

Fluorascen:  -hotomiczographs (20~) co show a single, double 

labeled, s p i n a l  seil in an experimental animai with treadmill 

locomotion. This cell is iabeled w i t h  both fluorogold and c- 

fos and  is lccated in lamina VIX of ~ h e  lutbar s p i n a l  cord 

( L 6 ) ,  contxalateral ï o  the s i t e  ûf the f lüoroqold injection. 



Figure 1 
Fluorogold and C-fos double-labeled cell in an 

experimental animal with locomotion. 

Contralateral to 
injection site 

lpsilateral to 
injection site 

Fluorescent micrographs indicating a fluorogold and c-fos 
double labeled cell and its location in the spinal cord. 



Figyre 2 

F l u o r e s c e n t  pho to rn ic rographs  ( 2 0 x )  r o  show a single, ciouoie 

labeled, s p i n a l  ce11 i n  an oxperimental a n i m a l  wiïn ïreadmill 

locomotion. T h i s  ce11 is labeled w i t h  both ilüorogold and s- 

fos and is located in l a m i n a  VI1 of the Lümbar s p i n a l  s o r d  

(L5), c o n t r a l a t e r a l  t o  t h e  s i t e  of t h e  fluorogold i n j e c t i o n .  



Figure 2 

Fluorogold and C-fos double-labeled cell in an 
experimental animal with locomotion 

Contralateral to 
injection site 

l psilateral to 
injection site 

Fluorescent rnicrographs indicating a Ruorogold and c-fos 
double labeled cell and its location in the spinal cord. 



Fluorescent photornicrographs (10x1 to show c-fos and 

fluorogold labelinq following one hour treadmill locomotion 

in the rat lumbar spinal cord, contralateral to the 

fluorogold injection site. 



C-fos and Fluorogold labeling in an experimental animal with locomotion 

Figure 3 Fluorescent micrographs indicating c-fos and fluorogold labeling in a rat with locomotion 



F l u o r e s c e n t  photomicrographs ( 1 0 ~ )  of an experlmentai animal 

witn no locomotion to show c-fos and f luorûgold  labeling in 

the lumbar spinal cord, contralateral  co the flilorogold 

injection site. 





Jgyre 5-1!, 

Camera l u c i d a  drawings t o  show Che rostro-caudal d i s t r i S u c i o n  

of c-fos positive c e l l s  from spinal segments Tl3-L6, ira ail 

the e x p e r i m e n t a l  animals f o i l o w i n g  o n e  hour of troadmiLl 

locomotion. The open triangles represencs c-fos positive 

n e u r o n s .  
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Camera lucida drawings to show the rostro-caudal distrioution 

fluorogold la~eled cells from spinal seçments T1346, in al1 

rrhe experimental animals with ?ocornotion. T h e  maps indicato 

both i p s i - l a t e r a l l y  ( r i g h t  side of spinal cord) a ~ d  

contralaterally ileft side of spinal cord) labeled cells in 

serial  sections, including t h e  injecticn site (1s). The open 

crosses indicates individual fluorogold labeled neurons. 









Distribution of fluorogold labeled cells in transverse spinal sections T l  3-LI 

Figure 15 Experimental animal 2, after locomotion. 









ire 19-30 

Camera lucida drawings io show tne rostro-caudal d i s c r i b u t  ion 

of fluorogold and c-fos double labeled cells from s p i n a l  

segments Tl346 in experimental animal 1, wirh locomotion. 

The maps indicate both ipsi-laterally ( i e f t  side of spinal 

cord) and contralateral (right siue of spinal cord) , 

retrogradely labeled cells. The i n j e c t i o n  s i t e  (1s) is in 

L5 .  The filled crosses indicate al1 c-fos and fluorogold 

double labeled neurons. 







F.  re 2 1  

Cornposiïe of 7 camera lucida drawings tc show the 

d i s t r i b u t i o n  cf fluorogold and c-fos double labeled cells a t  

t h e  i n j e c t i o n  s i t e  (L5) i n  experimental a n i m a l  1, w i t h  

locomotion. The maps indicate both ipsi-lateraliy ( l e f t  side 

of spinal cord)  and contralaterally ( r ighi l  side of spinal 

cord) double labeled ce l l s .  



Figure 21 

Distribution of c-fos and fluorogold double labeled cells 
in 7 sections at injection site (L5) 

Experimental animal 1 ,after locomotion 
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Histogram indicarring che number of bila~eral, c-fos and 

fluorogold double iabeled cells (mapped in fig. 21) . in each 

lamina. 



Table 1 

Experimental animal 1 - with locomotion. 
C-fos and fiuorogold double labeled cells at injection site (L5). 

Lamina 

contralateral 

ipsilateral 

Hibtogram indicating the number of ofos and fluomgold 
double labeled celis in 7 sections at injection site (L5) 



aure 32 -33  

Canera luc ida  drawings to show the rostro-caudal distribution 

of fluoroqold and c-fos double labeled cells from spinal 

segments Tl346 i n  e x p e r i m e n t a i  animal 2,  w i t h  iocornotion. 

The maps indicate both ipsi-laterallÿ (left side of spinai 

cord) and c c n t r a l a t e r a l  ( r i ç h t  side o f  s p i n a i  cord) , 

retrogradely labeled ceils. The injection site (1s) is at 

the border of L 3 / L 4 .  The fiiled crosses indicate al1 r-fcs 

and f luorogold  double labeled neurons  . 







fiailice 34 

Composite of 7 canera iucida drawings to show the 

distribution of fluorogold and c-fos double labelod ce l l s  at 

t h e  injection site (border of L 3 / L 4 )  in experimencal animal 

2, uith locomotion. The maps indicate both ipsi-lateraiiy 

( l e f t  side of spinal cord) and contralaterallÿ ( r i g h t  side 

of spinal cord) double Labeled cells. 



Figure 24 

Distribution of c-fos and fluorogold double labeled cells 
in 7 sections at injection site (border L3lL4) 

contralateral 
to injedion site 

Experimental animal 2. after locomotion 



lamina. 



Table 2 

Experimental animal 2 - with locomotion. 
C-fos and fluorogold double labeled cells at injection site (border L3/L4). 

a contralateral 

ipsilateral 

I II III IV v VI VI1 Vlll lx X 
Lamina 

Histogram indicating the number of ~ f o s  and fluorogold double 
labeled cells in 7 sections at injedion site (border L3R4) 



F j a u e  7 5 - 7 6  

Carnera l u c i d a  drawings =O show the roscro-caudal distribution 

of fluorogold and c-fos double  labeled cei ls  Erom spinal 

segments T13-L6 in oxperimental aniinal 3, with lûc~motion. 

The maps indicate both i p s i - i a t e r a l l y  (kit sice of s p i n a l  

cord) and contra la ter- l  (right side of s p i n a l  c o r d ) ,  

r e t r o g r a d e l y  labeled cel is .  The  injac~ion site  LIS) iç in 
. - L6 .  The filled crosses indicaie a-L c-fos and fiuorogold 

double labeled neurons. 
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W r e  27 

Composite of 7 carnera lucida drauings to show t h e  

distribution of fluorogold and c-fcs double labeled cells at 

the injection site (L6) in axperinental aninal  3, xirh  

locomotion. The maps indicate boch $si-laterally ( l o f ï  side 

of spinal cord) and contralaïerally (rignt side of spinal 

cord) double labeled cells. 



Figure 27 

Distribution of c-fos and fluorogold double labeled cells 
in 7 sections at injection site (L6) 

Experirnental animal 3, after locomotion 



XaLLLL 

Histogram indicating t h e  number of bilateral, c-fos and 

f luorogold double labeled c e l l s  (rnapped in f ig . 2 4  j , in each 

lamina. 



Table 3 

Experirnental animal 3 - with locomotion 
C-fos and fluororgold double labeled cells at injection site (L6) 

I II III IV v VI Vil Vlll lx X 
Lamina 

Histogram indicating the number o f  c-fos and fluorogold 
double labeled cells in 7 sections at injection site (L6). 



DISCUSSION 

The s p i n a l  neu rons  necessary for Che mediac ion  of  a l ï sxna t ing  

rhythmic  a c t i v i z y  . Ju r iEg  Icicornotion have c i  -oz j e o n  

i d e n t i f i e c i .  The objec:ive 3 5  the ?resenC ~ ' i d y  uas so 

determine t h e  l o c a t i s n  3 zandidats xiis ir! 5 .  h n b a r  

- .  
s p i n a l  cord. Tho s t ~ d y  of ~3.e  n e r ~ o c s  sys~er r .  oz ire adi lk  

r a t  has d i s t i n c t  a advantage over :ha: =f zhe n o m a t e .  The 

' 1 '  neonatal nervouc syscem is immature a r d  s sub joc t  zû a 

v a r i e t y  of devo lopmenta l  changes, vhill zhat of r h e  adulc is 

fully formeci and e s c a ~ l i s h e d .  Tho rnüscLes of r he  a d u l ï  aninal 

are a l s o  much scronger to 3erf~-m appropriate, pkysioiûgical 

l ocomotor  fasks  oiz. uaLking m :Fie ~readmill. 

The  f l u o r e s c e n t  r n a r k 2 ~ s  ilsed in 'L%S dcu6le-labeiinç study 

nave b e e n  r a r e f u l l y  chosen Ln x d e r  CO nee1 sgecific 

cr i ter ia .  The iise of f luorogold prc>vides siqnif icaci 

a d v a n t a g e s  over other  re t rograde t r a c e x  e. g.  3orseradish 

p e r o x i d a s e  i HRP: o r  i ï s  con j ugates . These  advantages 

incilide: minima? tissue p r o c e s s i n ç ;  several f lüorescent 

tracers may be c o ~ b i n e d  t o  domonstrate c o l l a t o r a l i z a t i o r !  of 

e f f e r e n t s ;  and t i s s u e  labeled with f l u o r o g o l d  nay be 

processed f o r  i m n o c y t o c h e ~ s t r y  CO f u r t h e r  c h a r a s t e r i z a  t h e  

labeled cells, e . g .  t h e  p r e s e n c e  of p u t a t i v e  neuro- 

transmitters (Pieribone a n d  Aston-Jones ,  1988)  . 



Sulphorhodamine, a fliiorescent dye, whicn labels synaptically 

active ceils, has one major disadvantage in that ï fades 

r a p i d l y  and doos ~ ~ o t  permit addicional labeling pocedures. 

This problêrn is overcome by using c-fos immunocytochemistry, 

whicn labels che cells more permanently and allows f o r  

f u r t n e r  cnaracterization of che ceLls üsing d i f f e ren t  

8 9 



l a b e l i n g  techriicpes. C - f s s  imnunccy~cchemis~rÿ 3 x s  grovi",es 

ü n i q u e  advantages over  ocher  nruro-acatornical z racers  i n  

n e u r o n a l  shys io logy .  I n  this study, Xuorcgcld,  t he  

retrograde t r ace r ,  was compatible uit? t h e  ?fcs 
-. 

immunocÿtochemistry; and sirice che C-fos L.mu?.or ~ u o r e s c e ~ c e  

and fluorogold fiuorescence a r e  detzctod a: J , iZe~er , t  

wavelengths,  t h e  visualization of  both t h e  zracers in an 

individlial  ceil was g r e a c l ÿ  ennanced by  c e  sixple 

m a n i p u l a t i o n  of zhe f l u o r e s c e n t  cubes. 

Location of spinal interneurons following treacnnill 

locomotion 
. . o s z ~ ~ v p t  c e u  

Few r-fos p o s i t i v e  cells w e r e  observed i n  ïne dorsal horn i n  

- . . .  tne more s u p e r f i c i a l  l m i n a e ,  I 3r.d 11, srml~ar CO 3 cf 

the c o n t r c l  m ina l s .  Theso lartiriao t o n t a i n  neurons chat  reart 

p r i m a r i l y  cc noxious  s t i m u l i  ( 9 e s s m  and Chaoucn, 1987; 

Presley et. al., 1990 )  . Xoore c-fos 2ositive ce115 v e r e  

observed i n  lamime III and IV, aroas known to c o n t a i n  

n e u r o n s  o f  the post  s y m p c i c  d o r s a l  column a n d  s p i n o - c e r ~ i c a i  

t ract  ( B e n n e t  e t  a l  1983; Brown, 1981). These neurons are 

activated either by cutaneous rnechano- recep tors  o r  

n o c i c e p t o r s  (Cervero,  1986; Brown, 1981) . The dorsal hors  

also c o n t a i n s  i n t e r n e u r o n s  which have i n p u t s  from both Iâ and 

Ib afferents .  (Hongo et. a l . ,  1966; Jankowska e t  a l ,  1981) . 

These cells are l o c a t e d  i n  lamifiae V and VI. Lamina VI has 
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Çome c-fcs p o s i t i v e  ce l l s  i f i  1arnir.a X have alsc ceen 

l o c a l i z e d  i n  previolis iocornotor invesc igac ions  ! 3ai o c .  31. , 
- 1995, Jasmi2 e c .  al., 1994 )  . Ln a  separace scudy, several 

cei ls  from t h i s  rogion have a l so  been found c 3  e x h i b i t  Y- 

rnethyl-Pasparcaire nediacd Surst ing srcpercies (Hochman et. 

al . ,  1994)  . This property could Se rseful Lx a necwork 

engaged in alternating rhythms. 

Commissurai ce l l s  are  known to be found i n  lamina VIII. 

Several studies indicate t ha t  a sub population of r3ese 

commissural ce l l s  sroject  tc Che concralaceral motor neurons 

(Scheibel and Schoibel, 1966a; Aarrison et al 1 9 8 6 ) .  TYese 

zells are  g o b a b l y  invoived i n  oizher crûssed ?:<tension 

refiejces (Grillner a ~ d  iiongo, 19723 or in zhe exc i t ac ion  o r  

inhijizion ai contralaterai  no to r  neurons ovokod by Che 

vestibule- and re.- i .culo-spinal  craccs. Lami -a  VI11 z e l i s  nas 

also bee2 snown ~o be accive d u r i n g  locornccion (Noga €1. al., 

19873 . 

Lamina I X  contains the alpha-motor neurons .  These ce l l s  are 

significantly larger than ~ h e  i nce rneu rons  and are easily 

distinguishablo. Several of t h e  notoc neurons were labeled 

with c-fos follcwing the treadmill task  ( f i g .  1 - f i g . 7 )  . This 

iinding is consistênt v i t h  t h a t  of Jasmin et .  al. , 1994. No 

c-fos positive cells were observed in laminae VII, X, VI11 or 

I X  in t h e  absence of locomotion. 
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I n  rjenerai, trie ?resen-, r e ç u l y s  are cmsisïenrr ~ i ~ h  cnat 3f 

p r e ~ j i o u s  labeiinç çt~dies. 3 a t  is J- OS p o s i t i - i o  tells -der2 

found in lamirme 111, T'.if KI, VI11 and X or' t h e  lumbar cord 

I n  tne 

19951, 

i nduced 

cat following xeadmi l l  locomotion (Dai, et. a i . ,  

and more r e c e n z l y  i n  the neonatal ra r  zhemically 

- .  r rc t ive  locsmcticn resulted in z e I l s  5eFrig Labeled 

with çulphorhodamine in l a rn lnae  V, VI, /II, ; i I I Z  and K. The 

labeling e:<tended f r û m  I imar  segmen t s ,  Li-L6 (Cina, Thesis, 

1997). 

The fiuoroçold l n j e c t i c n  sites corresponded ~o the T13 

-7ertêbral level in 311 ?xee êxperinencal mirnals anci 

involved several levols sf she l&a r  rogion k m w n  -9 c o n ~ a i n  

rhe niocorneurorx 3f inporranc iocûmoror susc las - r i z .  i h e  

an re r io r  biceps and she semi-membranos~us nliscles c;f rhe r a t  

. . 
(Nicoispoulas and Iles, 1 9 8 3 )  . The rommissural c e - i s  closely 

sssociaced u i c h  inese rno to rneu rons  3x5 l i k e l y  r.î je located 

nearby . Eloctrophysiolûgical studios in tnis laboracory 

using the in vivo cat mode1 have shown rhac commissural cells 

o f t o n  cross over the spinal cord w i t h i n  a segment. The 

injection sites,  however,  were a t  a di£ fe ren t  l o c a t i o n s  i n  

e a c n  of the excerimental a n i m a l s ,  and m y  be atiribute~ io 

anatomical variations v i t h i n  the animals. Thus differences 

i n  t h e  rostral  to caudal p a t t e r n  of labeling was observed. 

However, t h e  labeling aç each injectian s i c e  w a s  
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n e v e r t h e l o s s  compara~le  mong the  an ima i s .  

d f l i i o r ~  -le l p b e l ! , , J &  

I n  al1 the expe r imen t a i  animals  w i t n  locomotion, the doublo- 

l a b e l e d  ce l i s  were found  i n  a s imi ia r  i a m i n a r  distrlb~ïion, 

b u t  the r o s t r o - c a u d a l  2a t t e rn  Uiffered and vas dependan: a n  

t h e  intensity of  :Re f luorogold  l a b e l i r i ç  and rhe injeczion 

site. In aninai 2 the i n j e c t i o n  site was  more r c s ~ r a 1  

( b o r d e r  of L 3 / L 4 )  corngareci =O 3 a i  of Bot3 i n i rna l s  1 3 5 )  and 

3 (L6). The nore r o s t r a l  injection s i t e  rnay exp la i r .  t h e  

groater number of comnissuril celis labe l& i? oxpezimentai 

animal  2,  whilo Che more c a u d a l  injoctim sites i n  

expe r imen t a l  animals 1 and 3, p r o b a b l y  r e s u k e d  i2 a l a r g e r  

number cf sensory ç e l i s  being labelsd. The s e n s o r y  ce?:s m y  

represen: a  g r m p  of  i nce -~ed io l aco ra1  z d 1 s  w ' n i c ~ ~  F-ay S e  

locatod i n  L6. However, definice c o n c l u s i s n s  car.noc je nade 

because of the limited number cf a n i m î h  gsed i n  î h i s  srudy. 

The c e l l s  labeloc on =ne side Lpsi-lateral CO ~ h e  I n j e C i o r ,  

may represent a group of p r c p r i o s p i n a l  cells  i r ivo lved  in 

locomotion.  It has  r e c e n t l ÿ  been obsemed t h a t  descend ing  

p r o p r i o s p i n a l  axons l o c a t e d  below ïhe les ion of s p i n a l  c o r d  

t r a n s e c t i o n  in t h e  l m p r e y  are r e s p o n s i b l e  for t h e  f u n c t i o n a l  

r e cove ty  of cauda l  locornotor n e t w o r k s  a n d  t h e  r e s c o r a t i o n  o f  

normal locomotor  p a t t e r n s .  (Rcuse, D.T., e t .  al., 1997) .  

P r o p r i o s p i n a l  cells t r a v e l i n g  i n  the v e n t r o l a t e r a l  t r ac t s  i n  

t h e  c h i c k  have a l so  been  i rnpl ica ted  in r o s t r o - c a u d a l  
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c o o r d i n a t i o n  during locoinot i o n  O and O '  Doncvan, 1393 ) . I n  

t h e  cat,  Long descend ing  p r c p r i o s p i n a l  neu rons  Ln che 

cervical enlargemeni l  navo been i m p l i c a ~ e d  i n  synchronizing 

t h e  waiking of forelimbs 2nd hind LLmSs !Remmeif B.S .  and 

S k i n n e r  R . D . ,  1980;. 

In E h i s  szudy, zhe d o ü ~ l e  l a b e l e d  r o m i s s u r a l  z e l i s  on  ;he 

c o n t r a ; a c e r a l  side were o b s e r v e d  gr in ia r l l y  L n  Laminae :III, 

VI11 a n d  X. T3is subsranciates provLous sicdies which 

identif ied neurons v i t h  rrossed axons F . e .  commissural zells 

c o n c e n t ~ a c e d  i n  Che mediai part of laminae 71: and VIII 

(Matsusnita et. al., 1374 ;  M e n t e t r y  e c .  al., 1985; S k i n n e r  

et. al., i 4 7 9 j .  Ir Ls zhereforo likely thaz zneçe  i ~ ~ b i e  

- .  ,.- iabeled commissurâl r e ~ ~ s  in laminae L :< sf the 

i n c e m e d i a c e  zone and :mina VTII of  rhe v o n c r a l  h o r n  a r e  

Fndeed act ive during troadmi1L locomotion j e c a u s e ,  ir. rhe 

animals witnouz zhe  rreadmill lccomocion no iocb le  labeling 

- 9  7 

w a s  observeti. T h e s e  =omissi?rai c e l l r  are ncsx I x e q  

involved ir? coordinating i f /  a l c e r n a r i n g  l o c c m o t û r  

r h y t - h s .  However, cney -my ROC be exclusively e s s e n t i a l  in 

this f u n c t i o n .  I n  a recent study, Cowley & Schmidt, 1997 

dernonstrateci that reciprocal c o n n e c t i o n s  i n  che l u m b â r  c o r d  

are not e s s e n t i a l  for inteclkm coordination, 3 r o v i d e d  rhat  

bi la te ra l  supralumbar c o n n e c t i o n  are i n t a c t .  The few ccuble 

labeled cells  i n  the c o n t r a l a t e r a l  dorsal  h o r n  could  

contribute to crossed a s c e n d i n g  pa thways ,  viz., s p i n o -  

95 



c h a l a m i c  or  s p i n o - c e r e ~ e l l a r  pathways, celis p o  joc~ing cc 

the Srainstern a n d  limbic sÿscem cr  e v e n  ~3 ~ h e  r e d  ?ccieus. 

Pathways involved in alternating rhythm 

Numerous stlidies in 3 variety 3f species ; s e d  

strychnine, ar, i n b i b i t o r y  amino acici inhioitcr, ~ c :  zovoaL rhe 

innerent crossed excir-atory connections in rhe spinai cord. 

These studies demor.srra~e thar .  r e c i p r o c a l  i n h i b i c o q  synapcic  

connections rnediated 5y  glycine mcdnlace e j i l ace ra l  

sÿnchronous  act ivity prodüced by excitatory inputs zc 

a c h i e v e  e h  a l t e r n a t i n g  r h y t r m i c  activity in iamprsy 

(Hagevik, 1 9 9 4 ) ;  ï ü r t l e  ( C u r r i e ,  19963 and n e m a t a l  rac 

i P : -owlay sEd , 1395; Kremer azcf Lev-mv, 1937; 

X j a e r u l f f  and Kiehn, 1397). Kudo and Yamada, !1391) shcwed 

zhat trie crossed mucually e:<ci~a;sry pachways responsijie f o r  

b i l a t e r a i  synchroncus r h y x h s  a r e  prosent  as ear ly  as 

embryonir age El5.5. The b i l a c o r a l  s y n c h r c n ÿ  is c h e n  cnariged 

i n c a  left/right alirernatinç rkytPms w i g h  - c h  onse t  of che 

development of c h e  crossed inhibicory connections at iZl8.5. 

This suggests thac indepecdent bilateral oscillators of the 

rat s p i n a l  corà, which regulate alternat ing rhythmic  

activitÿ, may be coupleci via s t rong innibicory and v e a k  

excitatory connec t i ons .  However in - a recent stuciy by 

K j a e r u l f i  and Kiehn, ( 1997) che  crossed excitaïory 

connections in the spinal locomotor network o f  the neonatal 

rat have not conclusively been shown :O be glutaminergic. 
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U t h ~ u g h  

5 l o c k  t h e  

turn t h e  

CNQX and APV, NMCA a n d  non NKDA antagonists, dFd 

excitation of che i n h i b i t o r y  9re-motoneurons and in 

i n h i b i t i m  of t h e  notoneurons,  the source of the 

glütaminergic excication vas not d e a r l y  demonsïrated as 

o r i g i n a t i n g  from Ehe corxralateral  side of rhe j p i n a l  ,tord. 

- - This exciCacion say  Aave originated from ipsl- la terai  

glutaminergiz incernetirons . The  

c o n n e c t i o n s  rnay t h ü s  8e mediarec! 5y a 

neurotransmitter. 

crossed excitatory 

* - d i z r e r e n c  oxc i t aco ry  

One possibility is aceryicholine. This is support& 5y  zhe 

presence of cholinerçic commissural i n t e r n e u r o n s  i n  t h e  

c i i f foront  devolopmentai  srragês 3f the r a c  !9ouser oc al., 

1383; Barber e r  a . ,  i384; 2helps ec , 1984;  3orges and 

Iverson, i986; ? h e l p s  et ai 1990). The -ossFble rûie of 

acetyirhciice i .n  locomotion h a s  also 3 r e v i o u s l y  been cbserved 

i n  t h e  rat  (Cowiey and Schmidt 1994;  . Xecenily, a group of 

central canai and partit ion propriospinal ceils expres s ing  

tyrosine kinase receptor ( c r u )  , a nlgh aff inity receptor f o r  

nerve g r o w t h  factor (NGF) w a s  found  ro be cholinergie 

(Michael, et  a l . ,  1997) . I n  addition io ~ h e  importance of 

a c e t y l c h o l i n e  i n  rrhe p h a s i n g  of the Left a n d  r i g h t  rhyt ims 

during locomotion, the crkA in these cells has significant 

implications in the des ign  o f  effective inechanisms f o r  spinal 

cord repair and r e g e n e r a t i o n  because these cells might be 

expected to respond well to an exogenous s o u r c e  of NGF. A 
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vhole-ce11 patch-cianip study has a l so  rovoaled n i z o t  i n i c  

acetylcholine roceptors  i n  a sub popula~ion a f  lamina X 

neurons located dorsally E o  the central  <anal 3 x d e y r  A. ,  

e t .  al., 1 9 9 6 ) .  Those secepcors  nay je involved i n  Che 

modulation of important n e u r a l  Iscomocor xar.srrL,Lssion. 

F r e ç e n t l ÿ  cholinorqic i c t e rzeurcns  i~. t he  cat char zre  active 

during f i c t i ve  locomotion are b e i q  reconscrüc~sd io zevlal 

crossed axonal projections, vhich are sub  j e c  rc fu r t8e r  

study. 



CONCLUSIONS 

This study vas conducted in adult r a t s  u s i x j  zreadmill 

locomotion and the p r i r x i p a l  findings are  summarizod below: 

1. The commissural zoi.1~ Fnvolved i?. 

- F identified in s p i n a l  sepents Tl3 tc -o.  

3.  These n e u r c n s  are accive during physioloçical iocomccion. 

inputs. 

6 .  2ropriospinal celis, known CO b v e  extensive synaptis 

connections in the spinal cord, are  a lso active ir. 

locomotion. 

7. F u r t h e r  stuàies should examine cho excicatory/inhibitorÿ 

properties of these commissural cel1s. 
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